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IMPROVEMENT OF BACILYCIN BIOSYNTHESIS IN BACILLUS
SUBTILIS PY79 VIA CRISPR/CAS9 TECHNOLOGY

SUMMARY

Bacillus subtilis, a common Gram-Positive soil bacterium, has received significant
attention from scientists and researchers in various fields such as agriculture, industry,
medicine, and pharmacology. It is widely regarded as an excellent host model due to
its highly adaptable metabolic system, which allows it to withstand nutrient scarcity
by forming highly resistant endospores. Furthermore, B. subtilis is capable of
producing biofilms in response to cell density. From an environmental perspective, B.
subtilis is a crucial probiotic bacterium that helps plant, animal, and human health.
Whole genome analysis reveals its low G+C content and over 4000 functional protein-
coding genes, making it an attractive genetic tool extensively utilized in genetic
engineering and biotechnology. Moreover, this rod-shaped aerobic (facultatively
anaerobic) prokaryote exhibits a remarkable secretion capacity for a wide range of
valuable proteins, enzymes, and significant secondary metabolites with antimicrobial
properties.

Bacilysin, also known as bacillin or tetaine, is a non-ribosomal synthesized dipeptide
antibiotic made up of two amino acids: The N-terminal L-alanine and the C-terminal
non-proteinogenic amino acid L-anticapsin. It is produced by various species of
Bacillus, including Bacillus subtilis, Bacillus amyloliquefaciens, Bacillus pumilis, and
Bacillus velenzensis. Despite its simple structure, bacilysin has a wide range of
antimicrobial activity against bacteria and fungi. The antimicrobial activity of
bacilysin is due to its anticapsin component, which is released when it is transported
into the cell and undergoes proteolysis. This anticapsin then inhibits glucosamine-6-
phosphate synthase, preventing the biosynthesis of mannoprotein in fungi and
peptidoglycan in bacteria. As a result, the microbial cells undergo lysis. Recently,
bacilysin was found to be effective in controlling fire blight disease in orchard trees
and rice diseases caused by Xanthomonas sp. It also exhibited anticyanobacterial
activity against harmful algal species. Bacilysin is highly heat-stable and remains
active over a wide pH. These characteristics make it a promising candidate for various
industries, including pharmaceuticals, food, and agriculture. However, the low
production by the native producer hinders its use in industrial applications. Therefore,
in this thesis study, we aimed to improve the bacilysin biosynthesis in its native
producer, B. subtilis PY79.

In bacteria, translation initiation is often the rate-limiting step of translation and a
major factor in determining gene expression levels. Translation initiation occurs at the
ribosome binding site (RBS) within the 5’ untranslated region (5'UTR) of an mRNA.
In bacteria, the RBS contains the Shine Dalgarno (SD) sequence, the start codon, and
a short spacer sequence. The SD sequence plays a crucial role in translation initiation
by recruiting the 30S ribosomal subunit to the start codon through base-pairing with
the anti-SD sequence in the 16S rRNA. The effectiveness of the SD sequence depends
on its base pairing potential and its spacing from the start codon. The canonical SD
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sequence for most bacteria is UAAGGAGG, which complements well with the anti-
SD sequence of 16S rRNA. Studies have shown that increasing the SD-anti-SD
interaction improves protein production and overall translation levels. The spacing
between the SD sequence and start codon also affects translation initiation efficiency.
If the spacing is too close or too far, initiation levels decrease. In bacterial genomes,
the spacing of the SD sequence generally varies from 5 to 13 nt, with 8 to 10 nt being
ideal for E. coli genes. Similarly, the ideal spacing between the canonical SD sequence
and the AUG start codon is 7-9 nt for various B. subtilis genes.

In B. subtilis 168, the bacABCDEF operon and the monocistronic gene bacG encode
enzymes responsible for the synthesis of anticapsin and bacilysin. The sequence
around the bacA transcriptional start site shows a strong consensus signature for the B.
subtilis sigma factor 6, but there is no obvious strong SD-like sequence surrounding
the translation start codon AUG. This suggests that improving the RBS region could
enhance bacilysin production. Therefore, in this study, by using a CRISPR/cas9 single
plasmid system (pJOE9958.1), the putative RBS region of bacA, as the first gene of
the bacilysin biosynthetic operon, was edited by introducing the conanical SD
sequence (TAAGGAGG) at 8 nt optimum spacing from the bacA translation start
codon (AUG). To achieve this, a 932 bp homology template was initially generated
through overlapped-extension PCR. This template contained a strong ribosomal
binding site (5’-GCTTAAGGAGGACAAACTC-3’) (bacAstrongras), Which was then
cloned into the Sfil cutting site of pJOE9958. A 20 nt spacer sequence from the
upstream region was selected, specifically at positions -28 and -8 relative to the bacA
start codon, by using the software CCTop. This sequence was synthesized into two
complementary oligonucleotides and inserted it between the Bsal sites of pJOE9958.
The resulting plasmid was named pJOE9958.1.pacastrongrBS.sgrRNA, and it was used for
the transformation of B. subtilis PY79-competent cells. Transformants were selected
on LB agar plates with Km and 0.2% mannose at 30°C to induce cas9 expression.
Within two days, 21 colonies appeared, and they were streaked again on LB plates
with Km and incubated at 30°C. Before the plasmid curing step, colonies resistant to
Km were tested for their ability to produce bacilysin, eliminating any mutants that
were unable to do so. Only three colonies exhibited antibacterial activity against S.
aureus, indicating that the efficiency of homology-directed repair (HDR) was
insufficient to repair Cas9-induced double-strand breaks (DSBs), and most of the
colonies in our study likely arose from the NHEJ pathway. Subsequently, only colonies
resistant to Km and capable of producing bacilysin were plated on LB plates without
Km and incubated at 50°C overnight, which prevents plasmid replication. They were
then restreaked on LB plates at 42°C to generate plasmid-cured cells, and
approximately 42% of the examined colonies were found to be plasmid-cured. In the
final step, 11 randomly selected Km-sensitive (plasmid-cured) transformants were
screened with colony PCR to identify mutants with the substitution of the bacAstrongres
sequence with the bacAnativers sequence. Out of the 11 transformants, 10 displayed
the expected PCR fragment of approximately 440 bp. DNA sequencing of one
randomly chosen PCR-positive colony confirmed the successful replacement of the
bacAnativeres Sequence with the bacAnaiverss. TO assess the impact of the strong RBS
insertion, eight mutants, including the strong RBS mutant confirmed by sequence
analysis and the seven randomly selected mutants (from the PCR-positive colonies),
were cultured in PA media for 16-18 hours. The level of bacilysin in their culture fluids
was then determined using a paper disk-diffusion assay. Compared to the PY79 strain,
each of the examined mutants produced more bacilysin, and there were no significant
differences in their increased bacilysin levels. These results demonstrated that the
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strong RBS substitution led to enhanced bacilysin production. Finally, one of the
mutants with the bacAswongres Sequence was chosen to represent the strong RBS-
carrying mutants and designated as B. subtilis HWA for further investigation.

To further investigate the impact of the strong RBS substitution on bacilysin
overproduction, HWA and the parental strain PY79 were grown in PA medium at 37°C
with shaking for 24 hours, and their growth and bacilysin production levels were
monitored at regular intervals. no significant differences in the growth patterns or the
accumulation of bacilysin in HWA compared to PY79. In both strains, the highest
bacilysin activity was detected during the early stage of the stationary phase, which
occurred around 16-18 hours of cultivation. However, the most notable finding was
that HWA consistently exhibited overproduction of bacilysin at all growth stages, with
the peak occurring at 18 hours of incubation. The bacilysin titer in HWA was 2.87
times higher than that of the wild-type strain. This significant increase in bacilysin
activity was further confirmed by UPLC-MS analysis, which revealed a higher relative
abundance of the peak m/z of 271 (M + H)" corresponding to the mass of bacilysin,
in HWA compared to PY79 during the 16-18 hours culture period.

In bacteria, the processes of transcription and translation are closely linked. Modifying
the nucleotides in the 5' untranslated region (5'UTR) can have an impact on both
transcription and translation. Therefore, to demonstrate the effect of modifying the
5'UTR through a strong ribosome binding site (RBS) substitution on intracellular
MRNA levels, the relative amounts of transcripts from the bac operon were examined
in two bacterial strains, HWA and PY79, by using the RT-gPCR technique. These
measurements were performed during the early and late stationary phases of growth,
which correspond to 18 hours and 24 hours of growth, respectively. In HWA, the
MRNA levels of the bac operon showed a significant change. Specifically, during the
early stationary phase, the transcript levels were three times higher compared to PY79.
Additionally, the transcript level in HWA was detected at 25 quantitative cycles (Cq)
during the early stationary phase (18 hours) and 21 Cq during the late stationary phase
(24 hours). In contrast, PY79 exhibited a Cq value of 29 at 24 hours. These findings
indicated that the high transcript level of the bac operon in HWA is maintained
throughout the stationary phase. In conclusion, these results provide evidence that the
strong RBS substitution also improves the stability of the bac operon mRNA.

In summary, in this study, a CRISPR/Cas9 single-plasmid system was used to edit the
putative RBS region of the bac operon. The canonical SD sequence (TAAGGAGG) at
an optimal spacing of 8 nt from the bacA start codon (AUG) was introduced. Because
the upstream region of the bac operon did not have an ideal core SD sequence with a
spacing of 7-9 nt. Therefore, editing the bacA-RBS most likely has a positive impact
on bacilysin production in its native producer. As expected, modifying the 5’'UTR
through strong RBS substitution led to a significant increase in bacilysin production.
Additionally, the transcript level of the bac operon was significantly increased,
especially in the late stationary phase. This suggests that a strong RBS substitution in
the bac operon can improve translation initiation efficiency and mRNA stability.
Overall, these findings indicate that extensive RBS engineering could be a promising
approach to enhancing bacilysin production in native producers. This study is the first
to employ RBS editing to improve bacilysin production in B. subtilis PY79, and our
results will contribute to further enhancing bacilysin production in native strains.
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BACILLUS SUBTILIS PY79 SUSUNDA BASILISIN BIYOSENTEZININ
CRISPR/CAS9 TEKNOLOJISI ILE iYILESTIRILMESI

OZET

Gram-pozitif bir toprak bakterisi olan Bacillus subtilis; tarim, tip ve farmakoloji gibi
cesitli alanlarda ¢alisan biliminsanlar1 ve aragtirmacilarin biiyiik ilgisini ¢gekmektedir.
Hiicre yogunluguna bagli biyofilm ve direngli endosporlar olusturarak besin
eksikligine ve kotii sartlara dayanabilmesini saglayan, yiiksek adaptasyona sahip
metabolik sistemi sayesinde, dzellikle hiicre farklilasma galismalar1 igin, Ustln bir
model organizma olarak kabul gérmektedir. Ek olarak, B. subtilis bitki, hayvan ve
insan sagligina katkida bulunan 6nemli bir probiyotik bakteri olarakda oldukca deger
gormektedir. B. subtilis’in tam genom analiz sonuglari, onun diisiik G+C yiizdesine
sahip olmasinin yani sira, 4000'den fazla fonksiyonel protein kodlama genine sahip
oldugunu ortaya ¢ikarmistir. Cubuk sekline sahip, oksijenli ve oksijensiz ortamda
blyuyebilen bir bakteri olan B. subtilis, ayn1 zamanda pek¢ok degerli proteinleri,
enzimleri ve antimikrobiyal aktiviteye sahip pek c¢ok ikincil metabolitleri Uretip
disariya salabilmektedir. Tiim bu 0Ozellikler, B. subtilis bakterisini, genetik
miihendislik ve biyoteknoloji alaninda yaygin olarak kullanilan ¢ekici bir bakteriyel
ara¢ yapmuistir.

Basilisin, ribozom dis1 sentezlenen, L-alanin ve protein dist bir aminoasit olan L-
antikapsinden olusan ikili peptit yapida bir antibiyotiktir. B. subtilis basta olmak
uzere, Bacillus amyloliquefaciens, Bacillus pumilis ve Bacillus velenzensis gibi pek
cok farkli Bacillus tiirleri tarafindan iretilmektedir. Kiiciik yapisina ragmen,
bakterilerden kiiflere kadar etki edebilen ¢ok genis spektrumlu bir antibiyotik olmasi
ile dikkat ¢ekmektedir. Basilisin, antimikrobiyal etkisini ~ yapisinda bulunan
antikapsine bor¢ludur. Basilisin hiicre i¢ine tasindiginda, peptidazlar tarafindan
kesilerek aciga cikan antikapsin, glukozamin-6-fosfat sentetaz enzimini inhibe
etmektedir. Bu nedenle, basilisin, kiiflerde mannoprotein yapili hiicre duvari sentezini,
bakterilerde ise petidoglikan hiicre duvari sentezinin durdurarak hiicrelerin 6limiine
neden olmaktadir. Son zamanlarda yapilan ¢alismalar basilisinin elma, armut, ayva vb.
pek cok bahge agacinda ates yanigi hastaligina neden olan Erwinia amylovora
bakterisine ve piring bitkisinde hastaliga neden olan Xanthomonas tiirlerine karsi
etkili oldugunu gostermistir. Ek olarak, patojen alg tiirlerine karsida antimikrobiyal
etkiye sahip oldugu gosterilmistir. BasiliSin ayn1 zamanda yiiksek sicaklikta ve ¢ok
genis pH degisiminde aktivitesini koruyabilen oldukg¢a dayanikli bir yapiya sahipdir.
Tim bu Ozellikler, basilisini, ilagdan, gidaya ve tarima cok farkli sektdrdeki
uygulamalar i¢in oldukga cazip, potansiyel bir aday yapmaktadir. Ancak, B. subtilis
gibi dogal {iretici organizmalarda, basilisin iiretim seviyelerinin ¢ok diisiik olmasi,
endiistriyel uygulamada yaygin kullanimini oldukga kisitlamaktadir. Bu nedenle, bu
tez calismasinda basilisinin dogal tireticisi, B. subtilis PY79 susunda basilisin iiretim
seviyesinin iyilestirilmesi amaglanmistir.

Bakterilerde, translasyon baglangi¢ hizi, gen ifade diizeyini belirleyen, en dnemli
sinirlayict etkendir. Translasyonun baslatilmasi, bir mRNA'nin 5" UTR bolgesi iginde
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yer alan ribozom baglanma bolgesinde (RBS) meydana gelir. Bakterilerde, RBS
bolgesi, “Shine-Dalgarno” (SD) dizisi olarak adlandirilan bilinen korunmus bir DNA
dizisi, baslangi¢c kodonu ve ikisi arasinda kalan kisa bir uzant1 dizisinden olusur. SD
dizisi, 30S ribozomal alt biriminde bulunan 16S rRNA'daki anti-SD dizisi arasinda
temel baz eslesmesi yoluyla, 30S ribozomal alt biriminin baslangi¢c kodununu igine
alacak sekilde mRNA 5’UTR bolgesine yelestirilmesini saglamaktadir. Bu nedenle
translasyon baslangicinda anahtar rol oynar. SD dizisinin etkinligi, hem 16S rRNA'nin
anti-SD dizisiyle olan baz eslesme potansiyeline hemde baslangi¢ kodonuna olan
uzakligina baghdir. Cogu bakteri i¢in kanonik SD dizisi, 16S rRNA'nin anti-SD
dizisiyle en uyumlu olan “UAAGGAGG”dizisidir. Yapilan ¢alismalarda, SD-anti-SD
etkilesiminin artirtlmasi ile gen ifade dlzeyinin yukiseltildigi ve bdylece protein
tretiminin 1iyilestirildigi gosterilmistir. Yukarida belirtildigi gibi, SD dizisi ve
baslangi¢ kodonu arasindaki mesafe, translasyon baslangi¢ hizini etkilmektedir. Eger
mesafe ¢ok yakin veya ¢ok uzak ise, baslangi¢c verimliligi azalmaktadir. Bakteriyel
genomlarda, SD dizisi ve baslangi¢c kodonu arasindaki mesafe araligi genellikle 5 nt
ila 13 nt arasinda degigsmektedir. Ancak 8 ntila 10 nt araligindaki mesafenin E. coli
genleri i¢in ideal oldugu gosterilmistir. Benzer sekilde, pek ¢cok B. subtilis geni iginde
kanonik SD dizisi ile AUG baslangi¢ kodonu arasindaki ideal mesafe 7-9 nt olarak
bulunmustur.

B. subtilis 168'de, bacABCDEF operonu ve bacG geni, anticapsin ve basilisin
sentezinden sorumlu enzimleri kodlamaktadir. bacABCDEF operonunun ilk geni olan
bacA transkripsiyon baslangic bolgesi incelendiginde, B. subtilis sigma faktdrii 6™ igin
gucli bir promotor dizisi bulunurken, translasyon baslatma kodonu AUG'yi
cevreleyen, belirgin guclu bir SD-dizisinin bulunmadigi gériilmiistiir. Bu eksiklik,
RBS bdlgesinin iyilestirilmesi ile basilisin iiretiminin artirilabilecegine kuvvetle isaret
etmistir. Bu ongorii ile, bu calismada, CRISPR/Cas9 tek plazmid sistemi
(pJOE9958.1) kullanilarak, bacA'nin varsayilan RBS bolgesinin, bacA AUG baslangig
kodonuna mesafesi 8 nt olacak sekilde dizayn edilmis kanonik SD dizisi
“TAAGGAGG” igeren “GCTTAAGGAGGACAAACTC-3” (bacA.giciires) dizisi ile
yer degistirilmesi hedeflenmistir. Bu amagla dncelikle, “bacA.guciires dizisini iceren
932 b¢ DNA homoloji sablonu, eslenik uzatma PZR (overlap extension PCR)
yaklagimi ile olusturulmus ve pJOE9958min Sfil kesim bolgesine klonlanmistir.
CCTop yazilimi kullanilarak, -28 ve -8 pozisyonlarinda bacA baslangi¢c kodonuna
gore -28 nt ve -8 nt pozisyonunda yer alan 20 nt lik bélge, klavuz RNA (gRNA) dizisi
olarak se¢ilmistir. Iki ucunda Bsal kesimi dizisi olacak sekilde ¢ift DNA dizisi olarak
sentezlettirilen klavuz RNA dizisi, pJOE9958’in Bsal kesim bolgesine klonlanmuistir.
Olusturulan plazmit pJOE9958.1.bacAgiclires.sgrna Olarak adlandirilmis ve hedef
degisikligin gergeklestirilmesi igin, B. subtilis hiicrelerine aktarilmistir. Tlgili
transformantlar, 30°C sicaklikda, Km ve % 0.2 mannoz iceren LB agar plakalar
iizerinde segilmistir. Iki giinun sonunda ortaya ¢ikan 21 koloni toplanarak, Km iceren
LB plakalara aktarilmig ve 30°C sicaklikda bir gece inkiibe edilmistir. Plazmid
giderimi isleminden 6nce, olasi homolog olmayan ug birlestirme (non-homologous
end joining) (NHEJ) onarimi nedeni ile basilisin {iretim kabiliyetini yitiren kolonilerin
elenmesi icin, secilen Km direncli koloniler, basilisin Gretme kabiliyeti yonunden disk
difiizyon testi ile taranmistir. Sadece ii¢ koloni, test organizma olarak kullanilan S.
aureus'a karsi antibakteriyel aktivite gostermistir. Bu sonug, bizim g¢alismamizda,
Cas9 kaynakli DNA c¢ift zincir kirgmin (DSB'ler) onarilmas: igin, homoloji-
yonlendirilmis onarim (homology-directed repair) (HDR) yolu verimliliginin diisiik
kaldigi, calismamizdaki kolonilerin g¢ogunun muhtemelen NHEJ yolundan
kaynaklandigina isaret etmistir. Km dayanikli ve basilisin iiretebilen ii¢ koloni ile
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plazmid giderimi basamagina devam edilmistir. Bunun i¢in, koloniler Km igermeyen
LB plakalara tasinmis ve gece boyunca 50°C'de inkiibe edilmistir. Ertesi giin, Km
icermeyen LB plaklara tek koloni diisecek sekilde ekim yapilarak, 42°C'de tekrar bir
gece inkiibe edilmistir.  Test edilen koloniler iginde yaklasitk % 42'sinin
PJOE9958.1.hacagiciirBs.sgrNA  Plazmidini kaybettigi  tespit edilmistir. Akabinde,
rastgele secilen onbir adet Km-duyarli plazmidi giderilmis koloni, bacA.giclirss dizisi
varligi agisindan, koloni PZR yodntemi ile taranmistir. Yapilan taramada yaklasik on
kolonide, 440 bp'lik beklenen PZR {rinl elde edilmistir. PZR-pozitif koloniler
arsindan rastgele bir tanesi segilerek DNA dizileme analizine gonderilmistir. Yapilan
DNA dizi analizi, bacAgiciires dizisinin bacAdogairss dizisi ile degistirildigini
dogrulamistir.

Giicli RBS degisiminim etkisinin degerlendirilmesi i¢in, sekans analizi ile
dogrulanmis giicli-RBS mutant1 ile birlikte rastgele secilmis yedi mutant (PZR-
pozitif kolonilerden) 16-18 saat boyunca PA ortaminda kiiltive edilmis ve kiiltiir
stvilarinda bulunan basilisin seviyesi disk difiizyon testi ile belirlenmistir. PY79 ile
karsilastirildiginda, incelenen mutantlarin her birinin yUksek diizeyde basilisin tirettigi
ve kendi aralarinda artan basilisin seviyelerinde onemli bir farklilik olmadigi
goriilmiistiir. Bu sonug, giiclii RBS degisiminin basilisin liretiminin artirilmasina yol
actigint gostermistir. Test edilen bu mutantlar arasindan, bacAgiciires degisimini
temsil etmek lizere rastgele bir mutant secilmis ve daha ileri analizlerde kullanilmak
Uzere B. subtilis HWA olarak adlandirilarak -80°C de stoklanmustir.

Bir ileri analiz olarak, HWA ve PY79, 24 saat boyunca 37°C'de PA besi yerinde
calkalamali olarak kiiltive edilmis, ve belirli araliklarla 6rnekler alinarak, biiylime
profilleri ve basilisin liretim diizeyleri takip edilmistir. PY79 susuna kiyasla, HWA'da
hem biiylime hemde basilisin birikim profillerinde bir degisiklik bulunmamistir. Her
ikiside en yuksek basilisin aktivitesini, 16-18 saatlik kiltivasyon siirecine denk gelen
durgunluk asamasinin erken asamasinda ulagmaktadir. Ancak, en dikkat ¢ekici bulgu,
HWA'nin tim biiylime asamalarinda, basilisin diizeyinin PY79 susuna kiyasla hep
yiiksek seyretmesidir. Her ikisinin maksimum seviyede seyrettigi 18 saatlik kiiltiir
stvilarindaki  basilisin diizeyleri karsilastirildiginda, HWA susundaki basilisin
miktarmin, 2.87 kat daha yiiksek oldugu belirlenmistir. Bu 6nemli artig, Yuksek
Performansli Sivi Kromatografisi-Kutle Spektrometresi (UPLC-MS) ile de
dogrulanmistir. UPLC-MS analizinde, HWA susunun 16-18 saatlik PA kiltir
ekstresi, PY79 ile karsilastirildiginda, basilisinin kiitlesine karsilik gelen m/z 271 (M
+ H)" pik diizeyi ¢ok daha yiiksek bir oranda bulunmustur.

Bakterilerde, transkripsiyon ve translasyon basamaklari birbirleri ile igice oldugu
oldugu icin, 5' UTR yapilan bir degisiklik hem transkripsiyon hemde translayon
diizeyini etkileyebilir. Bu nedenle, calismamizda gerseklestirilen  giicli RBS
degisiminin bac operon transkripsiyon diizeyine olasi etkisi, Ters Transkriptaz-
Kantitatif Polimeraz Zincir Reaksiyonu (RT-gPZR) ile arastirilmistir. Bu analiz i¢in,
biiylimenin erken ve ge¢ duragan fazina denk gelen 18 saatlik ve 24 saatlik HWA ve
PY79 RNA ornekleri kullanilmistir. HWA susunda, bac operon-mRNA seviyesi,
PY79 susuna kiyasla, erken duragan fazda 3 kat daha yiiksek bulunmustur. Ayrica,
ge¢ duragan fazda PY79 susunda tespit edilen 29 kantitatif donglnin (Cq) aksine,
HWA susunda bac operon-mRNA seviyesinin, erken duragan fazda 25 ve ge¢ duragan
fazda 21 kantitatif dongu olarak tespit edilmesi, HWA daki bac operon-yiuksek mRNA
seviyesinin duragan faz boyunca korundugunu gostermistir. Tiim bu sonuglar, giiclii
RBS degisiminin bac operon-mRNA stabilitesini artirdigina isaret etmistir.
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Ozet olarak, bu calismada, basilisin iiretim diizeyinin iyilestirilmesi amaci ile, basilisin
biyosentezinden sorumlu bac operonunun RBS bdlgesinin iyilestirilmesi igin
CRISPR/Cas9 tek-plasmid sistemi kullanilarak, standart SD dizisinin (TAAGGAGG)
bacA baslangic kodununa (AUG) 8 nt'lik en uygun mesafe ile yerlesimi
gerceklestirilmistir. Beklenildigi gibi, gliclii RBS degisimi, basilisin iiretim diizeyinde
onemli bir artis ile sonuglanmustir. Ayrica, bac operonunun transkripsiyon seviyesinin
ozellikle ge¢ duragan fazda PY79 susuna kiyasla yiiksek diizeyde korundugu
goriilmistiir. Elde edilen bu veriler, giiglii bir RBS degisiminin, hem translasyon
verimliligini hemde mRNA stabiletesini iyilestirdigini gostermistir. Sonug olarak, bu
calisma genis kapsamli bir RBS miihendisliginin, dogal {iretici suslarda basilisin
tiretimini artirmak i¢in uygulanabilcek umut verici bir yaklagim olabileceginide ortaya
cikarmustr.
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1. INTRODUCTION

1.1 Bacillus subtilis

1.1.1 Description and genetic aspects

Bacillus subtilis is a remarkable Gram-positive model system with a ubiquity
appearance capable of colonization and adaptation within the abundant biosphere of
diverse settings due to its ability to form highly resistant endospores in response to
harsh environmental conditions and their metabolic diversity [1-5]. Thus, those
adaptable bacterium species can be isolated from soil, where spores accumulate, rivers,
estuarine water, and associated plants [6,7]. They can also be found in the
gastrointestinal (G1) tract of animals that consume plants [8-10]. In addition, this
ubiquitous bacterial species was categorized as an epiphyte [11] and, in some cases,
an endophyte [12], a plant growth-promoting rhizobacterium (PGPR) organism.
Therefore, they enhanced soil fertility as a biofertilizer instead of chemicals [13, 14].
B. subtilis, originally named Vibrio subtilis, was first isolated from fresh hay in 1872
and characterized by Ferdin and Cohn, who described their life cycle involving the
formulation of spores and their germination [15, 16]. Unlike Escherichia coli, the well-
known Gram-negative prokaryote, B. subtilis has only one cell membrane that leads to
facilitating the secreted proteins directly (in their active form) into the extracellular
medium, thus simplifying their purification in easy and low-cost downstream
processing. Moreover, in contrast to E. coli, B. subtilis is considered a GRAS organism
(Generally Recognized as Safe); as a probiotic, it is safe and non-toxic, making it
highly favorable in the food industry over using E. coli, which has an endotoxin
lipopolysaccharide (LPS) in its outer cell membrane [17,18]. Furthermore, B. subtilis
has the most uncomplicated cellular differentiation activity due to sporulation and
endospores. B. subtilis has the best fermentation capacity (the fermentation cycle of B.
subtilis around 48 h is shorter than Saccharomyces cerevisiae which has a fermentation
cycle of 180 h) and produces numerous heterologous proteins [19, 20]. This rod-
shaped bacterium became an exceptional model used to study motility, chromosome

segregation, competence host system for bacteriophage, transcription regulation,



biofilm formation, and producing many valuable enzymes such as protease and
amylase, secondary metabolites with antimicrobial properties, etc. 60% of the

industrial enzymes was produced commercially by Bacillus subtilis [21-25].

The whole genome sequence of B. subtilis was a significant event in microbial
ecology, and it was the first published genome sequence for soil bacterial species [7].
It was completed in June 1997, which identified that B. subtilis 168 is a tryptophane
auxotroph [26 -28], and itis NOT pathogenic bacteria due to no virulence coding genes
found [29]. These nonpathogenic bacteria can reproduce aerobically; however, the
putative respiratory nitrate reductase-encoding genes found in the B. subtilis genome
suggested that B. subtilis should be capable of propagating anaerobically by using
nitrate instead of oxygen as an energy source. The proliferation within animals’ mostly
anaerobic G1 tract supported this idea [30, 31]. The whole sequenced genome of B.
subtilis holds more than four million base pairs in length that possess more than four
thousand functional protein-coding genes [7]. For instance, cold shock proteins (Csp)
are expressed by one of the heat shock inducible genes, which synthesize in response
to a sudden temperature downshift. These proteins facilitate the initiation stage of
translation via binding to RNA co-operatively in case of dramatically decreasing
temperature [32,33]. At least four percent of the B. subtilis whole genome is dedicated
to sporulation, propagation, and germination [34]. Approximately four to five percent
of this bacterial genome is committed to antibiotics and antibiotic-like compounds
biosynthesis, including three coding regions for multifunctional polyketide synthetase
responsible for peptide syntheses like surfactin and fengycin, the antifungal antibiotic
[35].

A recent study published in August 2022 by Thiruvengadam and his colleagues has
defined a complete genome sequencing of Bacillus subtilis Bbv57 that revealed a close
genetic / sequence similarity to other B. subtilis strains with only minimal variation in
the genetic content between the B. subtilis Bbv57 and different B. subtilis strains [36].
It was found that the whole genome sequence of B. subtilis Bbv57 consists of
4,302,465 bp, of which the total number of genes is 4363 genes, and 4281 of these
genes are functional protein-coding genes. In addition, it has 44.5% G+C content, five
copies of rRNA operon (16S, 23S, and 5SRNA), and 76 tRNA genes. Most of these
functional genes involved amino acid, transport, metabolism, and transcription,

followed by metabolism and carbohydrate transport. Only sixty-six of those genes



contributed to defense mechanisms. Moreover, this interesting study shows the
presence of >100 CAZymes, which play a crucial role in carbohydrate metabolism as
well as nine gene groups included in the biosynthesis of several secondary metabolites
with antimicrobial activity, exhibited a vital role in B. subtilis antagonistic properties

against phytopathogens infections [36].

The M-CGH analysis (Microarray-based comparative Genomic Hybridization)
revealed that B. subtilis 168 could be competent naturally to accept an extra-cellular
DNA and recombine it into its genome by transformation [4]. Extracellular signals are
required to initiate the competence machinery; these signals are synthesized,
processed, and recognized by a three-gene comPQX operon in a population-density-

depending manner [37-42].

1.1.2 Quorum Sensing in Bacillus subtilis

Bacillus subtilis isolates can monitor and respond to each other in the environment by
secreting and sensing oligopeptide molecules called autoinducer peptides (AIP) that
play a crucial role in creating an adaptational attitude based upon the rising cell
population through a mechanism called “Quorum Sensing” (QS) [43, 44]. The QS
technique is a central mechanism to regulate genetic competence, sporulation, biofilm
construction, and antibiotic production in the B. subtilis strains [45-47]. Generally,
there are at least three different manners of QS in bacteria: the first pathway (Luxl/
LuxR- style) uses N-acyl-homoserine lactones (AHLS) as autoinducer signals in gram-
negative bacteria (Figure 1.1), the second one is Two-component system that uses
small peptides as signal molecules in gram-positive bacteria. In contrast, the third type
of QS system is luxS-encoded autoinducer 2 (Al-2) in Gram-Negative and Gram-
Positive microorganisms [48-53]. Specifically, the quorum sensing mechanism in
Bacillus subtilis comprises two receptor-signal systems: ComXPAQ signaling
peptides and Rap- Phr (CSF) protein system [43] [54, 55]. In the first ComXPAQ
sensing pathway, ComX is an autoinducer oligopeptide consisting of ten amino acid
residues [56]: Extracellularly, when the bacterial cell density reaches the quorum,
ComX pheromone bonds to the ComP sensor protein kinase (figure 1.2). The activated
ComP, in turn, transports the phosphorylation indicative to the ComA transcription
factor that regulates the expression of genes involved in competence development,
antibiotic production, biofilm formation, and sporulation [56-59].
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Figure 1.1: QS-type Luxl / luxR in Gram-Negative microbes. The autoinducer
synthase Luxl like-protein stimulates the creation of AHLs (Acyl-
homoserine lactone), which diffuse out of the cell. The transcriptional
regulator LuxR binds to these AHLs at high cell density, activating its
target genes’ expression [54].

At the same time, ComQ is the receiver domain responsible for exporting, processing,
and modulation of ComX and producing the grown QS signals [52][60].
Intracellularly, the phosphorylated form of ComA directly controls the expression of
genes responsible for Surfactin secretion [61], a cyclic lipopeptide antibiotic and
bacilysin production [62], while indirectly leading to regulating other public
production [63-64]. For instance, the ComA~P sets the degQ reproduction;
sequentially, DegQ modifies DegU phosphorylation leading to the production and the
secret of important exoenzymes like exoprotease, which digest complex nutrient
molecules [65]. Also, the excretion of Surfactin provides an indirect route to
phosphorylate SpoOA and facilitates the production and secretion of the extracellular
biofilm matrix (Figure 1.3) [66-68]. In addition to the ComXPAQ QS system, another
QS system found in B. subtilis is Rap-Phr sensing proteins chain (Rap-Phr pairs).
Unlike the ComXPAQ chain, which has a single receptor-signal system encoded by
the chromosomal genome, each B. subtilis isolate contains multiple Rap-Phr regulation
processes. These processes exhibit significant strain specificity, as evidenced by the
encoded Rap-Phr pairs [69]. For example, B. subtilis 168 has eight Rap-Phr pairs (Rap-
Phr A, C, E, F, G, H, I, K) and three orphan receptors (Rap B, D, and J). The QS
systems in B. subtilis seem to converge and regulate the same physiological responses.
This is accomplished as several different Rap proteins repress the activity of ComA,
the response regulator of the ComQXPA system [69-72]. Unlike Vibrio Harveyi, a
Gram-Negative bacterium, the two-different signaling QS pathways of B. subtilis

depend more on autoinducer peptides concentration than their simultaneous presence.



For example, CSF (Competence and sporulation factor) encoded by phrC is a linear
pentapeptide that has a crucial role, directly or indirectly, in regulating the genes
involved in competence, sporulation, surfactin, and biofilm formation in a cell density
manner in which CSF-quorum concentration decides which physiological strategies
should be chosen by the B. subtilis population (Figure 1.3) [55, 56] [73- 76].
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Figure 1.2: First QS pathway ComXPAQ in Bacillus subtilis, has a crucial role,
directly and indirectly, in regulating the expression of genes involved in
surfactin, proteases, and biofilm matrix synthesis [55].
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Figure 1.3: Function of CSF pheromone with ComX autoinducer, cooperatively, in
directing the cell to choose the appropriate physical activity in a cell
density-dependent manner. (a) at low cell density, CSF pheromone boosts
the competence by repressing the phosphatase RapC responsible for
dephosphorylating ComA and blocking the competence. (b) at high cell
density, CSF enhances sporulation cell activity by inhibiting ComP/
ComA phosphorylation cascade and phosphatase RapB that represses
SpoOF~p and sporulation subsequently. (OP) is an oligopeptide permease
that exports CSF into the cell [56].

In the Rap-Phr Qs system, Rap proteins are phosphatases that have a double action
with the ComXPAQ cycle once when the bacterial cell population is at low

concentrations; Rap proteins act conversely to ComXPAQ by de-activate ComA~P via



dephosphorylating and inhibiting the process [77]. The other action appears when the
bacterial cell is at a high concentration (reaches the quorum); the function of these
phosphatases is repressed by binding of Phr peptides to their corresponding Rap
receptors. Subsequently, the inhibition of the ComXPAQ system is relieved [69][77].
In addition, Rap protein controls the DegU regulator that regulates other mutual
processes like competence, exoprotease excretion, and biofilm construction [79,80].
Moreover, these proteins organize the SpoOF regulator, part of the SpoOA phosphor-
relay process [79,80], and control the biofilm matrix expression by adjusting the

phosphorylated SpoOA level [81] (Figure 1.4).
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Figure 1.4: Function of Rap-Phr proteins in promoting or repressing the ComXPAQ
signaling cascade dependent on the bacterial cell population. (A) At low
cell density, Rap proteins block the ComXPAQ cycle. (B) At high cell
density, Phr peptides enhance the ComXPAQ signaling cascade by
inhibiting the activity of these Raps by binding when exported into the cell
by the oligopeptide permease (Opp). Thus, it helps the cell to produce
different public goods like surfactin, exoprotease, and biofilm matrix [55]
[78] [82, 83].

1.1.3 Sporulation in Bacillus subtilis

Spore-formation is one of many strategies derived by the bacteria to cope with harsh

environmental conditions such as starvation and sudden changes in temperature like

coldness etc. The bacteria enter an inactive, dormant form enabling itself to survive
until the environmental conditions become favorable for growing and germinating
again [84]. Thus, spores are metabolically un-active dormant cells. B. subtilis can form
both biofilms and spores [85]. Strong links are present between biofilm formation and
sporulation in B. subtilis, and they are related processes regulated by the same
transcriptional regulatory proteins, such as the SpoO family (SpoOA, SpoOB, SpoOF,

SpoOH, SpoOK) [86-88]. The transcriptional master regulator SpoOA plays a central



role through phosphorylation in both processes; the intracellular level of SpoOA~P is
critical. A high concentration of phosphorylated SpoOA~P (Its active form) inside the
cell stimulates the genes involved in spore-formation. In contrast, the low intracellular
level of phosphorylated SpoOA~P induces the formation of the Matrix required for
biofilm formation [89]. Spores can be formed within biofilms where the bacterial cells
ultimately sporulate for further protection from disinfecting agents and deleterious
chemicals [90]. Cannibalistic behavior is the first and foremost step in the spore-
formation process [91]. When the bacterial cells undergo nutritional scarcity, a
subpopulation of B. subtilis, defined as cannibals, is developed. These cannibalistic
cells kill and lyse neighboring sensible cells by producing and secreting two toxins,
Skf (sporulation killing factor) and Sdp (sporulation-delaying protein), in a process
known as “cannibalism.” The dead cells are consumed by other living cells as a
nutrient to delay the initiation of sporulation. Interestingly, these specialized
cannibalistic toxins, Skf and Sdp, kill and lyse all susceptible cells except the
cannibalistic toxins producer cells because they have immunity against these
specialized toxins [92, 93]. In addition, the competent cells pick up the DNA released
from degraded cells. However, these competent cells are also immune to cannibalistic
proteins because they undergo the semi-dormant state (K-state), making them resistant
to antibiotics and toxins [92] [94-96]. The genes encoding these toxins are regulated
positively when the phosphorylated SpoOA (SpoOA~P) exists in a low intracellular
concentration [89] [97-99].

Many genes become activated and expressed in correspondence to different levels of
phosphorylated SpoOA (SpoOA ~P). The SpoOA regulator is central and involved in
various feedback loops; it directly controls the transcription of one hundred and
twenty-one genes and indirectly regulates genes involved in the asymmetric division
of cells, and genes play a role in the intervention of sigma factor cascades like o and
o". The master regulator SpoOA is activated by histidine sensor kinases (A, B, C, D,
and E) [100-102]. Kinase sensor has three PAS-PAC sensory domains, PAS -A, PAS-
B, and PAS-C; through these KinA domains, it can regulate several critical factors and
metabolites intracellularly as well as phosphorylates the central regulator SpoOA
when required via the activation of sigma factors cascade [103, 104]. At harsh
environmental conditions, by sensing energy potential or redox state, the sensor kinase
KinA is activated, and kinE activates the SpoOF regulator through the phosphorylation



process. Subsequently, the phosphate group is shifted from SpoOF~P to SpoOA ~P
through SpoOB, triggering the transcription regulatory mechanism responsible for
sporulation (Figure 1.5) [100].

The central phosphorylated regulator SpoOA~P inhibits the abrB gene from initiating
sporulation. The phosphorylated regulator SpoOA~P also activates the spollA operon
encoding sigma factor F (cF), the spollG operon encoding sigma factor E (cF), and the
spollE gene, which is necessary for activation of sigma F in the forespore [105].
Interestingly, the regulator SpoOE can dephosphorylate the SpoOA~P and repress the
initiation of the sporulation pathway when the environmental conditions become
favorable for bacterial growth [106]. When the DNA is damaged, or DNA replication
is impaired, the Sda protein is activated and stops the sporulation pathway by
preventing phospho- transfer from KinA to SpoOF and delaying sporulation
[107,108].
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Figure 1.5: Development of sporulation in Bacillus subtilis as a response to nutrient
scarcity [100].

Moreover, the extracellular production of surfactin as a signaling molecule triggers the
expression and regulation of cannibalism. Indirectly, surfactin production stimulates
KinC that phosphorylates the master regulator SpoOA, SpoOA~P, in turn, enhances
the expression of o' that promotes the expression of genes required for expression and

phosphorylation of the master transcription regulator SpoOA and the sensor kinase



KinA, involving in sporulation [ 109, 110]. B. subtilis cells divide into asymmetric cells
with two distinct segments; one belongs to the mother cell, and the other refers to the
forespore. This unidentical division triggers a cascade of sigma factors, &' is activated
in the forespore and later in the mother cell leading to activate o, and both ' and c*
factors regulate genes involved in the engulfment of the forespore. After engulfment,
oY is activated in the forespore leading to active o¥ in the mother cell. Finally, the

spore coat and cortex are formed, completing the maturation spore (Figure 1.6) [111].

1.1.4 Applications

A ubiquitous Gram-Positive non-pathogenic bacterium, Bacillus subtilis, is widely
used as an attractive host model, universal cell productive, and effective genetic tool
for medicine, industry, agriculture, and biomaterial application in part because of its
easy-to-grow and genetically manipulated in the laboratory and more because of its
significance in producing a broad range of valuable secondary metabolites, which have
antimetabolic and pharmacological properties, and non-toxic bioproducts like
enzymes and heterologous proteins. Bacillus species, including B. Subtilis, generate
%60 commercially beneficial enzymes [112-114] such as carbohydrase, amylase, and
protease due to their magnificent fermentation qualities (around 20-25 g/L product
yields) [115]. In addition, B. subtilis can form biofilm and spores, which are beneficial
for humans and the environment through producing value-additives used in different
sectors of healthcare, the food industry, the chemical industry, the petrol industry, and
animal feedstock [85] [116-118].

B. subtilis spores and biofilms are more attractive among all common spore-forming
prokaryotes, such as Bacillus, Clostridium, Anoxy bacillus, Geobacillus, and
Sporolactobacillus, due to B. subtilis forms spores that possess low G+C content, and
suitable cell wall structure; moreover, this non- pathogenic prokaryote biofilm and

spores are GRAS microorganisms (Generally regarded as safe) [119].
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Figure 1.6: Gene regulation and morphogenesis of sporulation in Bacillus subtilis. a)
Asymmetric division via the activated SpoOA and c". b) The pre-spore
with activated " and the mother cell with activated . ¢) The engulfment
stage, the degradation of the asymmetric septum in the mother cell, and
the membrane migration around the pre-spore. d) The final stage of
sporulation, when the pre-spore is released as a protoplast inside the
mother cell and activated o€ in the pre-spore and o* in the mother cell,
enhances the transcription of genes involved in building the structural
compounds of the spore, which are responsible for its resistance property
[111].

B. subtilis has improved in the last decades and has become the fundamental microbe

and the first choice for producing several industrial bioproducts, including enzymes

[120] such as alpha-amylase, Xylanases, Lichenase, f-galactosidase [121], Alkaline

serine proteases [122], and cellulases [123]. These enzymes are essential in several

industrial sectors, like detergent, leather, textile, paper, pharmaceutical, feed, and food
industries. For instance, The GRAS B. subtilis is used to prepare soybean hydrolysate,
milk coagulation, meat tenderization, and food waste treatment [124]. Moreover,

metabolically engineering B. subtilis produces valuable vitamins like vitamin K

family, vitamins B1, B5, B6, and B7 [125], and various significant chemicals and

pharmaceuticals crucial in different fields. Hyaluronic acid (HA) is a highly significant
glycosaminoglycan in cosmetic, pharmaceutical, and biomedical technology.

Recently, Li et al. (2019) found a genetically constructed B. subtilis capable of

biosynthesis of hyaluronic acid with different titers and molecular weights at different

temperatures. They reported that increasing the biomass decreases the molecular
weight of the produced HA; however, the titer rises [126]. B. subtilis is also improved
to synthesize new chemicals, such as N-acetylglucosamine (GLcNAC), essential in

repairing and maintaining cartilage and joint tissue function. Liu et al. (2014) applied
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modular pathway engineering to increase the production of GLcNAc in B. subtilis
from 1.85 to 31.65 g/L [127]. Furthermore, a biofilm derived from genetically
modified B. subtilis was applied for bioremediating pollutants from wastewater in
recent applications. Due to their strong adhesion to the inorganic modified basalt fiber
(MBF) and their ability to instantly form quickly, B. subtilis acts as an excellent redox
mediator that biodegrades the contamination from wastewater [128]. In the enzyme
industry, B. subtilis spores are more efficient and favorable than the vegetative cells
due to their non-toxicity, grown without adding nutrients, and high stability at high
temperatures and pressure. Additionally, the immobilized enzymes displayed on the
spore surface are produced at a low economic cost. Furthermore, they can be re-
purified and recycled easily. The current development of genetic manipulation of B.
subtilis biofilms and spores has participated in the progression of bioremediation,
biocatalysis, and biomaterial engineering techniques that improved human research
and industrial application (Figure 1.7) [85].
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Figure 1.7: Applications of genetically modified B. subtilis spores as a biomaterial
[85].
B. subtilis has a high recombination rate and efficient, simple genetic tools. The three
common genetic engineering techniques used for manipulating B. subtilis are methods
that rely on counter-selectable markers (CSM), such as the jellyfish-derived Green
Fluorescent protein (GFP) [129, 130], site-specific recombination technique, such as
higher recombination efficiency Cre/loxP [131], and FLP/FRT [132] techniques, and
the recently promoted CRISPR/ Cas9 the excellent genome engineering toolbox [133].
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1.2 CRISPR/ Cas9 Technology

1.2.1 Description and history

CRISPR is a short abbreviated for Clustered Regularly Interspaced Short Palindromic
Repeats loci. At the same time, Cas is also an acronym for CRISPR-associated genes
which encode proteins and enzymes with helicase and nucleases activity. (Figure 1.8)
CRISPR/ Cas system is derived from the immune system in prokaryotes against
viruses and bacteriophages [134, 135]. This was first discovered in 1987 by Nakata
and colleagues, who observed officious sequence repeats and non-repeats
polynucleotide downstream of the iap gene under investigation [136].
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Figure 1.8: A graphic of CRISPR locus [137].

Later, in 2005, Mojica and colleagues revealed that these non-repetitive DNA
sequences (spacers) units belong to bacteriophages [138]. Shortly after that, the
function and location of the Cas genes were clarified by Bolotin ef al., which are
located near CRISPR loci and encode DNA endonucleases. Indicating that the
CRISPR/ Cas primary function robustly is digesting any forging DNA entering the
bacterial cell [139]. A few years later, this theory was confirmed by discovering a motif
within the CRISPR structure located upstream of the protospacer called “PAM”
(Protospacer Adjacent Motif). The primary function of PAM with sequence NGG (N
refers to any nucleotide A, T, C, G) is its specificity to Cas protein and protospacer
homology. The protospacer adjacent motif, specifically differentiated by Cas proteins,
allows the CRISPR/ Cas system to distinguish between self and foreign DNA to target
and cut [140- 143].

Consequently, by the early 2000s, the CRISPR/ Cas system is identified in prokaryotes
as a defense approach. By 2010, three classes of CRISPR/ Cas protein were
demonstrated in bacteria: class I, class II, and class III; among all of them, class II is
the most applicable system due to its simplicity, then adapted for genetic editing in all

mammalian cells [144]. In addition, there are many Cas proteins with helicase and
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nuclease activity, some of them universally existing in all classes of CRISPR system:s,
like Casl and Cas2. In contrast, the others are involved differently in other
CRISPR/Cas technology types. For instance, Cas9 endonuclease is the essential
protein, in CRISPR/ Cas class II, for interference and DNA cleavage by making
double-stranded breaks (DSB) in a sequence-specific manner [145]. Generally, based
on CRISPR/ Cas9 strategy, immunity in bacteria passes through immunization and
immunity (Figure 1.9) [146]. First, at the immunization phase, when a virus infects a
bacterial cell, it is chopped up, and a section of its DNA is integrated into the bacterial
chromosome, as a spacer-repeat unit within the CRISPR loci, by associating Casl or
Cas2 (in case of RNA viral infection) [147]. Once the same virus re-infects the bacteria
again, at the immunity stage, the spacer-repeat units in the CRISPR region are
translated into CRISPR ribonuclear acid(crRNA), which binds to Cas9 protein and
guides it to the complementary targets by assisting with trans-activating-CRISPR RNA
(tracrRNA- crRNA) also is called guide RNA (gRNA). The Cas9 complex (tracrRNA-
crRNA-Cas9 protein or gRNA-Cas9) altogether destroys the viral. As a result, the
bacterial cell can NOT be infected by the same virus twice [148]. Cas9 is a large
protein comprised of six domains (Figure 1.10). Only two domains, HNH and RuvC,
have the nuclease ability to cleave the double-strand DNA (DSB), whereas Recl is the
gRNA binding domain and PAM interacting part (PI) is the DNA-specific binding
initiator domain. Consequently, Cas9 endonuclease plays a vital role in the CRISPR
technique. Once the Cas9 complex is delivered to the target DNA sequence by gRNA,
Cas?9 starts scanning the DNA, looking for PAM to cut the DNA at this site [149-153].
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Figure 1.9: A diagram illustrates the CRISPR-based immunity mechanism in
Prokaryote [148].
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Figure 1.10: 2D and 3D Cas9 protein structure [149].

Accordingly, the CRISPR/Cas technique in the immunity of bacteria inspired scientists
to use it as a crucial tool for genome editing technology in prokaryotes [153, 154],
higher eukaryotes [155- 158], and yeast [159, 160]. By 2013, the CRISPR/Cas

technique was used, for the first time, as a genome editing agent [161, 162].

1.2.2 CRISPR/ Cas9 Technology in Bacillus subtilis

Recently, three strategies of CRISPR/Cas9 technique have been widely applied in B.
subtilis as a genome editing tool; The single plasmid-based system, the first strategy,
where the Cas9, DNA homology template, and sgRNA (single guide RNA) and some
other elements all together are assembled in the single plasmid DNA system in which
Cas9 protein and sgRNA are expressed by inducible or strong promoters.
Altinbuchner, in 2016, developed a single-plasmid structure named pJOE8999 for
efficiently utilizing in genome editing in B. subtilis [163]. That holds the cas9 gene
transcribed via the mannose-inducible promoter Puasp and a single guide RNA
(sgRNA), located between Bsal sites, under the control of a strong promoter.
Additionally, pJOE8999 has the temperature-sensitive replication origin of plasmid
pE194 for B. subtilis, pUC minimal origin of replication for Escherichia coli, and a

Kanamycin resistance gene expressing in both organisms (Figure 1.11) [163].
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Figure 1.11: Genetic map of the pJOE8999 vector [163].

The second strategy is the two-plasmid model wherein Cas9, gRNA, and the DNA
homology template are gathered on two shuttle vectors. The third technique is more
effective and stable than the previous two strategies. The chromosomally integrated
approach requires genetically modified strains in which Cas9 is integrated into the B.
subtilis genome, and a multi-gRNA transmission vector was constructed using the ara
E/R initiation subsystem [164]. In the metabolic engineering sector, CRISPR
interference (CRISPR1) is another toolkit applied for transcriptional-level regulation
in B. subtilis. In this technique, deactivated Cas9 (dCas9) protein and gRNA guided
the dCas9 to any target gene on the genome to repress its transcription without
stimulating a double-strand break [165]. Liu et al. [2019] developed a precise
CRISPR/Cas9n-based multiplex genome editing tool in B. subtilis, further improving
the efficiency of large genomic deletions and multiplex gene editing by regulating the
nicks repair mechanism. This Cas9n-mediated multiplex editing technique was applied
in B. subtilis to enhance the capacity of riboflavin production by generating an RBS
modulation library of riboflavin operon, wherein three genetic loci were

synchronously modulated [166].

In 2023, Ferrando J. et al. [2023] present, for the first time, a novel, simple, and rapid
CRISPR/ Cas9 technology for one-step multiplex gene insertion (up to three genes) in
B. subtilis [167]. This technique combines a single CRISPR/Cas9-mediated plasmid
with the development high- a throughput White/ yellow colorimetric screening
technique to establish a plasmid-less, marker-free, and high-expression stable B.
subtilis producer strain by introducing crtMN operon (up to three copies), driven from

Staphylococcus aureus, encoding a yellow pigment integrated at three ectopic sites
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within B. subtilis genome, rendering the engineered bacteria capable of form yellow
colonies. This novel technology expands genome editing in B. subtilis and
significantly boosts the development of this distinctive strain as a framework in the

synthetic biology field.

CRISPR/Cpfl Technology is the most potent tool in B. subtilis for higher efficiency of
multiple gene insertion compared to CRISPR/Cas9 technology. Cpfl, a protein from
Francisella novicida, an array of novel Cas proteins derived from CRISPR system
type V, which has been engineered as a genome editing system in Clostridium difficile
[168, 169] Corynebacterium glutamicum [170] and rice [171]. Cpfl is more effective
than Cas9 protein. However, it differs from Cas9 in its structure and function. Cpfl-
dependent CRISPR technology does not require tractrRNA because Cpfl can process
pre-ctRNA to mature crRNA. Thus, Cpfl simplified multiplex genome editing
mechanisms in B. subtilis [169, 172]. The Cpf- mediated editing technique is the most
efficient technique, particularly in B. subtilis, for many reasons; Cpfl cleaves the target
DNA efficiently by utilizing a T-rich PAM sequence, unlike Cas9, which uses a G-rich
PAM sequence. Moreover, Cpfl establishes a staggered end with 5 -overhang DNA
cleaving fragments, facilitating the DNA repairing system by non-homologous end
joining (NHEJ) or homology-directed repair [169, 170]. Cpfl is a non-toxic protein
compared to Cas9, like SpCas9 [170]. Furthermore, Cpf1 is a small protein with only
1300 amino acids and only a single well-identified nucleases domain, unlike Cas9,
which has two nuclease domains, making it more suitable for the sgRNA complex. In
conclusion, Cpfl- mediated editing technique is an excellent candidate Cas protein for

genetic manipulation in B. subtilis strains [173].

1.3 Peptide Antibiotics Produced by Bacillus subtilis

Antibiotics are secondary metabolites mainly secreted by soil microorganisms. Among
all these soil bacteria, B. subtilis is the best gram-positive, rod-shaped endospore-
forming bacteria, which has a high capacity of non—toxic antibiotic secretions into the
cell’s exterior [174]. B. subtilis strains produce dozens of high-quality antimicrobial
compounds with various structures. Approximately four to five percent of B. subtilis
genomes are dedicated to antibiotic biosynthesis [175]. They produced and secreted
antibiotics as a particular attribute to compete favorably with other microorganisms

within the environment [176]. These antimicrobial peptides are synthesized by B.
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subtilis, either ribosomal and post-translationary modified, such as Lantibiotics and
lantibiotic-like peptides or non-ribosomal. Furthermore, they produced a couple of
non-peptides, phospholipids, and polyketides. The biosynthesis of ribosomal peptide
antibiotics appeared during the bacterium growth. In contrast, non-ribosomal
antibiotics are synthesized after the end of cellular growth [177, 178]. The non-
ribosomal peptide antibiotics participate in biofilm and swarming development. The
Lantibiotics function as an autoinducer (pheromone) in quorum sensing and a killing

factor that affects programmed cell- death in sister cells [178].

Surfactin, one of the non-ribosomal antibiotics, is a circular polypeptide with a fatty
acid chain in its structure responsible for its antimicrobial activity. Other non-
ribosomal antibiotics include bacilysin, turin, and fengycin [179, 180]. Most peptide
antibiotics secreted by B. subtilis have antimicrobial activity against Gram-Positive
bacteria; however, polycolistine and circulin exhibit antimicrobial activity against
Gram-Negative bacteria exclusively. While in contrast, bacillomycin and mycobacillin
display antifungal activity against molds [181]. Tumborski and Denkova present a
study revealing that B. subtilis ATCC6633 exhibits high antagonist activity against the
fungi Aspergillus flavus, Alternaria sp., Penicillium chryogenum, and Sclerotinia
sclerotiorum. In addition, B. subtilis ATCC6633 displayed moderate antagonist
activity against Aspergillus niger and Aspergillus awamoria. In contrast, the
antimicrobial activity of this strain against Aspergillus oryzae, Fusarium oxysporum,
and Beauveria bassiana was low. In comparison, no antimicrobial activity was against
Fusarium moniliforme [182]. In 2022, Egbuloun et al. discovered a new peptide
antibiotic identified as “Bacilysocine” extracted from the filtered crude extraction,
which was obtained at the late exponential growth of B. subtilis soil-isolated strains
and purified using high-pressure liquid chromatography HPLC and biochemical
analysis was performed on it that reported its molecular weight (less than 2.5 KDa) by

Zymogram analysis and TLC [183].

1.4 Bacilysin

1.4.1 Description and Significance

Bacilysin, the simplest dipeptide antibiotic investigated with a small molecular weight
of 270.28 g/mol and a molecular formula Ci2H1sN2Os, is secreted and synthesized by
Bacillus subtilis Marburg 168 strain [184- 186], as well as Bacillus amyloliquefaciens
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[187], Bacillus pumili, and Bacillus velenzensis [188]. The chemical structure of this
dipeptide antibiotic consists of an exceptional non-proteinogenic L-anticapsin residue

at its C-terminus and L-alanine amino acid at the N-terminus. (Figure 1.12) [189-192].

L-anticapsin |
moiety 0

Figure 1.12: Chemical structure of the bacilysin dipeptide antibiotic [189].

Bacilysin has a broad spectrum of antimicrobial activity versus fungi, like Candida
albicans, and bacteria. Bacilysin, excreted by Bacillus veleuzensis, has antibacterial
activity against Gram-Negative Escherichia coli and Salmonella enterica, foodborne
pathogens [188]. In contrast, Bacillus amyloligefaciens has anti-cyanobacterial
characteristics against harmful algal species like M. aeruginosa, A. flos-aquae, Nostoc
sp., and Anabaena sp. due to the secretion of bacilysin [193]. Furthermore, the plant-
associated Bacillus amyloliquefaciens subsp. Plantarum strain FZB42 can prevent the
growth of Erwinia amylovora, causing fire blight disease in Orchard trees and
Xanthomo oryzae pv. oryzae and X. oryzicola responsible for rice diseases via
bacilysin secretion [187][194]. Although bacilysin is a great antimicrobial agent, it
does NOT have antimicrobial activity alone; the antimicrobial activity belongs to its
L-anticapsin moiety. Studies have shown that anticapsin blocks the biosynthesis of
glucosamine-6-phosphate (GIcN6P) synthase, the enzyme responsible for N-
acetylglucosamine GIcN6P or glucosamine biosynthesis, leading to repress the
peptidoglycan formation of the microbial cell wall and lysis the microbial cell,
subsequently (Figure 1.13) [195, 196]. Thus, intracellularly, bacilysin needs to be
hydrolyzed by peptidase to release anticapsin and become active enzymatically since
bacilysin can transport into the microbial cell easier than anticapsin. Recently, it was
shown that anticapsin binds to the amino acid Cysteinl (CyS1) of GIcN6P synthase;
in contrast, bacilysin as a dipeptide molecule can NOT bond to this enzyme directly

[197].
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Figure 1.13: Antimicrobial action of bacilysin that blocks the microbial cell wall
biosynthesis [198].

Bacillus subtilis produces bacilysin actively when the bacterial cells are grown in a

Perry and Abraham (PA) medium [199]. However, the biosynthesis of bacilysin is

repressed by casamino acid and glucose [200- 202]. Furthermore, bacilysin is a white

amorphous powder, freely soluble in water and %80 Alcohol, heat stable dipeptide (15

min/100C°), and antimicrobial activity stays functional in a broad range of pH (1.4-

12) [201].

1.4.2 Biosynthesis and molecular regulation

The polycistronic operon bacABCDEF (formerly ywfBCDEFG) and the bacG
(formerly ywfH) monocistronic gene are mainly responsible for the biosynthesis of
bacilysin in Bacillus subtilis [203]. The bacABCFG genes carry the bacilysin
biosynthetic core action, latterly renamed bacABCDE [186]. The bacABCFG genes
encode for anticapsin production, whereas bacDE genes are critical for bacilysin self-

immunity and the function of amino acid ligation [184] [203,192].

To date, studies on this certain antibiotic have revealed that bacilysin biosynthesis is
regulated by quorum sensing regulatory mechanism (QS) via the activity of
ComQ/ComX, ComP/ComA, Phr peptides C, F, K, and in SpoOK (Opp)-dependent
manner [204- 206]. In 2003, Karatas et al. reported that the srf4 operon, a gene
responsible for the surfactin lipopeptide antibiotic biosynthesis, functions positively in
bacilysin production [204]. In 2011, Tiirkan et al. exhibited that multiple regulatory
factors regulate bacilysin biosynthesis by directly affecting the bac operon expression,
which includes four master regulators Com A, SpoOA, AbrB, and CodY in B. subtilis.
The two transcriptional regulators, AbrB and CodY, directly suppress the expression

of the bac operon, while ComA and SpoOA act as positive transcriptional regulators
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that activate and induce the expression of the bac operon. In addition, PhrC, PhrF,
PhrG, and PhrK are required for full-level activation of ComA, thereby they indirectly
positively affect the transcription of the bac operon (Figure 1.14) [206]. In addition,
two other regulators, LutR (formerly known as Yv{l) and ScoC, play a significant role
in controlling bacilysin synthesis. LutR acts as a positive regulator, while ScoC acts as
a negative regulator [207, 208]. The regulation of the bac operon is also influenced by
the levels of GTP in the cell [203]. When GTP levels decrease, it triggers an increase
in the expression of the bac operon. This response is controlled by the CodY repression
system [203]. Moreover, the DegS/DegU two-component signal transduction system

positively regulates the bac operon and bacG in B. amyloliquefaciens [209].
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Figure 1.14: All transcription regulators involved in bacilysin biosynthesis in Bacillus
subtilis. The red dots denote the regulators that bind to the bac promoter
directly and negatively regulate bacilysin production. The green dots
elucidate the regulators which bind to bac promoter and positively regulate
bacilysin production. Other red and green arrows elucidate transcription
regulators engaged in indirect positive and negative regulation [198].

1.5 Aim of The Current Study

Bacilysin is gaining attention in industrial agriculture and pharmaceutical industries
because of its powerful ability to combat bacterial, fungal, and algal pathogens.
However, its use in industrial applications is limited due to low production levels in
the native producer. Achieving high-level expression of a gene requires more than just
high-level transcription. The mRNA produced during transcription must be efficiently

translated into the corresponding protein. In bacteria, translation initiation is often the
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rate-limiting step of translation and a major factor in determining the final expression
level of a gene [210]. Translation initiation occurs at the ribosome binding site (RBS),
located within an mRNA's 5' untranslated region (5'UTR). In bacteria, the RBS
contains the Shine Dalgarno (SD) sequence, the start codon of the target gene, and a

short spacer sequence in between.

The SD sequence plays a crucial role in translation initiation by recruiting the 30S
small ribosomal subunit to the start codon through base-pairing with the anti-SD
sequence located on the 3' terminus of the 16S rRNA [208]. The effectiveness of an
SD sequence is determined by its base-pairing potential with the anti-SD sequence and
its spacing from the translation initiation codon [210-212]. The canonical SD
sequence, S-UAAGGAGG-3', found in most bacterial species, including B. subtilis,
exhibits the highest complementarity with the anti-SD sequence of 16S rRNA, making
it a "strong" SD sequence. It was shown that the SD sequence-UAAGGAGG triggers
translation four times more efficiently than the shorter AAGGA sequence [212]. The
spacing between the SD sequence and the start codon is another critical factor affecting
translation initiation efficiency. If the spacing is too close (less than four nucleotides)
or too far (more than 14 nucleotides) from the start codon, it can result in lower levels
of initiation. In bacterial genomes, the spacing of the SD sequence generally ranges
from 5 to 13 nucleotides, with about 8 to 10 nucleotides being ideal for E. coli genes.
Similarly, the perfect length of separation between the canonical SD sequence, 5-
UAAGGAGG-3', and the AUG start codon has been determined to be 7-9 nucleotides
[212-214]. The biosynthesis of bacilysin primarily relies on the bacABCDEF operon,
and the transcription of the bacilysin operon has been found to initiate at T residues

located 29 bases upstream of the translational start codon [208].

Analysis of the sequence around the bacA transcriptional start site has revealed a
strong consensus signature for the B. subtilis sigma factor 6* (TTGACA (-35) and
TAAAAT (-10) with a 17-base pair spacer) [215] (Figure 1.15). However, there is no
obvious strong SD-like sequence surrounding its translation start codon AUG,
suggesting that improving the RBS region could be a promising option for enhancing
bacilysin production. Therefore, in this thesis study, it was aimed to investigate the
effect of a strong ribosome binding region containing the canonical Shine-Dalgarno
(SD) sequence (TAAGGAGG) with an 8-nucleotide spacing from the AUG start codon
on bacilysin production in B. subtilis PY79. A CRISPR/Cas9 technique was utilized to
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modify the bac operon's 5' untranslated region (5'UTR). Subsequently, the impact of a
strong ribosome binding site (RBS) on the bacilysin production levels was examined.
Additionally, it was evaluated whether this modification influenced the mRNA levels

of the bac operon.

ywiA, bacA bacB bacC bacD « bacD bacE bacF bacG
nativeRB F
_35 _10 +1 ative S bacAOR
5" ...aca TTGACA gttcaatttccactgga TAAAAT ttac T taaaattttaaaa gattggttggtgctc ATGATTATA ... ¥
inserted
strongRBS e
5' gcttaaggaggacaaactc 3' deleted

Figure 1.15: Genomic organization of the bacABCDEF operon and the upstream DNA
sequences of the bacA [216].
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Bacterial strains

A prototrophic derivative of Bacillus subtilis 168 strain, B. subtilis PY79, was used as
the bacilysin producer strain. Escherichia coli DH5a was used as a host for cloning
throughout the study. recA- proficient strain E. coli BL-21 (DE3) pLysS strain was
used to propagate the plasmid DNA to transform B. subtilis. Staphylococcus aureus
ATCC 9144 strain is used for bacilysin detection as the bioassay organism. All strains
used in this study are listed with their genotype in Table 2.1.

2.1.2 Plasmids
All PCR products and genetically manipulated genes constructed throughout this study
are cloned into pPGEM®- T Easy vector (Promega) (Figure 2.1).

pGEM®-T Easy
Vector

Figure 2.1: Genetic map of pGEM®-T Easy vector and sequence reference points
from Promega.
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Table 2.1: Bacterial strains used in this thesis and their genotypes.

Strain Genotype Source
Bacillus subtilis PY79 BSP cured prototrophic derivative of Lab Collection
B. subtilis 168
E. coli DH5a F~ ¢80lacZAM15 A(lacZY A- Lab Collection

argF)U169 recAl endAl hsdR17(rk-,
mk*) phoA supE44 L\ thi-1 gyrA96 relAl

E. coli BL-21 (DE3) F-ompT hsdSg (rs, ms”) gal dcm (DE3)
pLys pLysS(CamR)
Staphylococcus aureus ATCC 9144
E. coli IM109 / 9958.1 pJOE9958.1/ KmR
E. coli DH50.RBS- pGMT.bacAstrongRBS/ AmpR
pGMT11
E. coli DH50.RBS58 PJOE9958. 1. pacastrongres/ KmR
E. coli DHSU.baCSgSS p\]OE9958.1.bacAstrongRBS_ngNA/
KmR
E. coli DH5a .582005 PGMT .sgrna (200bp)
AmpR
E. COI' BL21A5821 p\]OE9958.1.bacAstrongRBS_ngNA/
KmR
recA- proficient
E. coli DH5a. bacsg4- pJOE9958.1.bacA sgrna / KmR

Control Negative (- ve)

pJOE9958.1.bacA.sgrna / KmR

E. coli BL21.4213 recA- proficient
Control Negative (- ve)
E. CO|I BL'Zl 58211 p\]OE9958.1.bacAstrongRBSAngNA/
Control Positive (+ ve) KmR
recA- proficient
E. COI' DHS(X pGMT.bacAs[rongRBS (400bp)/ AmpR
pGMT20-1
(Used for sequencing)
Bacillus subtilis PY79 PhoacastrongrBs
HWA
(Genetically

engineered)

Lab Collection

Lab Collection

J. Altenbuchner

This study

This study

This study

This study

This Study

This Study

This Study

This Study

This Study

This Study
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The pJOE9958.1 plasmid is a CRISPR/Cas9 (Fig.2.2) derived from the shuttle plasmid
pJOEg999.1. It is a single-plasmid system based on the cas9 gene controlled by the
mannose-inducible promoter Pua.p of B. subtilis and a single guide RNA (sgRNA)
located between Bsal sites under the control of a strong promoter. Additionally, like
pJOE8999.1, it has the temperature-sensitive replication origin of plasmid pE194 for
B. subtilis, pUC minimal origin of replication for E. coli, and a Kanamycin resistance
gene expressing in both organisms. Unlike the pJOE8999.1 vector, the pJOE9958.1
plasmid possesses the ccdB located between the two Sfi cutting sites, which is used as
a positive-selection marker that kills the background of cells without DNA insertion,
thus only cells owning a recombinant plasmid giving rise to viable clones in the F~ E.

coli cells [156].

PIOE99sg ;.
bach re

Figure 2.2: Maps of pJOE8999.1, pJOE9958.1 and pJOE9958.1-bacAstrongrBS.sgRNA
constructed in this study [216].

2.1.3 Bacterial culture and media.

The preparation techniques and components of all bacterial culture media used in this
study are listed in Appendix B.

2.1.4 Solutions and buffers.

The preparation of solutions and buffers with compounds are given in Appendix C.
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2.1.5 Enzymes.

The enzymes that are used in this thesis are listed in Appendix D.

2.1.6 Laboratory equipment.
All equipment that is used in this study is listed in Appendix E.

2.1.7 Cultures and maintenance of bacterial strains.

E. coli and B. subtilis strains were cultured in Luria- Bertani (LB) liquid medium and
stored at 4°C on LB agar plates at most for one week. However, DSM medium was
mainly used for storing B. subtilis strains for one month at 4°C. 10% glycerol/ LB
stock was prepared for long-term storage, and all bacterial strains were stocked at — 80
°C. The Perry and Abraham medium (PA-medium) was used for bacilysin production.
While the paper disc-agar diffusion assay was applied to determine the bacilysin
bioactivity on Bioassay media agar plates by employing S. aureus ATCC9144 as the

assay organism.

2.2 Methods
2.2.1 Constructing the DNA homology template

2.2.1.1 Chromosomal DNA isolation

The B. subtilis PY79 chromosomal DNA was extracted and purified according to
Cutting and Horn's standard method designed explicitly for Bacillus species [217]. 1.5
mL of overnight culture of B. subtilis was harvested by centrifugation at 13000 rpm
for 5 min. The supernatant was discarded, and the pellet was resuspended in 567 pL of
TE buffer (Appendix C). 10 pL of proteinase K (20 mg/mL), 6 puL of RNase (10
mg/mL), 24 pL of lysozyme (100 mg/mL) and 30 pL of 10% SDS were added to the
cell mixture. The homogenized mixture was incubated for 1 hour at 37°C. Following
the incubation, 100 pL of 5M NaCl solution and 80 puL of CTAB/NaCl (Appendix B)
(65°C) solution were added, and the sample was incubated for 10 min. at 65°C. Freshly
prepared phenol/chloroform/isoamyl alcohol (25:24:1) was added to the mixture in
equal volume. It was centrifuged at 13000 rpm for 10 min. After centrifugation, the
upper phase was carefully transferred to a new 1.5 mL microfuge tube, and 0.7 volume
1sopropanol was added to precipitate the DNA. After a gentle mix, the sample was
centrifuged at 13000 rpm for 15 min. The supernatant was removed, and the pellet was

washed with 1 mL 70% ethanol and centrifuged at 13000 rpm for 5 min. Subsequently,
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ethanol residues evaporated at 37°C for 1 hour, and isolated DNA was dissolved in 10

pL of TE buffer and stored at 4°C.

2.2.1.2 Agarose gel electrophoresis

Electrophoresis was applied in a 1% (w/v) agarose gel system prepared with 1X TAE
buffer (Appendix C) and RedSafe™ Nucleic Acid Staining Solution (iNtRON) at
4V/cm on a horizontal submarine electrophoresis apparatus. Before uploading the
DNA samples into an agarose gel, 6X loading dye was mixed gently with the DNA
sample (1:6 v/v) to get 1X diluted dye in the sample. Electrophoresis was performed
at 70-100 volts for 30 min. DNA bands were visualized on a shortwave UV
transilluminator (UVP).

2.2.1.3 Polymerase chain reaction (PCR)

All primers used in this study with their sequences and melting temperature (TM) are
listed in Appendix A. For Polymerase Chain Reaction (PCR), all compounds and
reaction conditions generally utilized in this study are organized in Table 2.1 and 2.2,

respectively.

Table 2.2: Compounds used for establishing a PCR reaction. Supplied by Thermo
Scientific™.

Component Volume/ ul (50 pl in total)
10X Dream Taq polymerase** 5
dNTPs
Forward Primer (10 uM)
Reverse Primer (10 uM)
DNA Template
Dream Tag DNA Polymerase
(Unite sini yaz) *
DNase/ RNase- Free Distilled 31
Water
" In constructing the homology template stage, pfu DNA polymerase was used (500U).

10X pfu buffer + 1.25 ul MgSOs in case of pfi DNA polymerase.

N a1

Table 2.3: General Conditions of Polymerase Chain Reaction Used in this Study.

Step Temperature / °C Time/min  Cycle
Initiation 95 10
Denaturation
Denaturation 94 0.30
Annealing Based on Primer Tm 0.30 30
Extension 72 0.30
Final Extension 72 10
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2.2.1.4 Gel extraction and PCR products

All PCR products and desired DNA samples extracted from agarose gel were cleaned
and purified using Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up Kit from
Fisher Scientific, a Thermo Fisher Scientific, following the manufacturer’s protocol.

All cleaned DNA samples were stored in -20 C°.

2.2.1.5 Construction of the homology template via overlap extension PCR

As the first step in this study, the homology template was prepared to bear the new
strong RBS (GCTTAAGGAGGACAAACTC) to be ready for repairing the double-
strand break caused by the endonuclease Cas9, subsequently providing the
replacement of the old ribosome binding region of bacA gene. For this purpose, six
primers are designed to establish an overlap PCR reaction. A DNA fragment is
amplified at the beginning, which stands between 400 bp upstream of the bacA open
reading frame (ORF) and 80 bp downstream, respectively, using the bac.template
forward and the bac.template reverse primers (Appendix A). After the cleanup of the
PCR product by using Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up
System from Thermo Fisher Scientific, it was used as a template for the overlap
extension PCR reactions. The DNA fragment obtained from the last step was used as
a DNA template for establishing two main PCR reactions: the first reaction (R1) was
performed with primers P1 and P2 (Appendix A), and the second reaction (R2) was
performed with the primers P3 and P4 by using Pfu polymerase. The PCR products
From R1 and R2 were cleaned up and overlapped together with the third PCR reaction
by performing 15 cycles WITHOUT using any primers and then additional 25-30 PCR
cycles with the primers P5 and P6 that resulted in 932 bp homology template (Figure
2.3) [216].
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Figure 2.3: Schematic representation of the strong RBS substitution region of the B.
subtilis genome and the homology template's construction via overlapping
extension PCR [216].

2.2.1.6 Verification stage
Sequence analysis was applied using vector-specific pUC/M13 forward and reverse
primers by Medsantek Ltd. Co. to verify the constructed homology template. For this,

the following steps were performed.

Cloning of the constructed homology template into pGEM®- T easy cloning

vector

For sequence analysis, the constructed 932 bp homology template was cloned into
pPpGEM®- T Easy vector (Figure 2.1). Before the insertion of the homology template
into the pGEM-T vector, the homology template is incubated with dream Taq
polymerase for around one cycle at 72°C for 30 min in the PCR instrument for Adenine
(A) tailing; the PCR reaction of incubation with Taq polymerase is shown in Table
2.3. Then the resulting product was uploaded into agarose gel electrophoresis. After
extracted and cleaned up from the gel, it was ligated into pGEM®-T easy cloning
vector. The ligation reaction to pPGEM®-T easy cloning vector is shown in Table 2.4.
The ligation mixture (Table 2.5) was incubated at 22°C for 10 min and then at 4°C
overnight. The T4 ligase was deactivated by incubating the ligation mixture at 65°C
for 10 minutes. The resulting cloned pGEM®-T was named RBS- pGEM11
(PGMT .bacAstrongras) and stored at — 20 ° C for further research.
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Table 2.4: Component of the PCR reaction used for incubating the constructed
homology template with Taq polymerase before cloning in pGEM®-T easy cloning

vector.
Component Volume (ul)/ 10 pl
Dream Taq polymerase 10X Buffer 1
dNTPs 0.2
Dream Taq Polymerase 1
Constructed DNA Homology 6
Template
DNase/ RNase- Free Distilled Water 18
(dH20) '

Table 2.5: Component of ligation reaction into pPGEM®-T easy cloning vector.

Component Volume (ul)/ up to 10 pl
2X Rapid Ligation Buffer 5
pGEM®-T Easy Vector (50ng/pl) 1
Inserted DNA Homology Template 3

T4 DNA Ligase
(3 Weiss units/ul)

2.1.6.2 Transformation into E. coli
Preparation of chemically competent E. coli DH5a cells

An overnight E. coli DHSa growth culture was prepared by inoculating a single colony
into (3 ml) of 2XYT medium and incubating at 37°C with vigorous shaking overnight.
The next day, 1 ml of the growing culture was inoculated into 50 ml 2XYT medium
and incubated at 37 C°at 180 rpm. When the optical density at 600 nm (ODsoo) reaches
0.4 - 0.5, 20 ml of the culture aliquots were placed into screwcap centrifuge tubes (50
ml volume tube) and incubated on ice for 10 min. and then centrifuged at 5000 rpm
for 10 min. at 4°C. After discarding the supernatant, the pellet was resuspended in 10
ml of 100 mM CaCl; solution and incubated on ice for 30 min. In the last step, the
sample was centrifuged once again at 5000 rpm for 10 min at 4°C, and the supernatant
was removed. The pellet was resuspended in 1 ml of 100 mM CaCl; solution with
Glycerol (110 pl), split into 1.5 ml Eppendorf tubes, and stored at -80°C.
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Transformation of chemically competent E. coli DH5a cells

Pre-prepared competent E. coli cells were melted on ice. 5-10 pl of the ligation product
was added to the cells and incubated on ice for 30 min. Then, heat shock was applied
at 42 °C for (2 minutes). The tube was put back on the ice to reduce cell damage for
about 5 min. Next, 1 ml of LB medium was added to the cells. After incubation at 37°C
for 1 hr with vigorous shaking at 180 rpm, cells were harvested by centrifugation at
13000 rpm for 5 min. and resuspended in 200 pl of physiological saline solution.
Finally, 100 pl of the resuspended cells were spread on an LB plate with selective
antibiotics (Amp) and incubated at 37°C overnight. Consequently, the transformants
containing RBS- pGEM11 (pGMT .bacAstrongras) that bears the strong RBS of the bacA
gene were selected and screened on X-gal/IPTG LB plate with ampicillin (100 pug/ml).
The resulting transformant strain, established in this stage, was named E. coli RBS-
pGMT11, which contains pGMT .bacAstrongras. It was cultured in %10 glycerol LB
liquid media with ampicillin (100 pg/ml) and stored at -80 °C for further use.

Verification stage of RBS- pPGEM11 (pGMT .bacAstrongrBs)

Plasmid DNA isolation

The RBS- pGEM11 plasmid was extracted following the Plasmid DNA Extraction
general protocol from a fresh bacterial growth streaked on a selective LB agar plate.
For this, a single colony was inoculated into 3 ml of LB broth medium with an
appropriate antibiotic Amp (100 ug / ml) for RBS- pGEML11, then incubated overnight
at 37 °C with vigorous shaking. The next day, the growing cells were harvested by
centrifugation at 13000 rpm for 5 min. After centrifugation, the supernatant was
discarded, and the pellet was resuspended in 330 ul of B1 buffer (Appendix C). Next,
330 ul of B2 buffer was added to the cell suspension, gently inverting the mixture 4-7
times, and then incubated for 5 min. at room temp. After that, 330 pl of chilled B3
buffer was added to the mixture, immediately inverting the tube 4-7 times and
incubating on ice. After incubating for 15 min. on ice, centrifugation at 13000 rpm for
15 min. was applied, and then the supernatant was transferred to a new sterile tube.
For 0.7 volume of supernatant, isopropanol was added into the tube. The plasmid DNA
was precipitated by centrifugation at 13000 rpm for 30 min. After removing the
supernatant, the pellet (Plasmid DNA) was washed with 1ml of %70 ethanol by

centrifugation at 13000 rpm for 5 min. After the ethanol was evaporated completely,
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plasmid DNA was dissolved in 20-25 pl elution buffer (Appendix C) and stored at -20

until used.

Verification of the cloned vector via PCR and restriction enzymes

The cloning pGEM-T vector that bears the strong RBS of bacA (DNA homology
template) was checked using specific primers like bacA forward and bacA reverse, and
bacA forward with P6. As well as it was digested with specific restriction enzymes like
Sfil, Notl, and EcoR1 following the general restriction enzyme reaction shown in Table

2.6 below. Enzyme digestion reactions were incubated at 37°C for 1 to 5 hours.

Table 2.6: General restriction enzymes digestion reaction.

Component Volume (pl)/ Total Volume 10 pl
10X Buffer 1pl
DNA (0.5-1 pg/uL) 1l
Enzyme 1l
Nuclease-free water 7H

2.2.2 Ligation of desired homology template into pJOE9958.1
2.2.2.1 Cutting with Sfil restriction enzyme
Cutting pJOE9958.1 plasmid with Sfil restriction enzyme

The cutting with Sfil was performed as shown in Table 2.7. The digestion reaction was
done by incubating the pJOE9958.1 with the Sfil restriction enzyme for 2 hr at 37 °C.
After adding 1pl of Calf Intestinal Alkaline Phosphates (CIAP), the digestion reaction
was incubated for 1 hr. at 37 °C, and CIAP was deactivated by incubating at 65 °C for
15 min. The digested pJOE9958.1 vector was uploaded on agarose gel electrophoresis.
It was extracted from the gel and cleaned using PCR Clean-up Kit (Macherey-Nagel)

according to the manufacturer’s protocol.
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Table 2.7: Digestion reaction of pJOE9958.1 plasmid with Sfil restriction enzyme.

Reaction components Volume (20 pl total reaction volume)
10X Buffer 2 uL
DNA (18-19 pg/uL) 4 pL
Sfil Restriction Enzyme 2 uL
Nuclease-free water 12 pL

Digestion of RBS- pGEM11 (pGMT.bacAstrongres) vector with Sfil restriction
enzyme.

RBS- pGEML11 vector that contains desired homology template constructed before
was cut with Sfil, as shown in Table 2.8. The digestion reaction was incubated at 37°C
for 2 hr; the digestion mixture was then applied on agarose gel electrophoresis. 932 bp
DNA insert (the homology template) was extracted from the agarose gel and cleaned

with PCR Clean-up Kit (Macherey-Nagel).

Table 2.8: Digestion reaction of pPGEMT.bacAstrongres Vector with Sfil restriction

enzyme.

Reaction components Volume (30 pl total reaction volume)
10X Sfil Buffer 3ul
DNA (40.3 pg/ul) S5ul
Sfil Restriction Enzyme 2ul
Nuclease-free distilled water 20 pl

2.2.2.2 The ligation of homology template into pJOE9958.1 expression vector.

After cutting with the Sfil restriction enzyme, the homology template containing the
new strong RBS of the bac4 gene was ligated into the pJOE9958.1 vector using T4
DNA ligase. The Ligation reaction mixture is given in Table 2.9. The reaction mixture

was incubated at 22°C for 10 minutes and then at 4°C overnight.
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Table 2.9: Ligation reaction of homology template into the pJOE9958.1 vector.

Reaction Components Volume (10 pl total reaction volume)
2X Rapid Ligation Buffer 1 ul
pJOE9958.1 (19 ng / pul) S5ul
DNA insert:homology template Lul
(40.3 ng/ ul) H

T4 DNA Ligase (3 Weiss
. 1l
units/pl)

Nuclease-free distilled water 2l

2.2.3. The preparation of the sgRNA for targeting of bacArss.

sgRNA for targeting of bac4 RBS site is designed with the CRISPR/Cas9 online
prediction tool CCTop [218]. Bacillus subtilis subsp. subtilis 168 genome sequence
(Accession CP010052) was selected as the reference. Target site and core lengths were
adjusted to 20 bp and 12 bp, respectively. A total of five mismatches were allowed.
This sequence was synthesized into two complementary oligonucleotides with custom
5" overhangs (TACG and AAAC) to produce compatible ends to the Bsal-treated
vector pJOE9958.1.bacAswongres and inserted into the Bsal-cut RBS58
(pJOE9958.1.bacAsuongrBs) to get pJOE99S8.1.bacAsirongrBs.sgrNA (Figure 2.2). The
insertion of the sgRNA into the Bsal-cut pJOE9958.1.bac4A was achieved as the
following; firstly, synthesized sgRNA was phosphorylated by using T4 polynucleotide
Kinase (PNK) as shown in Table 2.11. The reaction was incubated at 37 °C for 30 min.
then the PNK was deactivated by incubation at 65°C for 20 min.

Table 2.10: Phosphorylation reaction of the sgRNA- of-bacArss.

Component Volume pl
T4 DNA ligase buffer 1
T4 polynucleotide Kinase (PNK) 1
SgRNA-of- BacA RBS Diluted sample
up to 10 from the main stock. 20

Subsequently, the phosphorylated sgRNA product was ligated into the Bsal-cut-
dephosphorylated pJOE9958.1.bacAsironerBS vector to get
pJOE9958.1.bacAsuongrBs.sgkNa Which was done according to Table 2.12.
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Table 2.11: Reaction of ligation of the sgRNA-of-bacArss encoding sequence into
the Bsal-cut RBS58 (pJOE9958.1.bacAstrongrBs).

Components Volume (10 pl total reaction

volume)
2X Rapid Ligation Buffer 1pl
Digested RBS58 by Bsal (18
1l
ng/pl)
sgRNA insertion fragment (0.147
Sul
ng/ pl)
T4 DNA Ligase 1pl
Nuclease-free distilled water
2 ul

dH20

2.2.4 Transformation of Bacillus subtilis PY79 competent cells with the
pJOE9958.1. bacAsuongrBs.sgRna plasmid DNA

The plasmid DNA used to transform B. subtilis was first propagated in the recA-
proficient strain E. coli BL21(DE3) pLysS to form the multimeric plasmid DNA,
thereby increasing the efficiency of B. subtilis transformation. The transformations of
the B. subtilis PY79 competent cells were achieved, as represented by Klein et al.
(1992). To prepare the B. subtilis competent cells, HS and LS media were utilized
(Appendix B). One day before, a loop full of fresh B. subtilis mass grown on an LB
agar plate was inoculated into 3 ml of HS medium and incubated at 37°C overnight by
shaking at 180 rpm. The next day, 500 ul of the overnight culture was inoculated into
20 ml of freshly prepared LS medium in a 250 ml sterile flask and incubated at 30 °C
with gently shaking at 100 rpm until ODeoo value reached 0.53- 0.55. Then, 5 ul of the
multimerized pJOE9958.1. bacAstrongrBs.sgrna plasmid DNA was added into 1 ml of
the competent cells in the 2 mL Eppendorf tube and incubation at 37° C for 2 hr with
shaking at 250 rpm. After centrifugation at 5000 rpm for 15 min, the supernatant was
discarded, and the pelleted cells were resuspended in 100 pl of physiological saline
solution. Then, the cell resuspension was spread on an LB agar plate with Kanamycin
(Km) (50 pg/ml) and 0.2% mannose for induction of cas9 under the control of Pmanp
and incubated at 30°C. KmR colonies appearing within two days were streaked on LB

plates containing Km and 0.5% glucose and incubated at 30°C overnight [219].
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2.2.5 The Plasmid-Curing Step.

Before plasmid curing, KmR colonies were first screened for bacilysin phenotype to
eliminate the potential bacilysin nonproducers (Bac’) since they are likely to have
arisen from cells repaired through the non-homologous end-joining (NHEJ) pathway.
KmR colonies were cultured on a bioassay plate containing Staphylococcus aureus
ATCC9144 as the assay organism using the pick and patching technique at 37°C
overnight. The colonies arising an inhibition zone (KmR and Bac*) were selected and
placed on the LB agar plate WITHOUT antibiotic to single colonies at 50°C overnight
as a nonpermissive temperature for plasmid replication and then restreaked to single
colonies on LB plates at 42°C. In the last step, all colonies were checked for plasmid-
lack by cultivating on an LB agar plate with and without Km at 42°C overnight. Km®

(plasmid-cured) colonies were selected and kept for further studies.

2.2.6 Bacilysin Production.

Fresh culture of B. subtilis strains grown on LB agar was used to inoculate 10 ml of
PA medium and cultivated overnight at 37°C by shaking at 200 rpm. These overnight
cultures were used to inoculate 100 ml of fresh PA medium to an initial ODegoo value
of 0.1. The cultures were incubated at 37°C for 24 h by shaking at 200 rpm. The growth
of cultures was monitored at ODsgo, and bacilysin activity in culture fluids was
determined by the paper disc-agar diffusion assay using S. aureus ATCC 9144 as the
assay organism [200]. For the disk diffusion method, 6.0 mm paper disks were
sterilized by Autoclave (15 Ib/in?,15 min). The antibiotic disks were first treated with
20 pl of acetone and left for 5-10 min. After the acetone was wholly evaporated, 20 pl
of culture supernatant was embedded into a 6.0-mm paper disk, which was then
transferred onto bioassay plates containing assay organisms, prepared as described in
Appendix B and incubated for 16 hr at 37°C.

2.2.7 Colony PCR for Bacillus subtilis.

a single colony of B. subtilis from an agar plate and put into 10 pl of Tris buffer (5
mM Tris/HCL, pH8.5). The sample was incubated on ice for 5 min, then incubated for
1 min in the microwave for full power. Next, the sample was incubated in an ice bath
for 30 sec. After that, the previous process was repeated twice, three times in the
microwave, then incubated in an ice bath for five min. Finally, 1 ul of the sample was
directly used for a PCR reaction as a template DNA. At the end of PCR, to prevent the
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degradation of the PCR product, EDTA was added in a final concentration of 50 mM
since B. subtilis has thermostable DNAse and run it immediately.

2.2.8 Ultra-Performance Liquid Chromatography-Mass Spectrometry (UPLC-
MS) Analysis.

To extract 200 pl of culture supernatants, one-fourth of the volume of butanol was
utilized. The resulting mixture was then lyophilized to dryness. Samples were analyzed
by UPLC-MS (Waters Acquity UPLC H-Class and Waters Synapt G2-Si HDMS) in
the positive detection mode. After dissolving in 10 pl of a solvent mixture (H20: 5%
CH3CN + 1% HCOOH), 7.5 ul of the sample was loaded onto a Waters Acquity
Peptide BEH C18 column (2.1 mm x 100 mm) that had been equilibrated in a solution
mixture (1% CHsCN + 0.1% HCOOH + H20) with a flow rate of 0.2 ml/ min. The
temperature in the column was kept constant at 65°C. The following gradient was used
to elute bound compounds: 0.1% HCOOH: H20 (Solution A) and CH3CN (Solution
B): 1% Solution B for 1 min, 1-40% of Solution B over 10 min, 40-80% Solution B
over 1 min and kept for 2 min, 80-1% of Solution B over 50 sec, and re-equilibration

with 1% Solution B for 10 min before loading the following sample.

2.2.9 RT-qPCR Analyses

Fresh cultures of strains produced on LB agar were used to inoculate 10 mL of PA
medium and cultured overnight at 37°C by shaking at 200 rpm. This overnight culture
was used to inoculate 100 mL of fresh PA medium to an initial OD600 of 0.1 and
grown for 24 hr at 37°C by shaking at 200 rpm. Total RNA extractions were performed
on samples obtained at the early and late stationary phases of growth (corresponding
to 18 and 24 hr of growth, respectively). The Qiagen RNeasy Mini Kit extracted total
RNA from the samples. The Nanodrop Lite spectrophotometer (Thermo Fisher
Scientific, USA) was used to determine the quality and quantity of RNA. 2 pg of total
RNAs were reverse transcribed using a Transcriptor cDNA Synthesis Kit (Roche) and
random hexamer primers (60 M) as directed by the manufacturer. The SYBR Green
Master Mix Kit (Roche) and a Light Cycler 480 (Roche) instrument were used for
gPCR amplification and detection. Then, in a 20 pl real-time PCR mixture, 2 pl of
generated cDNAs were employed as the template. Preheating at 95°C for 5 min was
followed by 45 cycles of 95°C for 5 seconds, 52°C for 20 seconds, and 72°C for 30

seconds. The specificity of the reaction was monitored via melting curve analysis. The
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relative transcription level of the target gene was calculated by the 2724€T method
[220], with the sigA gene serving as an internal reference. Two independent qPCR
assays were carried out, each with three biological and two technical replicates. The t-
test was used for statistical analysis, and statistical significance was stated as ns (no
significance, p > 0.05), *(p < 0.05), and **(p< 0.01).
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3. RESULTS AND DISCUSSION

3.1 Designing of Strong RBS Sequence

In this study, the canonical strong SD sequence “5'-TAAGGAGG-3"" combined with
“ACAAACTC” eight-nucleotide spacer sequence, thus resulting in the 5°-
GCTTAAGGAGGACAAACTCATG-3" RBS sequence was named bacAstrongres. In this
sequence, “ACAAAC” was selected as an optimized spacer sequence typically used
within the B. subtilis IPTG inducible P pnyperspank. Additionally, it was also used as the
standard spacer by Guiziou et al. [221]. However, the eight-nucleotide spacer sequence
was the optimum sequence in previous studies [207][211][222]. Therefore, the spacer
sequence “ACAAAC” was boosted with the original “TC” nucleotides upstream of the
start codon ATG. Subsequently, the RBS calculator
(https://www.denovodna.com/software) [223], which is vastly used to estimate the

translation initiation rate of RBS sequence, was also used to predict the expected
translation  initiation  rate of = bacCAswongres and  bacCAnativerss (3 -
GATTGGTTGGTGCTCATG-3’) in advance before in vivo analyzing. As shown in
Figure 3.1, the predicted translation initiation rate of bacAstrongres Was 219113,65 au,
which was approximately 93-fold higher than that of the native RBS sequence from
bacA (2347,58 au). These results verified our hypothesis about the weak performance
of the native RBS region of the bac operon along with the positive impact of a strong
RBS.
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Figure 3.1: Expected translation initiation rates of bacAstrongRBS (A) and
bacAnativeRBS (B) predicted by using the RBS calculator [216].

3.2 bacA-5’UTR Editing

3.2.1 Construction of the homology template possessing the strong RBS-sequence
The delivery of gRNA and the repair template using CRISPR/Cas9 single-plasmid
systems were effectively utilized for genome editing in B. subtilis (Altenbuchner J.
2016). This approach was also successfully applied for gene-operon deletion and
mutation repair in B. subtilis [156] [167]. Therefore, for editing bacA-RBS, we opted
to employ a CRISPR/Cas9 single-plasmid system called pJOE9958.1, based on the
wild-type cas9 gene controlled by the mannose-inducible promoter Pmanp. To enable
CRISPR/Cas9-based genome editing on the bacA-5’UTR, a 932 bp homology
template consisting of 19 nt bacAsuongrss flanking by the -298 bp upstream and 615 bp

40



downstream of the bacA start codon was established by performing an overlap-
extension PCR approach as shown in Figure 3.2. For this, as a first step, one thousand
two hundred base pair (1200 bp) DNA in length, which stands between four hundred
base pair (400 bp) upstream and eighty base pair (80 bp) downstream of the bacA ORF,
was amplified by PCR using chromosomal DNA of B. subtilis PY79 wild type strain
as a template and the bac.template forward and the bac.template reverse primers
(Appendix A) Figure 3.3. As the second step, the resulting amplicon (~1200 bp) was
used as a DNA template for the two overlapping extension PCR reactions (R1) and
(R2) after verification with PCR using the bacA gene-specific forward and reverse
primers (Figure 3.4) The first overlap extension PCR reaction (R1) performed with the
primers P1 and P2 resulted in ~400 bp PCR product (Figure 3.5) and the second
overlap PCR reaction (R2) performed with the primers P3 and P4 ~600 bp PCR
product (R2) as expected (Figure 3.6). Subsequently, R1 and R2 PCR products were
overlapped together with the third PCR reaction by performing 15 cycles WITHOUT
using any primers and then additional 25-30 PCR cycles with the primers P5 and P6
(the fourth PCR reaction), which yielded 932 bp homology template (Figure 3.7).

R1 R2
sfi Forward ywia ) { RBS bac Reverse =3 sfi bacA Reverse
3'-ggtgacctatittanat gaattttaaaattitcgaaticctoctptitaag-5 bacA ORF S'etgeancta..n

7|oe m:.,e,,aggagmgnqu._.—_

n..attaggttetgetttaat-3°
n...cgtgacattaggttctgetttaatgggacc. .n. .ccactggataaaattta cttaaaattttaaaa

Forward bacA _D 5'-cttaasattitaaaal

INSERTED: SEQUENCE

[Overlap Reaction 15 cycle without primers) R3 !}

n... gagtttgtectecttaage ttaaaattttaag ———————
—=—""—— _ctcaaacaggageaattcg aattttaaaattc.n

R4 u
Sfi Forward _[ = ’—|
n.. attttaaaattc..n

‘ﬁj—‘_ 5fi Reverse

(932 bp long DNA homology fragment with a new strong RBS)

Figure 3.2: The construction of a 932bp Homology Template using the splicing by
overlap extension PCR. The genetic manipulation appeared near the pink
shadow of the bacA ORF (n...atgatt...n). The deletion sequence is
shadowed in gray (n...gattggttggtctcatg...n), and the insertion sequence is
light blue (n...gcttaaggaggacaaactcatg...n). The PCR fourth reaction
(R4) was amplified by the primers P5 and P6.; as a result, the desired
932bp Homology Template holding a new strong RBS sequence (inside
the red box) was established and became ready to be cloned.
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Figure 3.3: ~ 1200 bp DNA template for the overlap extension PCR reactions. Line
1: GeneRuler™ DNA Ladder Mix. line 2: the 1200bp PCR product.

Figure 3.4: Verification of the 1200 bp DNA template using bacA-specific primers.
Line 1:  GeneRuler™ DNA Ladder Mix. Line 2: ~400 bp PCR product.

Figure 3.5: First PCR reaction (R1) product performed with the primers P1 and P2,
Line 1: GeneRuler™ DNA  Ladder Mix, Line 2: 400 bp PCR product.

1000bp

Figure 3.6: Second PCR reaction (R2) product performed with the primers P3 and P4,
Line 1: GeneRuler™ DNA  Ladder Mix, Line 2: 600 bp PCR product.
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Figure 3.7: Overlap extension PCR product amplified by the primers P5 and P6, (A)
line 1: GeneRulerTM DNA Ladder Mix. Line 2: 932 bp homology
template (B) 932 bp homology template after extraction from agarose
gel and purification (932 bp).

The overlap extension PCR, also known as the splicing by overhang extension
polymerase chain reaction, is one of the polymerase chain reaction techniques that is
used to create new sequences that do not exist in the original DNA template by splicing
two smaller DNA sequences or more together into one large DNA fragment without
dependence on ligase or restriction sites and used for genetic engineering purposes
[224— 230]. Unlike routine PCRs, it is critical that utilize Phusion proofreading DNA
polymerase (Pfu DNA polymerase) instead of Tag DNA polymerase in overlap
extension PCR techniques [224][231] since Pfu polymerase possesses 3™ to 5
exonuclease proofreading activity, which makes this enzyme highly accurate with a
low error rate, about one error in one million three hundred thousand base pair, during
the DNA amplification and results in blunt-ended amplicons [226- 237]. Tag DNA
polymerase, in contrast, has 5° to 3" exonuclease activity due to an inactive
proofreading domine in its enzymatic structure [238-240]. The accuracy and efficiency
of Taq polymerase particularly decreases with amplicons sequences longer than one
kilobase. Furthermore, it has a high error rate of around one error in nine thousand
nucleotides and the ability to add adenine at the 3" end of PCR amplicons that may
create unwanted mutations in the constructed DNA amplicons [241, 242]. All these
reasons make Taq polymerase problematic for DNA cloning and sequencing
applications. Moreover, Pfu proofreading DNA polymerase acts slower than Tag DNA
polymerase, so the PCR extension time at 72 °C is increased to 1 minute for each cycle
[225].

3.2.2 Verification of the homology template DNA
Following the construction stage, the 932 bp homology template was cloned into the

pGEM®-T Easy Vector, forming pGEMT.bacAswongrBs, and transformed into E. coli

43



DH5a competent cells, giving E. coli RBS pGEMTI11 for maintenance and easy
sequencing. To verify the cloning of the homology template DNA, plasmid DNAs
isolated from the transformants were separately digested with Nofl and EcoRI. Nofl
digestions resulted in a 3015 bp pGEMT vector and a 932 bp DNA insert (Figure 3.8)
due to the two Notl cutting sites in the pGEMT Easy vector. EcoRI, digestion yielded
a 3015 bp pGEMT vector and an approximately 700-800 bp DNA insert (Figure 3.9)
since there are three EcoRlI cutting sites, two of them in the pGEMT easy vector itself
while the other is inside cloned homology template DNA (see Figure 2.1 in Chapter
2). The plasmid DNAs isolated from the transformants were also screened via PCR by
using the bacA gene-specific primers, which produced a 400 PCR fragment as
expected (Figure 3.10), and using the primers bacA-forward and P6, resulting in a 700
bp PCR fragment as expected (Figure 3.11).

3000 bp
R —— S
932-1000 bp
| _———

Figure 3.8: Notl digestion of the plasmid DNAs isolated from the selected
transformants. Line 1 represents an undigested vector of transformants 1;
Line 2 represents the digested vector of transformant 1. Line 3 and 4
represent undigested and diegected vectors of transformant 2, respectively.
Marker: GeneRulerTM DNA Ladder Mix.

3000 bp n
s T—

700-800bp
—

Figure 3.9: EcoRlI digestion of plasmid DNA isolated from a selected transformant.
Line 1 represents GeneRuler™ DNA  Ladder Mix. Line 2 represents a
digested vector of a transformant. Line 3 represents the undigested vector.
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Figure 3.10: Screening of the plasmid DNAs isolated from the transformants via PCR
using bacA gene-specific primers. Line 1 represents GeneRuler™ DNA
Ladder Mix. Line 2-4 400 bp PCR products of the plasmid DNAs isolated
from transformants.

Figure 3.11: Amplification of the pPGEMT.bacAstrongres Vector with bacA forward and
Sfil bac A reverse primers. Line 1 represents GeneRuler™ DNA Ladder
Mix. Line 2 represents the PCR product of recombinant; their size is 700
bp.

After verification, the pGEMT.bacAsirong s plasmid was submitted for sequencing

using pUC/M13 Forward Sequencing [5°-

d(CGCCAGGGTTTTCCCAGTCACGAC)-3']. As shown in Figure 3.12, the

outcomes of the sequence analysis verified the whole sequence of the DNA homology

template  bearing the new strong RBS of the bacd gene(5'-
GCTTAAGGAGGACAAACTCATG-3").
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Sbjct 3692055 AAAATTTTAAGTAAATTTTATCCAGTGGAAATTGAACTGTCAATGTTTTTTGAAAATATT 3692114

Figure 3.12: Sequence analysis of the constructed homology template bearing the new
ribosome binding region. The reverse complement sequence of the
introduced bacAswrongrs Sequence "GCTTAAGGAGGACAAA" s
highlighted in its DNA sequencing chromatogram and its BLAST analysis
result (https:// blast.ncbi.nim.nih.gov/Blast.cgi). The Blast analysis used
B. subtilis PY79 (taxid:1415167) as the reference genome Its sequence is
the reverse complement.

3.2.3 Cloning of the homology template into the pJOE9958.1 CRISPR/Cas9 single

plasmid Vector

To enable CRISPR/Cas9-based genome editing on the bacA-5’UTR, the 932 bp
homology template DNA possessing the 19 nt bacAsiongrzs Was cloned between the
two Sfil sites in the plasmid pJOE9958.1. For this, the Sfil digestion reactions were
performed in two stages; the first stage was the Sfil digestion of pJOE9958.1 which
yielded two DNA fragments. One was the 7294 bp digested vector purified from the
1% agarose gel, and the second was a 500 bp DNA fragment eliminated (Figure 3.13).
The digested vector was then dephosphorylated with Calf Intestinal Alkaline
Phosphatase (CAIP from Invitrogen™ by Thermo Fisher Scientific), which is also
known as Alkaline Phosphomonoesters by catalyzing the hydrolysis of 5°- phosphate
termini from the linear vector to avoid re-circularization of the linear vector. This
increases the ligation reaction efficiency and minimizes the number of colonies
containing un-cloned vectors [243, 244]. Mammalian Alkaline Phosphatase was used
in this study because it is 20-30-fold more active than bacterial alkaline phosphatase
(BAP) due to the differences in the active-site sequences between the two enzymes.
The Histidine (His) substitutions at the 153 and 328 positions in this mammalian

enzyme’s active site leads to a change in their properties [245].
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Figure 3.13: The Sfil digestion of the pJOE9958.1 vector. (A) Line 1 represents the un-
digested vector; Line 2 represents the digested vector. (B) Line 1 represents
the GeneRulerTM DNA Ladder Mix; Line 2 represents the linear vector
(7294 bp) after purifying from % 1 agarose gel.

The second stage of the Sfil digestion reaction was the Sfil digestion of the
PGEMT.bacAswongrps vector. Before the Sfil digestion, the 932 bp homology template
on pGEMT.bacAswongrs Was verified by PCR using the bacA forward and the P6
primers, which resulted in the 600-700bp PCR fragment, as expected (Figure 3.14A).
The Sfil digested 932 bp homology template (Figure 3.15B) was purified from the 1%
agarose gel (Figure 3.14C).

3015bp

—

3000bp
—

1000bp

Figure 3.14: The Sfil digestion stages of the pGEMT.bacAstrongrs Vector. (A) The
amplification of construct 932bp homology template with the bacA
Forward and P6 primers; Line 1 defines the GeneRuler™ DNA Ladder
Mix; Line 2 defines the 700bp PCR product. (B) The Sfil digestion of the
PGEMT .bacAstrongras Vector; Line 1 represents GeneRuler™ DNA Ladder
Mix; Line 2 defines the digested vector (3015 bp) and the 932 bp
homology template; Line 3 means the un-digested vector (3947bp). (C)
The digested 932bp homology template after purifying from the %1
agarose gel.

The 932 bp homology template was then ligated into the linear pJOE9958.1 vector
(7294 bp) using T4 DNA ligase to get a new vector to get the pJOE9958.1.bacAsirongrBs
plasmid (8226bp in size). The ligation mixture was transformed into E. co/iDH5a
strains and the resulting transformants were re-named E. coliDH5aRBSS58.
Subsequently, the plasmid DNAs were extracted from seven selected transformants

(Figure 3.15) and screened via PCR using bacA-specific primers and EcoRI and Sfil
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digestion (Figure 3.16) EcoRI has four cutting sites; three of them in the pJOE9958.1
itself and one inside the cloned DNA fragment (see Figure 1.11 in chapter one) thus
three DNA fragments were observed; ~3200 bp, 4500 bp, and 1100 bp respectively,
Sfil digestion resulted in two DNA fragments with 7294 bp and 932 bp length,

respectively, as expected.

8226 bp
-

CAstrongrs

Figure 3.15: Plasmid DNAs isolated from seven selected transformants in % 1 agarose
gel (Lines 2-8). Line 1 represents GeneRuler™ DNA Ladder Mix.

3226bp
- -
-— e <— ~4150bp

<«—— ~1050bp
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3000bp =

500 bp . 1000bp
- VB 500bp

Figure 3.16: Verification of pJOE9958.1.bacAstrongres. (A) PCR amplification of
pJOE9958.1.bacAstrongres by bacA-specific genes. Line 1 stands for the
GeneRuler™ DNA Ladder Mix; line 2 stands for the 400 bp PCR product.
(B) The EcoRlI digestion of pJOE9958.1.bacAstrongras, lines 1 and 5 refer
to un-digested vectors from two selected transformants; lines 2 and 4 refer
to the EcoRlI digested vectors, and line 3 represents the GeneRuler™ DNA
Ladder Mix. (C) Sfil digestion of pJOE9958.1.bacAstrongras, line 1 stands
for the GeneRuler™ DNA Ladder Mix; lines 2 and 4 refer to the Sfil
digested vectors from two selected transformants; lines 3 and 5 refer to the
undigested vectors.

The shuttle vector pJOE9958.1 bacAsiongrBs Was also modified to carry a 20 nt spacer
sequence that guides the Cas9 to the upstream of the bacA region. The small guide
RNA (gRNA) sequence was selected from the upstream laying at -28 and -8 bp
position from the bacA start codon (ATG) (see Figure 1.15 in Chapter One and Figure
2.3 in Chapter Two) by using the software CCTop [215] due to its no off-target score.
The designed sgRNA was synthesized into a duplex oligonucleotide (24 mer) to be
fitted between the Basl sites of the pJOE9958.1.bacAsionerps instead of lacZa DNA
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fragment (see Figure 2.2 in Chapter 2), which was found as a selectable marker for
rapid and easy exchange of the spacer sequence[163]. Consequently, the Bas/ digested
the linear vector pJOE9958.1.bacAswongrBs and was treated with CIAP to prevent self-
ligation (Figure 3.17). The duplex sgRNA oligonucleotide was treated with T4
polynucleotide Kinase (T4PNK) to phosphorylate the 5'-hydroxy termini of the
sgRNA oligonucleotide to allow subsequent ligation into the linear
pJOE9958.1.hacAswongrs by T4 DNA ligase [246-248]. Finally, the phosphorylated
sgRNA  was ligated with the dephosphorylated Bsal linearized
pJOE9958.1.bacAsirongrBs and transferred into E. coli DH5a competent cells, resulting
in Km® transformants named E. coli DHS5obacasg58. The selected E. coli
DH5abacasg58 transformants bearing the 20 nt sgRNA encoding sequence were easily
selected on XGAL-IPTG Km LB agar plates by forming white colonies due to the
substitution of the cloned sgRNA with the lacZo coding sequence [249] (Figure 3.18).
Further verification, the plasmid DNAs isolated from the white colonies were digested
with EcoRI restriction enzyme, which yielded three DNA fragments as expected sizes
(Figure 3.19). Moreover, a PCR reaction was also performed with the primers P5 and
P6 to confirm the constructed pJOE9958.1.bacAsuongkBs.sekNa, Which resulted in the

932 bp homology template as expected (Figure 3.20).

Figure 3.17: Bsal digestion of pJOE9958.1.bacAstrongres. (A) line 1 represents the
GeneRuler™ DNA Ladder Mix; line 2 refers to the Bsal digested vectors;
line 3 refers to un- digested vector. (B) line 1 represents the GeneRuler™
DNA Ladder Mix; Line 2 refers to the Bsal digested vector after being
purified from 1% agarose gel.
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Figure 3.18: Verification of the selected transformant E.coli DH5abacsg58 possessing
the cloned vector pJOE9958.1.bacAstrongres.sgrna 0N XGAL-Km LB agar
plate. (A) The E.coli DH5abacsg58 growth culture with white color
colonies is due to removing the lacZo coding sequence from the
constructed pJOE9958.1.bacAstrongressgrna. (B) Blue colonies were
observed in the E.coli DH5aRBS58 growth culture due to the lacZa
coding sequence in the pJOE9958.1.bacAstrongras Vector that encodes the
[-galactosidase enzyme.

GeneRuler™ 1
DNA Ladder
o

8426 bp .
St
3000 bp e —

1000DP e prey

500 bp

Figure 3.19: EcoRI digestion of the pJOE9958.1.bacAstrongres.sgrnaA; Lines 1 and 3
represent the digested vector from two selected transformants. Lines two
and four represent the un-digested vector from the same chosen
transformants, respectively.

GeneRuler™
DNA Ladder Mix

932-1000 bp

Figure 3.20: Amplification of the 932 bp homology template from
pJOE9958.1.bacAstrongres.sgrna With P1 and P4 primers; Lines 1 and 2
refer to selected transformants and show positive results, a DNA band
(932-1000 bp) was observed as expected.
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3.24 Transformation of the Bacillus subtilis PY79 with
pJOE9958. 1 .baCAStrongRBS.SgRNA

After verification of the constructed the pJOE9958.1.bacAsiongrBs.sgRNA plasmid, it was
first propagated in the recA-proficient strain E. coli BL21(DE3) pLysS to form the
multimeric plasmid DNA to increase the efficiency of B. subtilis transformation and
then used to transform the B. subtilis PY79 competent cells. Transformants were
selected on the LB agar plates containing 50 pg ml™! kanamycin and 0.2% mannose for
induction of cas9 under the control of P,..,p and incubated at 30°C overnight. Twenty-
one colonies were obtained within two days, re-streaked on an LB plate agar
containing only Km, and incubated at 30°C. Before plasmid curing, Km® colonies were
screened for bacilysin phenotype to eliminate the potential bacilysin nonproducers
(Bac") since Bac™ candidates are likely to have arisen from cells repaired through the
non-homologous end-joining (NHEJ) pathway. NHEJ and the homology-directed
repair (HDR) pathways are critical for repairing double-strand breaks (DSBs) in
genomic DNA. Therefore, high throughput bacilysin screening was employed by
placing the resulting colonies with toothpicks on bioassay plates containing S. aureus
ATCC9144, which were then incubated overnight at 30°C. As shown in Figure 3.21,
of the twenty-one Km® selected colonies, only three colonies exhibited significant
antibacterial activity against S. aureus, suggesting that the efficiency of HDR remained
too low for repairing Cas9-mediated-DSBs and that most of the colonies in this study
were likely derived from the NHEJ pathway. This finding contradicted prior studies
that found the NHEJ pathway in Bacillus species being inefficient, inactive in growing
cells, and generally more active in the stationary phase or during sporulation [250-

252].

For that reason, a test was achieved to prove whether the error-prone NHEJ pathway
plays any role in DSB in B. subtilis PY79 by using pJOE9958.1.bacAsgrna, Which only
contains a 20 nt spacer sequence directed against bac4 and no homology template,
allowing surviving colonies to be generated only through the NHEJ pathway. This
plasmid was quickly created by removing the homology template from the control
plasmid, pJOE9958.1.bacAsuwongrBs.sgrna  (Figure 3.22). The linear
pJOE9958.1.hacAsgrna vector was extracted from the agarose gel, re-ligated using T4

ligase, and then used to transform E. coli DHS5a cells after the propagation of
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pJOE9958.bacAserna in E. coli BL21 cells. It was used in parallel with the control
plasmid pJOE9958.1.bacAsionerBs.sgRNa  for  B. subtilis PY79 transformation.
Compared to the control plasmid, which produced only 46 & 18 transformants with a
transformation efficiency of 5.5 £ 2.1 transformants/pg DNA, pJOE9958.bacA.sernA
yielded 147 + 13 transformants with a transformation efficiency of 19.6 + 1.7
transformants/pg DNA. These results confirm that Cas9-caused DSB was primarily
repaired by the error-prone NHEJ rather than HDR in this work.

Figure 3.21: High throughput screening of KmR transformants containing
pJOE9958.1.bacAstrongrBs.sgrnA ON bioassay plates containing S. aureus
ATCC 9144 for bacilysin activity. Colonies were directly transferred on
bioassay plates with toothpicks and incubated for 16 hrs at 37°C. The wild-
type bacilysin producer B. subtilis PY79 was used as the positive control
[219].
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Figure 3.22: Construction of the pJOE9958.1.bacA.sgrna plasmid from the control
plasmid pJOE9958.1.bacAstrongrBs.sgrNA. Line 1 refers to the Sfil digested
pJOE9958.1.bacAstrongres.sgrnA. , 7294 bp DNA  fragment, linearized
pJOE9958.1.bacA.sgrna plasmid, was purified from the agarose gel and re-
ligated with T4-ligase to obtain pJOE9958.1.bacA.sgrnA.

As a further step, to generate the plasmid-cured cells, only Km® and Bac' colonies
were plated on LB plates without Km to single colonies at 50°C overnight as a
nonpermissive temperature for plasmid replication and then restreaked to single
colonies on LB plates at 42°C. The colonies were then screened for the loss of the Km®

phenotype, and roughly 42% of all colonies examined had lost the plasmids. This
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efficiency was lower than expected for pJOE8999 derivatives in B. subtilis strains
since highly efficient plasmid curing rates of 83-90% have been reported previously
for those derivatives [163]. However, the curing rate of the pJOE9958.1 derivative
used in this study was still adequate for generating plasmid-cured cells with the desired
modification, as seen below. In the last stage, to find mutant candidates possessing the
substitution of the bacA;iongrBs. sequence with the bacAnaiverss sequence, 11 randomly
selected Km® (plasmid-cured) transformants were tested by colony PCR by using the
oligonucleotide 5’-AGCTTAAGGAGGAACAACTC-3" (specific to substituted
strong RBS sequence) as the forward primer and the oligonucleotide 5’-
GGTAAAATATTTTATTAAA-3 (reverse complement to the 402- 420 ntregion
of bacA) as the reverse primer. As a result, ten transformants clearly exhibited the
expected PCR fragment of about 440 bp (Figure 3.23A). DNA sequencing results of
the one candidate, selected randomly among the PCR" colonies, indicated that the
bacAsrongrBs sequence was successfully replaced with the bacAnaiverBs sequence as

expected (Figure 3.23B).

A Marker 1 2 3 4 5 6 PY79 7 8 9 10

—

e

[ —

B ATAAAATTTACT TAAAATTTTAAAAGCTTAAGGAGGACAAACT CATGATTATAT TGGATAAT
g"'l"LLLl"'i""""ALW'/J\PML'!lL“/\ﬁ'fl'f"/\/h‘fl

Query 448 TTTTCAAAARACATTGACAGTTCAATTTCCACTGGATARAATTTACTTAARATTTTAAAL 507
| | | |
Sbjct 3874834 TTTTCAAAARACATTGACAGTTCAATTTCCACTGGATAAAATTTACTTAARATTTTAARA 3873975

\

ec1r.uec;scc;cwcrcﬁltemmme:‘r:«mecmc;eac‘ 233aGAA 567
Sbjct 3873974 GATT--GGTTGGTG---CTCATGATTATATTGGATAATAGCATTCAGACAAAAAZAAGAA 3873920

Query 508
Query 568 CTGATTCACTATCCARACTCATTACAGTCAACACGCTCGGCCCTGAGGGGACAAGCAGTG 627

Sbjct 3873919 CTGATTCACTATCCARACTCATTACAGTCAACACGCTCGGCCCTGAGGGGACAAGCAGTG 3873860

Figure 3.23: (A) Colony PCR analysis performed with KmS and Bac+ colonies. 5°-
AGCTTAAGGAGGAACAACTC-3’(bacAstrongRBS sequence) was
used as the forward primer, and 5’-GGTAAAATATTTTATTAAA-3
(reverse complement to the 402-420 nt region of bacA) was used as the
reverse primer. M: Marker (EcoRI and Hindlll digested Lamda DNA). (B)
DNA sequence analysis of a KmS and Bac+ mutant. The introduced
bacAstrongRBS sequence “GCTTAAGGAGGACAAA” was underlined
in its DNA sequencing chromatogram and indicated with arrows in the
BLAST analysis result (https:// blast.nchbi.nlm.nih.gov/Blast.cgi). The
Blast analysis used B. subtilis PY79 (taxid:1415167) as the reference
genome [216].
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3.3 Screening of bacilysin activities of bacAstrongrs candidates

To analyze the effect of the strong RBS insertion, the eight candidates comprising the
strong RBS mutant verified by sequence analysis described above, together with the
other seven candidates (randomly selected among the PCR™ colonies), were cultured
in PA medium for 16-18 h, and the bacilysin level in their culture fluids was detected
by paper disk-diffusion assay. Compared to PY79, each of the examined mutants
produced more bacilysin, in which there were no considerable changes in their
increased bacilysin titers (Figure 3.24), demonstrating that the strong RBS substitution
resulted in increased bacilysin production. Antibacterial activity exhibited by mutants
was entirely due to bacilysin. Since their antibacterial activities were completely
suppressed by supplementing the bioassay plate with N-acetylglucosamine, a
particular antagonist of bacilysin activity (Figure 3.25) [253]. Finally, one of
the bacAstrongrs mutants (numbered 5 in Figure 3.24) was chosen to represent strong

RBS-carrying mutants and named B. subtilis HWA for further research.

Figure 3.24: Bacilysin titers in mutants harboring strong RBS and the parental strain
(PY79). Strains were cultivated in PA medium for 16-18 h at 370 C via
shaking at 200 rpm, and bacilysin levels in their culture fluids were
detected by paper disc diffusion assay using S.aureus ATCC 9144 as the
assay organ [216].

+10mM N-acteylglucosamine

4 h

Figure 3.25: Culture fluids of transformants bearing strong RBS and the parental
strain (PY79) screened on the bioassay medium containing S. aureus
ATCC 9144-, and 10-mM N-acetylglucosamine [216].
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3.4 Comparison of the intracellular mRNA level of the bac operon in HWA with
PY79

In bacteria, transcription and translation are usually linked together. Changing the
nucleotides at 5’UTR can impact both transcriptional and translational processes [254,
255]. Research conducted by Berg et al. [255] has shown that point mutations within
the 5'UTR not only affect translation rates but also influence the abundance of
transcripts. Similarly, a study by Eriksen et al. [254] suggests that the strength of the
RBS can also affect protein synthesis by potentially influencing the stability of mRNA.
This can lead to increased ribosome occupancy, which protects the mRNA from

degradation by exo- and endonucleases, resulting in higher mRNA levels.

To demonstrate the effect of modifying the 5’UTR through a strong RBS substitution
on intracellular mRNA levels, we measured the relative transcript amounts of the bac
operon in HWA and PY79 using RT-qPCR during the early and late stationary phases
of growth (corresponding to 18 h and 24 h of growth, respectively). Figure 3. 26
illustrates the comparison of relative transcript amounts of the bac operon in HWA and
PY79 samples at 18 h of growth in which the maximum bacilysin activity was detected
in both strains (Figure 3. 27). HWA, with the strong RBS, exhibited a significant
increase in the bac operon mRNA levels, with a 3-fold higher level during the early
stationary phase. Additionally, the transcript level in HWA was measured at 25
quantitative cycles (Cq) during the early stationary phase (18 h) and 21 Cq during the
late stationary phase (24 h), while PY79 showed a measurement of 29 Cq at 24 h
(Figure 3. 27). This indicates that the high transcript level of the bac operon in HWA
appears to be maintained throughout the stationary phase. In conclusion, these results
demonstrate that a strong RBS substitution also improves the mRNA stability of the

bac operon.
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Figure 3.26: Transcriptional analysis of the bac operon in HWA and PY79. The
relative transcript level of bacB as the second gene in the bac operon was
detected in HWA and PY79 cells via RT-gPCR at the early stationary
phase of growth (corresponding to 18 h). Error bars indicate the standard
errors of the means of the two independent gPCR experiments performed
with three biological and two technical replicates. Asterisk (*) indicates
statistically significant differences from the parental strain PY79 with (p
< 0.05) according to paired Student’s t-test [216].
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Figure 3.27: RT-gPCR quantitative Cycle (Cq) values of bacB detected in HWA and
PY79 cells at the end of 18 hrs and 24 hrs of growth [216].
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3.5 Comparison of bacilysin production performance of HWA with PY79

To further verify the interaction between the strong RBS substitution and over-
production of bacilysin, HWA and the parental strain PY79 were cultivated in PA
medium at 37°C with shaking for 24 h; their growth and bacilysin production levels
were measured at intervals throughout their cultivation periods. As shown in (Figure
3.28), there was no considerable change in the growth and the cell density dependent-
bacilysin accumulation profiles of HWA in comparison to PY79 [206], in which the
maximum bacilysin activity was still detected at the early stage of the stationary phase
(corresponding to 16-18 h of cultivation). The most striking finding was that HWA
exhibited over-production of bacilysin at all growth stages by peaking at 18 h of
incubation. The bacilysin titer of HWA was 2.87-fold higher than the wild-type strain,
with bacilysin activity rising from 27.9 + 4.5 U/ml (in parental strain) to 80.39.1 U/ml
(in HWA) at the end of 18 h of cultivation. UPLC-MS analysis further confirmed the
significant change in the bacilysin activity of HWA in the 16-18 h culture. The result
was higher relative abundance levels of the peak m/z of 271 (M + H)", corresponding
to the mass of bacilysin, relative to that of PY79 (Figure 3.29). All these findings are
highly significant as the results of the first study on 5’UTR editing employed to
improve bacilysin production in its producer strain have revealed that extensive RBS

engineering seems to be a promising strategy for enhancing bacilysin production.
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Figure 3.28: Growth and bacilysin activity profiles of HWA and PY79. Strains were
grown in PA medium for 24 h at 37°C via shaking at 200 xg, and bacilysin
activity in their culture fluids was detected by paper disk-diffusion assay.
Error bars represent the standard deviation of the means of three
independent experiments [216].
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Figure 3.29: UPLC-MS spectrum of HWA and PY79 culture extracts. UPLC-MS
analyses were performed in positive detection mode. Bacilysin [M + H]*
at m/z 271 was detected in their culture extracts [216].

In this study, we focused on testing a single strong RBS sequence. However, it's
important to conduct additional investigations to optimize the nucleotide compositions

around the nucleotide sequences upstream and downstream from the SD site. Because
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these regions can also affect translation efficiency by forming mRNA secondary
structures, which might hinder the RBS and limit translation initiation [223] [256].
Additionally, in our study, we used an 8 nt spacer length as the optimal length based
on previous reports [207][211][222]. These reports indicated that spacer lengths
ranging from 7 to 9 nt were among the most effective, consistent with their computer-
based predictions. However, it's worth noting that the optimal spacer length can vary
depending on the specific gene of interest. A particular RBS may be strong when used
with one gene but weak when used with another gene [221] [222, 223] [257].
Moreover, accurately predicting the optimal strength of RBSs for genes in a
biosynthetic pathway or operon is challenging. Therefore, RBS engineering, which
involves creating libraries with different strengths and sequences, is commonly used
to precisely adjust gene expression at the translational level [258, 259]. For example,
Jin et al. [259] successfully engineered B. subtilis 168 to produce specific low-
molecular-weight hyaluronan (LMW-HA) from sucrose. They used a series of RBS
variants with different translation efficiencies to optimize the level of leech
hyaluronidase (LHAase), enabling the production of LMW-HAs with a molecular
weight range of 2.20 x 10° — 1.42 x 10° Da. Furthermore, Guiziou et al. [221]
developed a genetic toolbox that includes libraries of promoters, ribosome binding
sites (RBS), and protein degradation tags to precisely regulate gene expression in B.
subtilis. This study further supported the effectiveness of promoter and RBS libraries
in fine-tuning gene expression in B. subtilis. In a recent study, the recombinant
production of Typel L-asparaginase from Bacillus licheniformis Z-1 (BlAase) in B.
subtilis RIK 1285 was significantly enhanced by combining library-based promoter
and RBS engineering strategies. In sum, leveraging a library-based RBS optimization
approach could be highly effective in further enhancing and fine-tuning the bacilysin
biosynthetic pathway in B. subtilis.
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4. CONCLUSION

In this study, a CRISPR/Cas9 single-plasmid system was used to change the putative
RBS region of the bac operon (bacABCDEF). The standard SD sequence
(TAAGGAGG) was inserted about 8 nt away from the start codon (AUG) of bacA.
Since, the inspection of the upstream region of the bac operon did not reveal a core
SD sequence with an ideal spacing (7-9 nt). This suggested that editing the hac4-RBS
region is likely to have a positive impact on the production of bacilysin in its native
producer. As we expected, changing the 5S'UTR by substituting a strong RBS resulted
in a significant increase in bacilysin production. Moreover, the amounts of transcripts
for the hac operon were noticeably higher, especially during the late stationary phase.
This indicates that a strong RBS substitution in the bac operon could improve not only
the efficiency of translation initiation but also the stability of its mRNA. To sum up,
our findings show that extensive RBS engineering has great potential for enhancing
bacilysin production in natural producers. This study is the first successful application
of RBS editing to improve bacilysin production in its natural producer, B. subtilis
PY79. Furthermore, our results will contribute to further progress in bacilysin

production in natural strains.
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