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Multiple active-sites editing of
adenylation domains of srfA operon for
constructing diverse surfactin lipopeptide
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The srfA operon, which encodes the surfactin synthase SrfA in Bacillus rhizobacteria, is essential for
surfactin biosynthesis. As a typical non-ribosomal peptide synthetase (NRPS), the adenylation domain
of SrfA determines the structure of the synthesized peptide. A major challenge in the field lies in the

precise and efficient engineering of NRPS adenylation domains to generate diverse surfactin variants
with enhanced bioactivities. Herein, we applied a non-specific guide RNA system (UgRNA/Cas9) for

multi-site and diversified editing of the srfA operon in the high-secreting strain Bacillus pumilus
LG3145. UgRNAs targeting four conserved motifs around the SrfA active pocket were designed to
direct Cas9-mediated replacement of Stachelhaus codes with codons for 28 different amino acids.
This strategy generated two engineered strains: WA1, which carries a Val—Phe mutation in module 2
and produces [Ser’Jsurfactin, and WA2, which harbors three mutations (Thr—Ser, Glu—Lys,
Asn—Gly) across modules 3 and 6, yielding [Lys*€]surfactin. The two variants displayed distinct
antifungal profiles: WA1 exhibited strong activity against Ustilaginoidea virens, whereas WA2 inhibited
both Pyricularia oryzae and U. virens. In contrast, the parent strain LG3145 was only effective against
Rhizoctonia solani. This work demonstrates the potential of UgRNA/Cas9-driven editing of NRPS
domains to expand structural and functional diversity of surfactins.

Bagcilli are known for their ability to secrete secondary metabolites that
exhibit antibacterial, antifungal, and plant-growth-promoting properties,
making them highly valuable for applications in industry, agriculture, and
medicine'. These compounds are assembled by large multi-enzyme com-
plexes known as non-ribosomal peptide synthetases (NRPSs)**. Among the
most studied is surfactin, a potent lipopeptide produced by various Bacillus
species, whose synthesis is directed by the srfA operon’™". The functional
core of each NRPS module is the adenylation (A) domain, which is
responsible for selecting, activating, and incorporating specific amino acid
substrates into the growing peptide chain''™". The specificity of each A
domain is largely determined by a set of ten critical residues within its active
site, commonly referred to as the Stachelhaus codes'’. These codes have
provided a foundational blueprint for efforts to reprogram NRPS machinery
and generate novel peptides with tailored biological activities".

However, despite considerable advances in our understanding of
NRPS biochemistry and the availability of genomic editing technologies, the
engineering of these systems remains remarkably challenging. A persistent
and significant research gap exists in our ability to effectively alter substrate
specificity beyond minor, conservative substitutions'®. Most successful

attempts to date have been limited to swapping amino acids with similar
physicochemical properties, for instance, replacing glutamine with a
methylated derivative'. These conservative changes often lead to only
incremental modifications in the final peptide structure, thereby limiting the
scope of biological diversity that can be achieved. This constraint under-
scores a critical shortcoming in the field is the lack of a robust and gen-
eralizable strategy for introducing non-conservative mutations that could
potentially yield entirely new peptide scaffolds with novel functions. All
these findings suggest the inherent complexity of A domain specificity may
involve not only the Stachelhaus codes but also broader structural elements
surrounding the binding pocket'.

In response to this limitation, our study aimed to develop and imple-
ment an innovative editing strategy designed to move beyond conservative
mutagenesis. We hypothesized that regions flanking the canonical Sta-
chelhaus codes, which exhibit a certain degree of conservation and are less
characterized, might play a crucial role in defining substrate specificity. To
test this, we targeted the A domains of all seven modules in the surfactin
synthetase (SrfA) system of our previously engineered Bacillus pumilus
strain LG3145. This strain possesses a mutated cis-regulatory element that
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alleviates carbon catabolite repression, resulting in a dramatically enhanced
(~12-fold) expression of the srfA operon and providing an ideal expression
background for detecting new surfactin variants'.

Our approach utilized a multiplexed, non-specific UgRNA/Cas9 sys-
tem to introduce pools of degenerate repair templates across the targeted
regions simultaneously. This high-throughput strategy was designed to
saturate the potential mutational space and identify non-obvious mutations
that confer altered specificity. Contrary to our initial plan of focusing on a
single codon position (e.g., codon 278), this unbiased method led to the
discovery of two novel mutant strains, WA1 and WA2. These strains har-
bored unexpected mutations located in previously unexplored core
sequences between conserved motifs 1 and 3 within modules 2, 3, and 6 of
the SrfA system. Importantly, these mutations resulted in successful
alterations to the substrate specificity of their respective A domains. Strain
WAL was found to produce a novel surfactin variant, [Ser*]surfactin,
indicating a change in the second module. Strain WA2 produced [Lys*]
surfactin, demonstrating dual mutations in the third and sixth modules. The
incorporation of serine and lysine represents a clear move beyond con-
servative change, altering the charge and hydrophilicity of the resulting
lipopeptides. Subsequent bioassays confirmed that these engineered strains
exhibited distinct and diversified antifungal profiles, demonstrating that our
engineering strategy not only altered the chemical output but also enhanced
the functional capacity of the strain.

Results

Putative anchor motifs of A domain in SrfA of B. pumilus LG3145
The A domain of NRPS plays a critical role in substrate recognition and
activation, with the 100-residue region surrounding the Stachelhaus codes
serving as a key signature sequence”. Based on the published sequences of
458 diverse A domains in the SBSPKv2 database (http://www.nii.ac.in/
~pksdb/sbspks/three.html), we utilized the open-source software
NRPSpredictor2 (https://bitbucket.org/chevrm/sandpuma) to predict the
substrate-binding pocket of the A domain (Supplementary Fig. 1)*". We
generated an alignment map of the region from 32 diverse A domains,
revealing several conserved sequences, which we designate as “anchors”
located in close proximity to the Stachelhaus codes. These anchors, herein
termed core sequence motifs 1-4, encompass one or more Stachelhaus
codes (Supplementary Fig. 2). Among these motifs, motif 1 and 4 exhibit the
highest conservation (average identity > 80%), while motif 3 is moderately
conserved. In contrast, motif 2 displays the lowest conservation, with the
Stachelhaus codon at position 278 showing only 13% identity (Fig. 1a,
Supplementary Table 1 and Supplementary Data 1). Consequently, the
region between motifs 1 to 4 likely represents a flexible segment of the A
domain, potentially facilitating the recognition of diverse amino acid
substrates.

In this study, we investigated the surfactin biosynthesis operon (srfA)
in B. pumilus LG3145, as predicted by antiSMASH. The operon encodes
three NRPSs and a type II thioesterase through the genes srfA-A, srfA-B,
srfA-C,and srfA-D”. The synthetases SrfA-A, SrfA-B, and SrfA-C consist of
three, three, and one module, respectively, each capable of specifically
recognizing and adenylating their corresponding amino acid substrates via
their A domains. Using the whole-genome dataset of B. pumilus LG3145
(GSA: CRA011959), we extracted the primary amino acid sequences of
approximately 100 residues surrounding substrate-binding pockets of the A
domains of the seven modules. These sequences were then subjected to
detailed sequence alignment using Clustal Omega (https://www.ebi.ac.uk/
jdispatcher/msa/clustalo), generating a detailed alignment map. Consistent
with the earlier analysis, this map identified conserved “anchor” sequences
(yellow boxes) adjacent to the Stachelhaus codes (red boxes), corresponding
to the core sequence motifs 1-4. Notably, identical sequences were observed
between modules 2 and 7, as well as between modules 3 and 6, which
recognize the same substrates, L- and D-leucine, respectively (Fig. 1b, c).
Based on these findings, the regions between motifs 1 and 4 may serve as
ideal targets for editing, offering opportunities to modify substrate specifi-
city and enable the production of novel surfactin variants.

Multiple editing protocols of active-sites in A domains
UgRNA/Cas9-mediated multi-sites editing has enabled the targeted
mutation of conserved sequences, particularly the L/D-leucine modules
with more than 90% identity in srfA operon. However, the distance from
motif 1 to 4 exceeds 300 bp, making it impractical to design a single target
fragment to edit the entire region. To address this, two pairs of non-specific
UgRNAs, along with a series of repair templates, were designed to span the
regions between motifs 1 and 4, aiming to simultaneously edit all seven
modules. We utilized the web-based tool CRISPOR to select gRNA
sequences to target specific regions of each module”. These sequences
served as target fragments for the Cas9 protein, using NNG as PAM sites.
The corresponding UgRNAs were subsequently redesigned through
sequence alignment, achieving at least 55% identity. However, due to the low
conservation of motif 2 sequences, degenerate bases were incorporated into
the design of UgRNA-Motif 2-F2 to enhance similarity (Fig. 2).

Subsequently, four multiple sites editing plasmids were designed,
named pCas9-Motifl-F, pCas9-Motif1-R, pCas9-Motif2-F1 and pCas9-
Motif2-F2. The insertion of UgRNA-Motifl-F and UgRNA-Motifl-R
into plasmids pCas9-Motif1-F and pCas9-Motif1-R demonstrates higher
similarity to modules 2, 3 and 6 (>70%) than to other modules. The
UgRNA-Motif2-F1 sequence in the pCas9-Motif2-F1 plasmid closely
matches the target fragments of modules 3 and 6 (>90% similarity), but
shows only 55% similarity with module 7. To target the remaining
modules with less conserved sequences, we engineered UgRNA-Motif2-
F2 containing degenerate bases and inserted it into pCas9-Motif2-F2,
thereby improving sequence similarity to modules 1, 2, 4, and 5. In order
to disrupt the core sequences between motif 1 and 4, multiple single-
stranded repair templates are used to replace the 278 codon. But, the
single-stranded repair templates generally yield fewer transformants than
double-stranded repair templates, thereby affording superior access to
sequences with specificity”. The repair templates used in this study
contain asymmetric “homology arms” for targeting the fragments of
motif 2 with the length of around 50 bp, which can enhance the repair
efficiency. To avoid undesired cleavage of donor templates by Cas9, point
mutations were introduced, including a PAM sequence alteration
(NGG — NGC) to prevent Cas9 binding. First, we co-transformed the
host strain LG3145 with Leu, ;-template-A, B and C and pCas9-Motif2-
F1/F2 plasmids to simultaneously modify codon 278 across all seven
modules. Three degenerate codons (TGB, VAN, and SSN) were intro-
duced at position 278 of motif 2 in the repair templates, enabling random
incorporation of E/D/K/N/Q/H/R/W/C/A residues. To edit the core
sequences located between motif 1 and 4, we performed co-
transformation with three repair templates, D-Leus¢s-template-A, B,
and C, which are homologous to the sequence of motif 2 at module 3 and
6, with four CRISPR plasmids pCas9-Motif1-F, pCas9-Motif1-R, pCas9-
Motif2-F1, and pCas9-Motif2-F2. This enabled simultaneous cleavage of
both motif 1 and 2. The repair templates also contain degenerate codons
SSN, VAN and SSN at position of 278, designed to introduce E/D/K/N/
Q/H/R/W/C/A residues randomly (Fig. 3).

Repair templates disruption of srfA operon with UgRNA/Cas9
editing system

Many previous studies have proved that the alteration of Stachelhaus
codes definitely led to substrate selectivity change”. According to the
editing protocols, the plasmids of pCas9-Motif1-F, pCas9-Motifl-R, and
pCas9-Motif2-F1 were constructed and verified with agarose gel elec-
trophoresis and DNA sequencing (Supplementary Fig. 3). The plasmids
were divided into two pairs, pCas9-Motifl-F and pCas9-Motifl-R
cleaving around motif 1, pCas9-Motif2-F1 and a degenerate plasmid
pCas9-Motif 2-F2 cleaving around motif 2. To verify the position 278 is
the most variable residue in changing substrate, we used the plasmids of
pCas9-Motif2-F1 and pCas9-Motif2-F2 with the repair temple Leus ¢-
template A, B and C to transform the protoplast of B. pumilus LG3145,
we successfully obtained a transformant termed WA1*. Additionally, the
two pairs of plasmids pCas9-Motifl-F, pCas9-Motifl-R and pCas9-
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Motif2-F1, pCas9-Motif2-F2 were transformed into LG3145 with the
repair temples D-Leu, ;-template A, B and C, another transformant was
emerged and termed as WA2. The PCR product sequencing results
showed no mutation at position 278 but detected changes in the nearby
region (close to motif 2), regardless of the protocols employed. However,
in the strain WAL, the types of mutation are visually distinct from
the strain WA2. The four sets of mutations occurred around 278,
including one transversion (G/T) and three transitions (a G/A and two
T/C), in which a missense mutation at the transversion site of 274 from
GTC to TTC, resulting in a change of residue from Val to Phe. In
contrast, the mutant strain WA2 produced by the second strategy,
involving same mutant pattern both in the modules 3 and 6 simulta-
neously, happened many more mutations (about 36) than WAL
Therefore, all of changes distributing across the region from motif 1 to 3,
including six transversions and thirty transitions, in which three mis-
sense mutations were observed at 244 (ACA — /TCA), 272 (GAA —
AAA) and 273 (AAT — GGQG), resulting the residues alternation from
Thr to Ser, Glu to Lys, and Asn to Gly, respectively (Fig. 4 and Sup-
plementary Fig. 4).

Versatile lipoheptapeptide surfactin produced by editing the core
sequence

In previous study, we found the strain LG3145 can produce heptapeptide
surfactin formed as Glu-Leu-D-Leu-Val-Asp-D-Leu-Leu and linked with -
hydroxy fatty acids (C12) at the end of the exponential phase of growth™. If
the molecular structure of surfactin alters, its biological activity will change
subsequently”. In order to test the biological activity of the mutant strains,
we selected three rice pathogens, Pyricularia oryzae (rice blast), Ustilagi-
noidea virens (rice false smut), and Rhizoctonia solani (rice sheath blight), to
investigate the resistance properties of WA1, and WA2. In this experiment,
we observed that all the strains LG3145, WA1, and WA2 exhibit antifungal
activity, and show a certain degree of specificity. As shown in Fig. 5, strain
LG3145 exhibited the strongest inhibitory effect against Rhizoctonia solani,
with an inhibition zone diameter of 16.7 + 0.14 mm after 5 days of culti-
vation on PDA plates. The corresponding ECs, value was approximately
(4.6 £0.23) x 10° cells/mL. In contrast, the mutant strain WA2 showed
significant antifungal activity against all three pathogens, particularly
against Rhizoctonia oryzae and Ustilaginoidea virens, with inhibition zone
diameters of 20.3+0.18 mm and 10.8+0.11 mm, respectively. The

Communications Biology | (2026)9:126


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09405-w

Article

LY$239

o VSCEY y PAY Geavu Yau A

D-Leus_matifl

Trp239

ECUUUACAA 66" G A'CT AWML

=

. URR A
B uuua A cace S AC AT UUYARYYY G RYY RYRU LI
fcunmnccncccm GAAATTTTTGCTGCGCTATT [l A F AAATTGAAGCAGCAGACGGA [l pat F
— ACCAT ] TTTGGG AACAT! B ) ccecos
‘ ) FUOUOES No236 —- + Asp278 et
TGGTAA T TAAACCC TTGTAG TGGGGCC
Q paM R [l GGTAAAACTACGTAGCCACT GTTTAAAAACGACGCGATA. nu“nccrcgrcmcu/
— UUUGAUGCAU, U A
= —TmmmUGEC UUA €
o
) Leu2_ mobif Leu2_motif2
A— Phe239
— BlcuYAcann®Cace CAnC an T vuyaryy UCRRRYYA YR
/ernwsnccnrnrsr jATGYGTTYGGTGCTTTAT\ [ AAGTCAGTATTTTAATGATY -"’”
AAACT 1 | AACGGT AGGAGA B} coacac
s‘ Asp235 | A T e
= TTTGAT A236 /A TTTGCCA TCeTeT TGCTGTC
N PAM_R -ACATAAACTACGAAAATACA CTACACAAACCACGAAATA, TTCAGTCATAAAATTACTAA
—rTITIMUG ¢ UUUGAUGE,, UUUAU
- %
% m— Y.
U Trp239 G
¥ Bl cuvuacan o6 6Ca M AL UAUAGUGGCAACGCAAGGAC Wil
5‘ TGGCTTTGATGCTTCCATTT, ZAAATGTYCCCGACATGGAT B oA F ATATCACCGTTGCGTTCCTG [ Pav.F
e coserf ] GCCG6 ACGAAR Bl L tcoacce
@ At Asp23S — : S Mpesvaert
GCCoAR o236 cc GCGGCC TGCTTT GGCTGGG
paM R [JACCGAAACTACGAAGGTAAA  CTTTACAAGGGCTGTACCTA TATAGTGGCAACGCAAGGAC
Pr— TG  CUUUGAUGE U AU
[ vt g
Phe239 v Y
§ B cuuun®ana® 6A° 6 A ach AL v ary Yue " re’ ‘ar Ry TEEEL
T <fA(:c‘r*r'rcAcc;cc:vr'rAcc’r {GAAATCTTTACCACGCTGCT-DAMF AGATCACGACGCTCTTTTT -"M-F
TGCCG [ ] GGT CACATC Bl & Accacre
Asp235 | - e o Phe278
ACGGCA\ Aa236 /AQ CCCA GTGTAG TGCTGAC
— paM R [IGTCGAAACTGCGGTAATGGA CTTTAGAAATGGTGCGACGA TCTAGTGCTGCGAGAAAAAT
—mmmmueee YUUSAY Sy Y A yca
g —_x e
3 ™29y ¢ A CAA LI ARYY RY 3
Bl " uA AR GGAC San uuy YUGRR _YARY U Wil
TGCATACGATCTTGGTTACA AGCATTTTCCCTGTCTTAAA [Nl Pav F AAGAGCTGACTTATATCAAA, [H o F
- CTTCTT, | | | s6cace ATGAAC ATGACAC
g Asp23S — ettt
GAAGAAT L2’ /G{ cceree TACTTG Ws278yacrere
PAM R [l ACGTATGCTAGAACCAATGT TCGTAAAAGGGACAGAATTT TTCTCGACTGAATATAGTTT

D-LevS_maxif2

(3 (5
ACe%a Nt UAUAGUGG AACG AAGGAC WML,

TGGCTTTGATGCTTCCATTYT, GAAATGTTCCCGACATGGAT [l PaM_F ATATCACCATTGCATTCCTG [H] PaM.F
CGGCT . GCCGE ACGAAR Bl 4 cceacce
. Asp235 | — by e phe228 T LU0
[ S Gecoa na236 cc GCGGCC TGCTTT GGCTGGG
pam R [JACCGAAACTACGAAGGTAAA  CTTTACAAGGGCTGTACCTA TATAGTGGTAACGTAAGGAC
S‘ UG (CUUUGAUGE U | AU
=
~
Leu7_motif1
Phe239 GU G ACG GG C
v aca®aS? ¢S AT UAUA G CA CAA
’
fsn‘r*r*rcucccnnu\' GATGTGTATGGCGCACTTT I P F ATATTTCTGTCATGTTTGTT [H]Pam.f
CAACAG | 1 | AAACGGA GGGAAA ] CCGACAG
bttt AsP235 | — PO ettt Phe2?8 T et
GTTGTC Sz /A TTTGCCT ccerrrT GGCTGTC
PAM_R -GCATAAACTACCGAAATGTA CTACACATACCGCGTGAAAA TATAAAGACAGTACAAACAA

UG CCUUUGAUG UUUA

I Motifs Bl Stachelhaus codes

I Downstream PAM B Upstream PAM

Fig. 2 | Schematic diagram of UgRNAs binding to target fragments in each module. The UgRNA sequences for motif 1 and motif 2 of all seven modules are highlighted in
blue at their binding sites, with their corresponding PAM sites marked in pink. Non-complementary bases are displaced for emphasis.

corresponding ECsy values for WA2 against these pathogens were
approximately (4.5 % 0.23) x 10° cells/mL and (7.9 +0.40) x 10° cells/mL,
respectively. Additionally, the inhibitory effect of WA1 on Ustilaginoid
virens was more pronounced than that of LG3145 but weaker than that of
WA2, with an inhibition zone diameter of approximately 65.7 + 0.47 mm

and an ECs, value of (1.3 +0.07) x 10'* cells/mL. The antifungal activity
assay was conducted in triplicate, and all three strains demonstrated diverse
bioactivities (Supplementary Table 2, Table 3 and Supplementary Data 2).

UPLC-MS was employed to characterize the molecular structure of
surfactin produced by mutant strains WAL and WA2, with the aim of
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Motif1-R, pCas9-Motif2-F1, and pCas9-Motif2-F2, which were used to simulta-
neously edit motif 1 and motif 2. Subsequently, a series of repair templates are
introduced to facilitate the genome editing process. Plasmid schematics for pCas9-
Motifl-F, pCas9-Motif1-R, pCas9-Motif2-F1, and pCas9-Motif2-F2 were derived
from Addgene plasmid # 42876.

elucidating the mechanisms underlying these changes in the mutants. Using
a modified method described by Yan Zhi (2017) to purify the surfactin
homologs when they were cultivated in glycerol minimal medium
(GYMM), we obtained a series of data of UPLC and MS as shown in Fig. 6.
Comparing with the MS data of LG3145, the peaks at m/z 1036.29 moving to
1008.600 and 1064.458 in the MS pattern of WA1 and WA2, which cor-
respond to surfactin isomers with different saturated fatty acid chain lengths
(C13 and C17) and consistent with the standard surfactin isomers reported
by Yan Zhi et al. in 2017”. The MS pattern of the surfactin obtained in
LG3145 was consistent with the standard surfactin spectrogram in mzCloud
dataset (https://www.mzCloud.org/) (Fig. 6a, b). However, in the MS pat-
tern of WAL, the peaks observed around m/z 348.163 and 512.278 showed
slight deviations from the standard, likely due to a missing hydrogen atom.
Comparison with the standard serine (Ser) spectrum in mzCloud (https://
www.mzcloud.org/) revealed that the peak at m/z 106.0499 corresponds to
Ser incorporation in the novel molecule, while the peaks at m/z 348.163 and
512.278 represent the characteristic fragments of Glu-Ser-D-Leu and Val-
Asp-D-Leu-Leu, respectively. These findings suggest that the novel mole-
cule may be a [Ser’]surfactin variant (Fig. 6¢, d). In the MS pattern of WA2,
the peaks at 148.088 m/z is the representative structures of Lys, 389.696 m/z

and 529.745 m/z are speculated to be Glu-Leu-Lys and Val-Asp-Lys-Leu,
which may be a novel [Lys*‘]surfactin molecular (Fig. 6e, f).

Discussion

The large multimodular NRPS, involved in synthesizing bioactive mole-
cules, were investigated more than 30 years to create novel bioactive
peptides™. The traditional DNA recombination techniques, widely used in
previous studies, were difficult to meet the demands of large-scale drug
screening for the low efficiency and limited diversity’". Although the NRPSs
enzymes have larger size, the regions of the active sites in the adenylation
domains, only spanning around 100 residues, are the specificity-selecting
units in each module which play the key role in determining the structure
and function of the corresponding products™.

In this study, we conducted an in-depth analysis of Stachelhaus codes
within the adenylation domains of NRPSs. Using the Nrpspredictor2 soft-
ware and based on the SBSPKSv2 database, we successfully predicted the
core sequence region of the A domain and the Stachelhaus codes of 28
amino acids. The results indicate that the site of 278 is a highly variable
codon, which may be the best effect mutation target for changing the sub-
strate recognition properties of the A domain. So, our initial editing protocol
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Fig. 4 | Chromatograms of the DNA sequencing of edited A domains active-sites
in srfA operon B. pumilus WA1 and WA2 and coverage of the repair templates.
All the mutations (pink box) were identified at three functional domains: motif 2
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Fig. 5 | Strain WA1 and WA2 phytopathogen
inhibition assay on the fifth day of growth. Phy-
topathogenic fungi were inoculated onto potato
dextrose agar (PDA) plates containing either strain
WAL or WA2, and their growth was compared with
that of fungi inoculated onto PDA plates containing
LG3145. Fungi inoculated onto PDA plates without
any treatment served as the control (CK). Phyto-

P.oryzae
pathogenic fungi include Pyricularia oryzae, Usti-

laginoidea virens and Rhizoctonia solani.

U.virens

R.solani

CK LG3145 WA2

was to alter the 278 residues of the seven modules with a series of degenerate
repair templates simultaneously through UgRNA/Cas9 multi-site editing
technology. Degenerate base-driven stochastic mutagenesis may lead to the
generation of novel structural variants of surfactin molecules. However,
mutagenesis events were restricted to module 2, 3, and 6 under the guidance
of UgRNA-Motif1-F, UgRNA-Motif1-R, UgRNA-Motif2-F1 and UgRNA-
Motif2-F2 with > 75% sequence similarity, rather than occurring at the
designated site (278). Moreover, in the mutant strain WA1, all of mutations
were exclusively localized to motif 2 which may be triggered by homologous
degenerate template with this region. There is a transversion-induced
missense mutation (Val—Phe), which is obviously repaired by the template
of Leu; g-template-A. The same phenomenon is observed in strain WA2,

with same mutations exclusively distributed within the identical modules (3
and 6). There are three missense mutation (Thr—Ser), (Glu—Lys) and
(Asn—Gly) which may be induced by the degenerate templates of D-Leu, ;-
template-A, B and C respectively. We propose that genome DNA strand
distorts during HDR-mediated repair, driven by degenerate template-
derived mutations symmetrically flanking the Cas9-mediated cleavage site
at the DNA gap. This facilitated the bases at vicinity of 278 repaired
according to the degeneracy templates. However, the template-mediated
interference exhibits spatial restriction, occurring only in the target’s
proximal regions, as no changes were observed in motifs 1 and 3 of WAL.
Moreover, the interference range expands with increasing cleavage sites
when four UgRNA/Cas9 plasmids are co-expressed in WA2. More
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Fig. 6 | Detection of surfactin homologs produced by strain WA1 and WA2
compared with that from the strain LG3145 using ultra performance liquid
chromatography-mass spectrometry. a Standards mass profile of surfactin in
mzCloud database. b Peaks in the surfactin mass spectrometry profile of strain
LG3145. ¢ Standards mass profile of serine in mzCloud database. d The mass

spectrometry investigation focused on the extraction of surfactin homologs from the
metabolites of strain WALI. e Standards mass profile of lysine in mzCloud database.
f The mass spectrometry investigation focused on the extraction of surfactin from
from the metabolites of strain WA2. The bacteria were grown using glycerol as the
carbon source (GYMM).

mutations symmetrically flanked the target site (278) between motifs 1 and
3, accompanied by an increase in degenerate template-derived missense
mutations, likely due to the expansion of the DNA strand distortion region.
Compared to WA1, WA2 received two-fold of degenerate repair templates
which generated consistent editing pattern in the same modules (3 and 6).
But these templates, which were homologous to the upstream sequence of
the cleavage gap, failed to mediated repair at the downstream motif 3, which
was likely repaired through NHE].

Interestingly, although all missense mutations have deviated from the
predetermined target site, mutant strains WA1 and WA?2 still produce
distinct structural variants of surfactin with differential bioactivities. Spe-
cifically, strain WA1 produced [Ser’]surfactin, which showed specific
activity against U. virens, while strain WA2 generated [Lys*]surfactin that
exhibited strong activity against both P. oryzae and U. virens. In contrast,
strain LG3145 only demonstrated activity against R. solani. These phe-
nomenons further demonstrate that the ~100 residues region encompassing
Stachelhaus codes from motif 1 to 4 also plays a key role in determining the
specificity of the A domain reported by Eppelmann (2002).

We have successfully found a novel DNA self-repair mechanism in
CRISPR/Cas9 system with the degenerate single templates, which exhi-
bits wobble editing and diverse repair pathways. This approach will
facilitate the biosynthesis of non-natural NRP molecule with novel
bioactivities, addressing current limitations in editing efficiency and
structural diversity. The UgRNA/Cas9 multiplex gene editing technology

with degenerate template-based random repair may be a potential
approach to alleviate drug-resistance crisis in the medical and agriculture
field. However, whether the template perturbation repair process can be
controlled is unclear and its repair mechanisms need to be further
explored.

Methods

Bacterial, fungal and reagents

Bacillus pumilus 1L.G3145 used in this study was derived from the Bacillus
pumilus wild-type strain SH-B9 (NCBI Accession no: NZ_CP011007.1),
as previously described by Wang et al. *’. Escherichia coli DH5a (the host
for pCas9) was purchased from Thermo Fisher Scientific (Waltham, MA,
United States), were used for plasmid construction and amplification,
and cultured in Luria-Bertani (LB) medium (10 g/L peptone, 5 g/L yeast
powder, 10g/L NaCl and pH 7.3-7.5), containing 25 pg/mL chlor-
amphenicol. The plant fungal pathogens, Pyricularia oryzae, Ustilagi-
noidea virens, and Rhizoctonia solani, were obtained from the Plant
Protection Institute of Tianjin Academy of Agricultural Sciences, Tianjin,
China (Supplementary Table 4). All chemicals, a DNA gel purification
kit, and a plasmid extraction kit were purchased from TIANGEN Biotech
(Beijing, China). Restriction enzymes and DNA ligase were purchased
from New England Biolabs (Ipswich, MA, United States). Taqg DNA
polymerase and oligonucleotides used for PCR experiments were pur-
chased from Ruibio Biotech (Beijing, China).
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Plasmids and primers

The pCas9 plasmid and sequences used in this study are available from the
Addgene nonprofit plasmid repository (Cat: 42,876). The pCas9 plasmid is
9326 bp based on the low-copy backbone of pACYC184 (ATCC 37033),
which endows resistance to chloramphenicol (25 ug/mL). The other ele-
ments of this plasmid include tracrRNA, Cas9, and an array of crRNAs with
two Bsal sites for spacer’s insertion. The plasmids pCas9-Motifl-F, pCas9-
Motifl-R, pCas9-Motif2-F1, and pCas9-Motif2-F2 were constructed for
editing seven target modules. The primers pCas9-F and pCas9-R used for
verifying recombinant plasmids (Supplementary Table 5).

Multisite editing strategies and sequence design of UgRNAs and
repair templates for the srfA operon

To enable simultaneous editing of multiple active sites within the adeny-
lation domains of the srfA operon, we adopted a modified UgRNA/Cas9-
mediated multisite editing strategy based on our previous work™. In this
approach, the gRNA oligonucleotides must share at least 50% identity with
the target sites and are therefore referred to as non-specific gRNAs (UgR-
NAs). This design allows the Cas9 protein to recognize and bind to multiple
target sites concurrently. Importantly, these target sites are required to share
conserved regions to facilitate such multiplex recognition. Analysis of the A
domain protein residues revealed that the A domain motif in SrfA of B.
pumilus LG3145 is highly conserved. A detailed discussion of these findings
is provided in the “Results” section.

Firstly, we chose NNG for the PAM and the partial sequences of motif 1
and 2 designed for target fragments using the CRISPOR online tool (http://
crispor.tefor.net/). For enhancing editing efficiency, we designed two
directional UgRNAs, UgRNA-Motif 1-F (forward) and UgRNA-Motif 1-R
(reverse), to specifically target the longer region of motif 1, while one
UgRNAs, UgRNA-Motif2-F1, to edit the shorter region of motif 2 (12 bp) in
module 3, 6 and 7. Because of the less conservation, another one, UgRNA-
Motif2-F2, with degenerate bases was designed to guide Cas9 for targeting
module 1, 2, 4, and 5. The UgRNA oligonucleotides are listed in Supple-
mentary Table 6, and the binding sites for UgRNA/Cas9 are presented in
Fig. 2. Secondly, the four non-specific UgRNAs (UgRNA-Motifl-F,
UgRNA-Motifl-R, UgRNA-Motif2-F1 and UgRNA-Motif2-F2) were
inserted into the Bsal sites of pCas9 as the CRISPR spacers after annealing at
95 °C for 5 min and 37 °C for 30 min using T4 ligase according to the pCas9
protocol. E. coli DH5a cells were used to construct and amplify plasmids.
Ligations of UgRNA-annealed oligos and Bsal-digested pCas9 were gently
mixed with competent E. coli DH5a cells at a ratio of 1:200 and incubated on
ice for 30 min, then heated at 42 °C in a water bath for 90 s, and chilled for
1-2 min on ice. The cells were then incubated in preheated LB medium
(150 uL) at 37 °C for 45 min, then plated onto 25 ug/mL chloramphenicol
selective media and incubated overnight at 37 °C. The following morning,
transformants were picked and incubated in LB medium. After cell growth,
plasmids were extracted using TIANprep Mini Plasmid kit purchased from
TIANGEN Biotech (Beijing, China) and the pCas9-Motif 1-F, pCas9-Motif
1-R, and pCas9-Motif 2-F1 constructs were verified by DNA sequencing.
The degenerate plasmid pCas9-Motif2-F2 was constructed in a 20 pL
reaction system containing 1 pL of annealed UgRNA-Motif2-F2 oligos,
10 pL of Bsal-digested pCas9, 2 L of 10x T4 ligase buffer, 1 uL of T4 ligase,
and 6 uL of ddH,0. The mixture was incubated at 16 °C overnight in a
biometra Tgradient PCR instrument (Jena, Germany), followed by gradual
cooling to 4°C at a rate of 5°C per minute, and then used for
transformation.

In this study, our objective is to modify the 100-residue region
encompassing the Stachelhaus codes from motif 1 to 4 and substitute the
codon at position 278 within motif 2. We designed six homologous repair
templates: Leu, ;-template-A, B, and C, containing the degenerate codons
TYB, VAN, and SSN (representing S/F/L, E/D/K/N/Q/H, and G/A/R/P,
respectively) for repairing modules 2 and 7; D-Leus ¢-template-A, B, and C,
carrying the same codons for homology-directed repair of modules 3 and 6
(Supplementary Table 6). Two editing strategies were used with these repair
templates to simultaneously replace the codon 278. The first strategy

targeted motif 2 with plasmids pCas9-Motif2-F1 and pCas9-Motif2-F2,
whereas the second targeted a 100-residue region from motif 1 to motif 4
using pCas9-Motifl-F, pCas9-Motifl-R, pCas9-Motif2-F1, and pCas9-
Motif2-F2. These repair templates were mixed with the plasmids at equal
molar ratios and then used to transform LG3145 using the same method as
described below.

Protoplasts of B. pumilus LG3145 were prepared for transformation
using a modified method based on that of Chang and Cohen (1979). A single
colony of B. pumilus LG3145 was inoculated into 5 mL of LB medium and
cultured overnight at 37 °C in a shaker (200 rpm). The overnight culture was
diluted 50-fold into 5 mL of fresh LB medium and grown for 8 h at 37 °C
(200 rpm). Cells were harvested by centrifugation (9000 x g, 10 min, 4 °C).
The supernatant was removed and cells were resuspended in 1 ml of SMMP
solution (equal volumes of 2x SMM buffer and 4x Penassay broth). Lyso-
zyme powder was added to 0.4 mg/mL, mixed, and incubated at 37 °C for
45 min (100 rpm) to prepare protoplasts (globular appearance). Protoplasts
were harvested by centrifugation (5000 x g, 10 min, RT), the supernatant
was poured off, and the cell pellet was resuspended gently in 0.05 ml SMMP.
Lastly, a 10 uL mixture of plasmids and repair templates at equal molar
ratios was added to 100 pL of protoplast suspension, and the resulting
mixture was maintained on ice for 10 min. The mixture was then transferred
to a pre-cooled 0.2 cm Bio-Rad electroporation cuvette (Hercules, Cali-
fornia, USA) and subjected to four pulses of 0.7 kV with a 4 ms interval
using a Bio-Rad electroporator (Hercules, California, USA). Immediately
afterwards, 1 mL of SMMP was added, and the suspension was incubated at
37°C and 100 rpm for 12 h. Next, 200 pL of the culture was spread onto a
CMR selective agar plate (10 g/L glucose, 10 g/L peptone, 10 g/L yeast
extract, 5 g/L beef paste, 5 g/L NaCl, 20 g/L agar, 342.3 g/L sucrose, 8.13 g/L
MgCl,, and 8 pg/mL chloramphenicol) and incubated overnight to select
transformants.

DNA sequencing

The recombinant plasmids were extracted from E. coli DH5a with TIAN-
prep Mini Plasmid kit purchased from TIANGEN Biotech (Beijing, China).
The region of spacer (240 bp) inserted in pCas9 was amplified with the
primer pCas9-F and pCas9-R. The genome of strain WAland WA2 was
extracted using a TTANamp bacteria DNA kit purchased from TIANGEN
Biotech (Beijing, China) and used as the PCR templates for amplifying the
target sequences of module 1-7 with the primers in Supplementary Table 5.
All of PCR products were detected using agarose gel electrophoresis, and
subsequently sent to Ruibio Biotech (Beijing, China) for DNA sequencing
on an llumina HiSeq 4000 platform (Illumina, San Diego, CA, USA). The
results were aligned with the sequences of UgRNAs or the target fragments
of LG3145 with Snapgene software (https://www.snapgene.com). The oli-
gonucleotides, Taq DNA polymerase, and dNTP utilized for the PCR
experiments were purchased from Ruibio Biotech (Beijing, China).

Antifungal pathogens assessment

To further evaluate the inhibitory effect of the engineered strains on the fungal
pathogens, an experiment was conducted using mycelial growth inhibition
method and assessed by the half-maximal effective concentration value
(ECs)*". The evaluated strains included B. pumilus 1.G3145, WA1 and WA2.
These strains were inoculated individually in LB medium at 37 °C on a shaker
at 125rpm to conform their initial cell densities reaching approximately
1.32 % 10° cells/mL (ODgponm = 2), and then, preparing a series of gradient
dilutions from these bacterial suspensions and spreading 100 pL of each
uniformly onto PDA plates (20 g/L glucose, 200 g/L potato, 15-20 g/L agar,
and pH 7.3-7.5). At the same time, a 7-mm diameter fungal inoculum was
then inoculated onto the center of each plate. Mycelial growth was assessed
using the cross-measurement method at the fifth day. The average inhibition
rate (u) for each sample was calculated according to the equation
Y= % x 100%, in which Ry and R, denote the mycelial radii of the
control and the experimental group, R, denotes the radius of the original
fungal inoculum. The regression analysis was performed for each strain using
u versus log (C) for calculating ECs values, where C represents cell density.
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Surfactin homologs assay

A modified method by Yan Zhi et al. in 2017 was used for the purification
and assay of the surface homologs. Two B. pumilus strains WA1 and WA2
were cultivated in glycerol minimal medium (GYMM) containing 3.48 g/L
KH,PO,, 15g/L Na,HPO,12H,0, 396g/L (NH,),50, 07gL
MgSO,-7H,0 with 60% (w/v) glycerol and 0.01 g/L yeast, at 35 °C and
125 rpm for 72 h, respectively. Thereafter, 60 mL of cell culture was collected
and the pH was adjusted to 2.0 using 6 M HCL The mixture was then
subjected to centrifugation at 10,000 x g for 30 min, in order to remove the
upper layer of the cell culture medium. The precipitate was then dissolved in
1 mL of 100% CH;OH and subjected to a second centrifugation step
(10,000 x g, 30 min) to ensure the removal of cellular residues. All samples
(5 L) were loaded onto a Waters ACQUITY UPLC BEH Cl18 column
(5 um, 150 x 4.6 mm; Waters Crop, Milford, MA, USA) and analyzed using
a Waters UPLC I-Class/Xevo G2 XS-Quadrupole Time-of-flight system
(Waters Corp, Milford, MA, USA) at 4 °C with a flow rate of 0.3 mL/min
under isocratic elution with water (0.1% formic acid) and acetonitrile (0.1%
formic acid). Mass spectrometry detection was performed in the positive
ESI-MS mode with the following conditions: capillary voltage: 0.5 kV; cone
voltage: 35 V; extractor voltage: 4.0 V; source temperature: 11 °C; desolva-
tion temperature: 550 °C. UPLC-MS analysis data were collected and pro-
cessed using MassLynx NT 4.1 software with QuanLynx program (Waters
Corp). B. pumilus strain LG3145 was cultivated in the same condition as the
control.

Statistics and reproducibility

Quantitative data are presented as mean =* s.d. The experiments of patho-
gens resistance in this study were performed in triplicate. Assessment data of
sequence identity for the active pocket residues are meansts.d. of ten
replicates.

Data availability

The B. pumilus LG3145 raw sequence data reported in this paper have been
deposited in the Genome Sequence Archive in National Genomics Data
Center, China (GSA: CRA011959), which are publicly accessible at https://
ngdc.cncb.ac.cn/gsa. The plasmids generated in this study, pCas9-Motif1-F
(249571), pCas9-Motifl-R (249572), pCas9-Motif2-F1 (249573), and
pCas9- Motif2-F2 (249574) are deposited in Addgene (https://www.
addgene.org/). All source data underlying the graphs in Fig. 1ais provided in
Supplementary Data 1, and the source of Supplementary Table 3 is provided
in Supplementary Data 2. All other data supporting the conclusions are
included within the article and its Supplementary files.

Code availability

The substrate-binding pockets of these A domains were predicted using the
open-source software NRPSpredictor2, available at https://bitbucket.org/
chevrm/sandpuma. The antiSMASH tool, which was used to predict the
stfA operon in Bacillus pumilus LG3145, is publicly available at https://
antismash.secondarymetabolites.org/. Sequence alignment was performed
using Clustal Omega, which is publicly accessible at https://www.ebi.ac.uk/
Tools/msa/clustalo. For gRNA design, we used the web-based tool CRIS-
POR, available at http://crispor.tefor.net/.
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