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Assembling functional bacterial biocontrol consortia is expected to expand the scope and efficiency of biocontrol
agents. Generally, bacterial interspecies interactions lead to incompatibility events, as bacteria can produce
antibacterial compounds and/or assemble contact-dependent killing (CDK) devices. Here, we aimed to assemble
a bacterial consortium comprising Lysobacter enzymogenes OH11 and Bacillus safensis ZK-1 for the synergistic
control of bacterial and fungal diseases of kiwifruit. ZK-1, a native kiwifruit biocontrol bacterium, is effective
against Pseudomonas syringae pv. actinidiae (Psa) that causes bacterial kiwifruit canker, but has weak antifungal
activity. OH11 is a foreign kiwifruit biocontrol agent with strong antifungal activity. While OH11 was unable to
produce anti-Gram-negative metabolites, this strain could utilize type IV secretion system as an antibacterial CDK
weapon. We first observed that OH11 could inhibit growth of ZK-1 by generating diffusible anti-Gram-positive
antibiotic WAP-8294A2, whereas ZK-1 failed to generate diffusible antibacterial compound to inhibit growth of
OH11. To disrupt this interspecies incompatibility, we generated a transgenic OH11-derived strain, OH11W, by
deleting the WAP-8294A2 biosynthetic gene and found that OH11W did not kill ZK-1. We further observed that
when OH11W and ZK-1 were co-inoculated on agar plates, no CDK effect was observed between them, whereas
co-culture of OH11W or ZK-1 with Psa on agar plates resulted in Psa killing, suggesting L. enzymogenes and
B. safensis assemble antibacterial CDK weapons against bacterial pathogens, and these CDK weapons did not
affect the compatibility between OH11W and ZK-1. Based on these findings, we assembled an OH11W/ZK-1
dependent consortium that was shown to be functional in controlling bacterial canker and several representa-
tive fungal diseases of kiwifruit.

Kiwifruit disease
Biological control

1. Introduction

Biocontrol bacteria, represented by plant-beneficial members of the
genera Bacillus, Pseudomonas, and Lysobacter, are widely applied to
control various crop bacterial and fungal diseases [1-3]. These biocon-
trol bacteria mainly target and inhibit the growth of pathogens by
generating antimicrobial compounds and eliciting plant immune re-
sponses, thereby reducing chemical input in agriculture [4-6]. Although
numerous high-performance biocontrol agents have been developed
individually as environmental friendly biopesticides, their single use

also has limitations in the biocontrol scope and efficiency [7,8]. To
overcome this limitation, bacteriologists have attempted to assemble
bacterial consortia by mixing two or more agents together [8,9]. One
notable factor that should be considered in the design of such works is
the microbial compatibility of the consortium members.

Biocontrol bacterial interspecies interactions frequently lead to in-
compatibility events, as most of these members can produce antibacte-
rial compounds and/or assemble contact-dependent killing (CDK)
weapons [10,11]. Diffusible antimicrobial compounds released by
biocontrol bacteria can target and damage competitor cell membranes
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and cell walls, an interaction mode that does not require cell-to-cell
contact. Therefore, such antimicrobial compounds can be considered
as “long-range” weapons [1,12]. Meanwhile, bacteria can also assemble
CDK weapons represented by type IV (T4SS), type VI (T6SS) and type VII
(T7SS) secretion systems that kill neighboring competitors by injecting
toxic effector proteins into prey cells, therefore causing their death.
These CDK weapons require cell-to-cell contact and are therefore
considered as “short-range” weapons whose action does not depend on
the presence of “long-range” weapons as defined above [13-15].
Although it is may be feasible to disrupt “long-range” and “short-range”
weapons in biocontrol bacteria through gene manipulation to generate
microbial consortia from naturally incompatible to artificially compat-
ible [16,17], the absence of these weapons, alone or in combination, also
has the potential to impair their biocontrol against pathogens and
interfere with their competitive fitness in nature [13,17]. Thus, chal-
lenges are raised regarding how to assemble compatible and functional
microbial consortia. We attempted to address this crucial issue by
choosing representative biocontrol species Lysobacter and Bacillus as
working models.

In a recent study, we found that it is difficult to generate compatible
combinations between certain Lysobacter and Pseudomonas species, as
we found that in most cases, biocontrol Lysobacter species such as
L. enzymogenes can use the “short-range” weapon T4SS to kill biocontrol
Pseudomonas  species, represented by the well-characterized
P. fluorescens 2P24 and P. protegens Pf-5 [17]. We also found that
certain Bacillus species/strains (i.e. Bacillus subtilis NCD-2) and
P. protegens Pf-5 are not naturally compatible after establishing their
intercellular contacts, possibly due to the presence of individual or
combined “short-range” CDK weapons, represented by the Pseudomonas
T6SS and the Bacillus T7SS [17]. Based on these earlier findings, we
finally selected the laboratory available Lysobacter enzymogenes OH11
(herein referred to as OH11) and Bacillus safensis ZK-1 (herein referred to
ZK-1) to rationally design a possible compatible consortium.

L. enzymogenes OH11 is an antifungal Gram-negative bacterium [18].
It was originally isolated from the pepper rhizosphere and can produce a
well-known antibiotic metabolite called heat-stable antifungal factor
(HSAF) to target and disrupt the biosynthesis of fungal
membrane-associated sphingolipids, thereby exhibiting broad-spectrum
antifungal activity [19-21]. B. safensis ZK-1 is a Gram-positive biocon-
trol bacterium isolated from kiwifruit fruit [22]. Unlike OH11, ZK-1
efficiently kills Pseudomonas syringae pv. actinidiae (Psa) that causes
kiwifruit bacterial canker but has weak antifungal activity, as previously
reported [22,23]. Since the field production of kiwifruit is also severely
threatened by several fungal pathogens represented by Diaporthe acti-
nidiae, Colletotrichum gloeosporioides, and Alternaria alternate, which
cause kiwifruit soft rot, anthracnose, and brown spot diseases, respec-
tively [24-26], we therefore aimed to assemble a functional consortium
comprising OH11 and ZK-1 to achieve the coordinated control of bac-
terial and fungal diseases of kiwifruit.

Here, we presented a case study showing how to rationally disrupt
certain “long-range” antibacterial weapon possessed by OH11 and assess
intercellular contact-dependent compatibility to design a compatible
combination with ZK-1, leading to assemble a functional bacterial
consortium that could effectively control bacterial and fungal diseases of
kiwifruit.

2. Materials and methods
2.1. Plant and microbial strains

Kiwifruit materials were collected from Wuhan Botanical Garden.
Details of the bacterial and fungal strains used in this study are described
in Table S1. Unless otherwise stated, all bacterial strains were grown in
Luria-Bertani (LB) medium at 28 °C and all fungal strains were grown on
potato dextrose agar (PDA) medium at 25 °C. Conidia of C. gloeospor-
ioides were induced by inoculation on PDA at 28 °C for 7 days [27], and
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conidia of A. alternata were induced by inoculating on PDA at 25 °C for 7
days [28].

2.2. Antibacterial activity against Psa

For antagonistic activity against bacteria, 1 mL of an overnight cul-
ture of the target bacterium (Psa M228 or Psa C48) was mixed with 25
mL of molten LB agar (LA) medium and poured into a Petri plate. Once
solidified, 2 uL of the cell suspensions (OD600, 1.0) of the test bacteria
(OH11 or ZK-1) was spot-inoculated on the surface of LA culture plates,
each containing the bacteria of interest. 3 plates were used as repetitions
in this assay. The plates were incubation at 28 °C for 3 days before photo
taking. For contact killing of bacteria, bacteria cells were harvested by
centrifugation (6000 rpm for 3 min at room temperature) and washed
with sterilized ddH>0O. Cells were diluted to an optical density of 1.0 at
600 nm (OD600) and mixed at a ratio of 1:1. The mixtures were cultured
at 28 °C for 2 days before observation. A stereoscopic fluorescence mi-
croscope (Nikon SMZ25) was used to observe fluorescence signals.

2.3. Antifungal activity against kiwifruit fungal pathogens

For antagonistic activity against fungi, a hyphal plug (5 mm in
diameter) of pathogens was transferred to the centre of fresh PDA plates.
When the fresh hyphae grew to a suitable size (3 cm in diameter), 5 pL of
bacterial cell suspension (washed with sterilized ddH;0 and diluted to
an ODggp 1.0) was inoculated on the edge of the plates. After 3 days of
incubation at 25 °C, the antagonistic activity was examined by the in-
hibition zone around the colonies. For fungal conidia germination in-
hibition, bacteria strains were grown overnight in LB media. Bacteria
cells were harvested by centrifugation (6000 rpm for 3 min at room
temperature) and washed with sterilized ddH»0. Cells were diluted to an
optical density of 1.0 at 600 nm (OD600). Fungal conidia were induced
and filtered through 2 layers of Miracloth to remove mycelia. The con-
idia were diluted to 200 conidia/uL with sterilized ddH;0. Bacterial
cells and fungal conidia were then mixed at a ratio of 1:1 and spotted (2
uL) onto PDA media. Cultures were incubated at 25 °C for 48 h before
photo taking.

2.4. Assembly of hybrid biocontrol agent FW-1

The compatibility of OH11 and ZK-1 were examined by antagonistic
activity and contact killing between OH11W and ZK-1 with the method
described above (2.2). To assemble the hybrid biocontrol agent, OH11W
and ZK-1 were cultured overnight separately at 28 °C. Bacteria cells
were harvested by centrifugation (6000 rpm for 3 min at room tem-
perature) and washed with sterilized ddH20. OH11W and ZK-1 cells
were diluted to an optical density of 1.0 at 600 nm (ODgg0) and mixed at
different ratios (3:1, 1:1 or 1:3) for further studies. The mixture at the
ratio of 1:1 was named as hybrid biocontrol agent FW-1.

2.5. Biocontrol activity against canker and soft rot of kiwifruit

For biocontrol of kiwifruit canker, the wounds on branches of kiwi-
fruit variety “Donghong” were caused by sterilized knife. C48, OH11W,
ZK-1 and FW-1 were cultured overnight at 28 °C and diluted to an op-
tical density of 1.0 at 600 nm (ODggg). C48 was then mixed with ddH5O,
OH11W, ZK-1 and FW-1 at a ratio of 1:1, respectively. The mixtures
were inoculated onto the wounds on kiwifruit branches. The wounded
branches only inoculated with ddH;O were used as non-inoculated
control. The inoculated branches were covered with plastic wrap and
cultured in a 16 °C incubator for 20 days before lesion sizes were
measured.

For kiwifruit soft rot biocontrol, the kiwifruit fruits were wounded
with a sterilized puncher. OH11W, ZK-1 and FW-1 were cultured over-
night at 28 °C and diluted to an optical density of 1.0 at 600 nm (ODg)-
Fresh hyphal plugs (5 mm in diameter) of D. actinidiae were soaked in
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ddH50, OH11W, ZK-1 and FW-1 cultures for 20 min, respectively. The
treated hyphal plugs were then inoculated onto the wound of the ki-
wifruits. Inoculated fruits were cultured in a 25 °C incubator for 5 days
before measuring their lesion sizes.

3. Results

3.1. Lysobacter enzymogenes OH11 and Bacillus safensis ZK-1 exhibited
distinct antimicrobial spectra against bacterial and fungal kiwifruit
pathogens

As noted in the Introduction, OH11 is a kiwifruit foreign antifungal
bacterium, while ZK-1 is kiwifruit native antibacterial bacterium. To test
whether these two strains could be combined into a bacterial consortium
for the simultaneous control of the bacterial and fungal kiwifruit path-
ogens, we first tested the antimicrobial activity of each strain against
Psa, D. actinidiae C. gloeosporioides and A. alternata, where the former is
the bacterial agent causing kiwifruit canker, and the latter three are the
representative fungal pathogens. As shown in Fig. 1A, ZK-1 displayed
visible inhibition zones against two Psa strains, M228 and C48 [29,30],
by producing unknown diffusible antibacterial compounds in the culture
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medium, whereas OH11 failed to do so. However, co-culture of OH11 or
ZK-1 with GFP-labelled M228/C48 at a ratio of 1:1 on agar plates,
aiming to mimic the cell-to-cell contact between bacterial interspecies
described in a recent study in our laboratory [15], led to the discovery
that both OH11 and ZK-1 were effective in killing the two tested Psa
strains indicated by the intensity of the GFP signal, suggesting that both
strains might assemble antibacterial CDK weapons (Fig. 1B). This
finding was further validated by the observation that the OH11
T4SS-deficient mutant (AvirD4) lost this CDK ability against Psa M228
and C48 under similar testing conditions (Fig. 1B). In the antifungal
plate assays, we found that OH11 inhibited the growth of D. actinidiae,
C. gloeosporioides and A. alternata, whereas ZK-1 showed very weak
(almost nonexistent) antifungal activity (Fig. 1C). In the fungal conidia
inhibition assays, we found that the mixing of OH11 with conidia of
C. gloeosporioide or A. alternata on agar plates verified that OH11
effectively inhibited the spread of conidia germination to fungal myce-
lium (Fig. 1D), which was consistent with the reported HSAF effects [19,
20]. Interestingly, we found that co-culture of ZK-1 cells with conidia of
D. actinidiae or C. gloeosporioide on agar plates also resulted in a strong
inhibition of the spread of conidia germination to the fungal mycelium
(Fig. 1D), outlining a possibility that ZK-1 might assemble unidentified

Fig. 1. Lysobacter enzymogenes OH11 and
Bacillus safensis ZK-1 showed different anti-
microbial spectra. (A) ZK-1, but not OH11,

Bright

GFP

C48 showed antagonistic activity against P. syringae

pv. actinidiae (Psa). M228 and C48 are two Psa

M228 strains isolated in China. (B) The killing effect
of OH11/ZK-1 co-cultured with Psa on agar

ZK-1+ plates. When mixed with Psa, both OH11 and

C48 ZK-1 inhibited Psa growth, whereas the T4SS-

defective mutant of OH11 (AvirD4) failed to

kill Psa. M228 and C48 were labelled by GFP.

OH11 Bacteria were mixed at a ratio of 1:1 on LB

+C48 plates. Fluorescence signals were observed after

D. actinidiae

ZK

OH11 ZK-1 OH11

C. gloeosporioides A. alternata

AvirD4
+C48
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2 days of incubation. (C) OH11 showed antag-
onistic activity against kiwifruit pathogenic
fungi D. actinidiae, C. gloeosporioides and
A. alternata, whereas ZK-1 showed weak
antagonistic activity against these fungal path-
ogens. (D) Inhibition of fungal conidia germi-
nation by co-culturing conidia with OH11/ZK-1
cells on agar plates. When mixed with fungi
conidia, both OH11 and ZK-1 inhibited the
transfer of conidia to the fungal mycelium of
C. gloeosporioides and A. alternata.

A. a/ternéfa
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antifungal toxins that are induced by contacting with fungi. Neverthe-
less, these results collectively revealed that OH11 and ZK-1 have distinct
antimicrobial spectra, and that both strains could employ antimicrobial
compounds as “long-range” weapons to kill fungal or bacterial kiwifruit
pathogens, respectively. This finding prompted us to assemble a func-
tional OH11/ZK-1 consortium to simultaneously target and inhibit the
growth of bacterial and fungal kiwifruit pathogens with defined
“long-range” and/or “short-range” weapons.

3.2. Genetic engineering of OH11 enabled assembly of an artificial
consortium compatible with wild-type ZK-1

An important factor in the assembly of a functional OH11/ZK-1
consortium is the interspecies compatibility. We first tested this by
plate growth inhibition assay based on antimicrobial compounds. By
spot inoculation of OH11 on the surface of ZK-1-embedded plates dis-
played a distinct zone of inhibition (Fig. 2A), suggesting that OH11 was
naturally incompatible with ZK-1, because it could kill ZK-1 by pro-
ducing anti-Gram-positive bacterial factors. We assumed that this
growth inhibition was due to the production of anti-Gram-positive
bacterial antibiotic WAP-8294A2, a known cyclic depsipeptide, by
OH11 [31]. Using a WAP-8294A2-deficient mutant (herein referred to

A

——

OH11 inhibited ZK-1

ZK-1 cannotinhibit OH11 ~ OH11W cannot inhibit ZK-1 ZK-1 cannot inhibit OH11W
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as OH11W) that was previously generated by in-frame deletion of the
waps1 gene within the WAP-8294A2 biosynthetic gene cluster in OH11
[31], we found this mutant never produced a zone of growth inhibition
against ZK-1 (Fig. 2A). In contrast, ZK-1 failed to suppress the growth of
OH11 or OH11W by producing antibacterial compounds (Fig. 2A). We
also tested antagonistic activity to OH11W of eight antibacterial Bacillus
strains which were isolated from different niches (unpublished data),
and found six of them showed inhibition zones to OH11W (Fig. S1). ZK-1
showed strong antagonistic activity to Pseudomonas pathogens, but not
to E. coli or OH11 [22], indicating that ZK-1 may produce antimicrobial
compounds which specifically inhibits Pseudomonas strains. These
findings suggested that disrupting WAP-8294A2 production provided a
potentially feasible method for assembling compatible combination
comprising OH11W and ZK-1. However, we could not rule out the
possibility that OH11W or ZK-1 possessing CDK weapons would hinder
their interspecies compatibility. We tested this by co-culturing cells of
both strains on agar plates in mixed colonies at an initial 1:1 ratio to
create cell-to-cell contact conditions as previously described [15]. Using
this protocol, we found that OH11W and ZK-1 are compatible in mixed
colonies, because we observed that mixed colonies harboured similar
numbers of living cells of each strain after 2 days of co-culture on agar
plates (Fig. 2B). To visualize this finding, we further carried out

Fig. 2. Artificial compatibility between
L. enzymogenes OH11 and B. safensis ZK-1
was achieved by inactivating the anti-
Gram-positive compound WAP8294A2 pro-
duced by OH11. (A) OH11 showed antago-
nistic activity against ZK-1 on LB plate, while
ZK-1 could not inhibit OH11l. The WAP-
8294A2-deficient mutant OH11W lost its
antagonistic activity against ZK-1. (B) OHI11
and OH11W could co-exist with ZK-1 when
they were mixed. OH11 and OH11W were
labelled with mCherry. ZK-1 was then mixed
with OH11 or OH11W at a ratio of 1:1 on LB
plates. After 2-day culture, the colonies were

Bright mCherry observed with a microscope and the CFUs of the
3+ bacteria were measured. (C) OH11W was also
T compatible with another biocontrol agent B.
OH11-mCherry + amyloliquefaciens FZB42 in mixed colonies.
ZK-1 2 24 FZB42 was labelled by GFP. mCherry-labelled
E P. protegens Pf-5 was a control which could be
e killed by FZB42.
814
OH11W -mCherry +
ZK-1 ol
QO N N
OQ:\ 'dt 0\2\\& ’l*
OH11+ZK-1 OH11W+ZK-1

C

Bright

OH11W&FZB42

GFP RFP

OH11W Pf-5

FzB42
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fluorescence microscope assays. However, we were unable to generate
fluorescence-labelled ZK-1 due to its difficult genetic manipulation.
Alternatively, we selected a well-known GFP-labelled biocontrol bacte-
rium Bacillus amyloliquefaciens FZB42 [32] to test whether the observed
interspecies compatibility between Lysobacter and Bacillus species was
unique to OH11W and ZK-1 or was common. As shown in Fig. 2C, we did
found that co-culture of GFP-labelled FZB42 and the mCherry-labelled
OH11W enabled co-observation of GFP and RFP signals in mixed col-
onies, but co-inoculation of FZB42 and P. protegens Pf-5 at the same ratio
in mixed colonies under similar testing conditions resulted in killing of
Pf-5 by FZB42 (Fig. 2C). These results raised a strong possibility that

GFP

Bright

M228+FW-1

B

D. actinidiae C. gloeosﬁbrioides A. alternata
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genetic modification of OH11 by blocking the production of
WAP-8294A2 could facilitate the assembly of an artificially compatible
Lysobacter-Bacillus consortium without interspecies killing events.

3.3. Establishing an active OH11W/ZK-1 consortium exhibiting
inhibitory activities against both bacterial and fungal pathogens of
kiwifruit

To test whether the artificially assembled OH11W/ZK-1 consortium
(herein referred to as FW-1) is functional, we tested its antimicrobial
spectrum and activity. As shown in Fig. 3A, we could clearly observe

2.0
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D. actinidiae C. gloeosporioides A. alternata

OH11W ddH,0 E. coli

FW-1
A. alternata

OH11W

B Ei coli

ddFiz0

C. gloeosporioides

Fig. 3. The hybrid biocontrol agent FW-1 exhibited antibacterial and antifungal activity against the kiwifruit pathogens. (A) FW-1 showed similar anti-
bacterial activity as ZK-1. OH11 and ZK-1 were normalized to ODggo = 1.0, and mixed at a ratio of 1:1 to make a hybrid biocontrol agent named as FW-1. FW-1
showed a similar area of inhibition with ZK-1 against Psa on LB plates. Three replicates of each sample were analyzed with a t-test. Asterisks indicate significant
differences (P < 0.01). (B) FW-1 showed similar antifungal activity as OH11W. FW-1 showed a similar area of inhibition with OH11W against D. actinidiae,
C. gloeosporioides and A. alternata on PDA plates. Three replicates of each sample were analyzed with a t-test. Asterisks indicate significant differences (P < 0.01). (C)
Co-culture of FW-1 with GFP-labelled Psa resulted in inhibition of Psa growth by FW-1. (D) FW-1 inhibited conidia germination of C. gloeosporioides and A. alternata

during co-cultured with fungi conidia.
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that inoculation of the hybrid FW-1 on the plate surface displayed a
visible zone of inhibition against the growth of Psa M228 or C48, similar
to the monoculture of ZK-1 itself, but not OH11W. Likewise, the hybrid
FW-1 displayed antifungal activity against D. actinidiae,
C. gloeosporioide, and A. alternata, similar to OH11W itself, but not ZK-1
(Fig. 3B). By plating cells of FW-1 and Psa M228/C48 together on agar
plates to simulate cell-to-cell contact, we clearly observed that FW-1
effectively killed Psa M228 and C48 (Fig. 3C), similar to the situation
expressed by OH11 or ZK-1 shown in Fig. 1. FW-1 also retained the
ability of OH11/ZK-1 to inhibit the spread of fungal conidia to myce-
lium, such as C. gloeosporioide or A. alternata (Fig. 3D). These results
suggested that the assembled FW-1 consortium retained the antimicro-
bial ability shared by each consortium member. Next, we showed that
varying the 3:1 or 1:3 co-culture ratio between OH11W and ZK-1 did not
seem to block the antifungal/antibacterial activity of the consortium
(Fig. 4), suggesting that FW-1 was flexible and was promising in appli-
cation, because it may favor/restrict the growth of one species over the
other, resulting in changes in their abundance when it was applied under
different native conditions. The consortium seemed to be able to adapt
such changes to preserve co-expressed antimicrobial activity.

Finally, to investigate whether the assembled OH11W/ZK-1 con-
sortium can effectively control bacterial and fungal diseases of kiwifruit,
we conducted respective biocontrol assays in kiwifruit branches and
fruits. As shown in Fig. 5A, we found that co-culture of ZK-1 or FW-1
with Psa C48 significantly reduced the development of bacterial can-
ker symptoms compared to negative control (C48 alone). We also
observed that OH11W and FW-1 showed biocontrol efficiency in con-
trolling fruit soft rot caused by D. actinidiae (Fig. 5B). These results
indicated that FW-1 had both the antibacterial activity of ZK-1 and
antifungal activity of OH11, making FW-1 a potential biocontrol agent
for the control of bacterial and fungal diseases of kiwifruit.

OH11W : ZK-1
1:1

IS

n area (cmz)
w

N

inhibition area (cm?)

D. actinidiae

Inhibition area (cm®)
N
1

A. alternata
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4. Discussion

Assembling agricultural microbial consortium is an effective means
to promote plant health and control pathogen infection [33]. The inte-
gration of microbiome profiling and directed isolation of microorgan-
isms is a common and efficient approach in earlier studies [34-36].
Here, we provided another feasible approach to assemble a functional
bacterial consortium comprising Gram-negative (L. enzymogenes OH11)
and Gram-positive (B. safensis ZK-1) biocontrol agents by blocking the
production of the “long-range” weapons produced by Gram-negative
member to design co-existence combinations by assessing their inter-
cellular contact-dependent compatibility. We believe that our strategy
appeared to be general and had promising applications in engineering
biocontrol microbial consortium, because natural incompatibility be-
tween biocontrol species often occurs [10,37], and the methods
employed in our strategy was simple and more feasible.

The most notable finding was the observation of intercellular
contact-dependent co-existence between OH11 and ZK-1. As previously
reported, OH11 has an active “short-range” CDK weapon, T4SS, that can
kill neighbouring bacterial competitors by injecting toxic effectors into
prey cells [15]. Interestingly, Bacillus members have also been reported
to assemble a similar “short-range” weapon called T7SS, which can kill
competitors via cell-to-cell contact [38]. Under our testing conditions,
we found that both strains (OH11 and ZK-1) seemed to assemble a
potent CDK weapon to kill the phytopathogenic Psa; however, these CDK
weapons appear not to “work” when OH11 and ZK-1 cells are mixed
together. One possible reason underlying this interesting phenomenon is
that, compared to those Gram-negative competitors that were previ-
ously targeted and killed by OH11 using the T4SS, such as the
plant-beneficial Psedomonas species [15], Gram-positive bacteria have
an abundant peptidoglycan layer in their cell envelops, which may act as
a physical barrier to block the penetration of T4SS via cell-to-cell con-
tact, leading to a possibly compatible interaction mode between OH11
and Bacillus species. This assumption is partially supported in a recent

Fig. 4. L. enzymogenes OH11 and B. safensis
ZK-1 had elastic mixture ratio that balanced
antibacterial and antifungal ability. The
hybrid biocontrol agents were prepared by
mixing OH11W and ZK-1 in different ratios.
Antibacterial and antifungal abilities were
measured by antagonistic areas against kiwi-
fruit pathogens (A: M228, B: D. actinidiae, C:
A. alternata). All the OH11W: ZK-1 ratio showed
antibacterial and antifungal ability. The result
at ratio of 3:1 (OH11W: ZK-1) showed weak
antibacterial activity but strong antifungal
ability compared with that at 1:1. Three repli-
cates of each sample were analyzed with a t-
test. Asterisks indicate significant differences
(**: P < 0.01, *: P < 0.05).

3:1 1:1 1:3
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report where the authors demonstrated that T6SS, another widespread
CDK weapon used by Gram-negative bacteria, is relatively difficult to
attack Gram-positive bacteria typified by Bacillus [39]. Another possible
reason is that the observed coexistence between OH11 and ZK-1 is a
killing balancing event, and the two strains in the mixed colony also
established contact-dependent competition between cells using their
respective CDK weapons. It is also noteworthy that the observed
compatibility between OH11 and ZK-1 was consistent with the earlier
microbiome analyses, in which the authors reported that application to
foreign Bacillus strains to soil would enrich the abundance of native soil
Lysobacter species [40]. Since both Lysobacter and Bacillus contain
numerous biocontrol members with distinct biocontrol spectra and ef-
ficiencies, our findings shed light on the future assembly of diverse
functional consortia comprising Lysobacter and Bacillus species.

In a recent study, we showed that the disrupting of bacterial CDK
weapons represented by T4SS enable the combination of antifungal
OH11 and antibacterial Lysobacter antibioticus OH13 from naturally
incompatible to artificially compatible, resulting in the artificially
assembled consortium to co-express antifungal and antibacterial activ-
ities [17]. In this case, we aimed to use cell-free antimicrobial fermen-
tation broth as the major biocontrol factors, as disrupting those CDK
weapons will cause living cells to lose their fitness advantage over their
natural microbial competitions [17]. Unlike previous cases, this study
searched for “native” interspecies compatibility between OH11 and
ZK-1 without genetic manipulation of the respective CDK weapons. It is
suggested that this capability retain the natural adaptive advantage
conferred by CDK weapons. Therefore, direct application of bacterial
cultures is an excellent option for using the assembled OH11W/ZK-1
consortium in the field, and as a case study we demonstrated the
biocontrol efficiency of this consortium in the control of major bacterial
and fungal diseases of kiwifruit. However, the issue of concern raised in
this study was to discuss whether WAP-8294A2-defificient mutant has a
wild-type fitness advantage, because if this capacity is impaired,
OH11W will have problems with survival and application in the field.
Although several studies have demonstrated that antibiotic metabolites
produced by Pseudomonas and Bacillus biocontrols have key roles in

15+

10+

Y

3678

Computational and Structural Biotechnology Journal 21 (2023) 3672-3679

Fig. 5. FW-1 showed biocontrol activity
against kiwifruit canker and soft rot. In
panel A, Psa strain C48 was mixed with steril-
ized ddH50 (control), or OH11W, ZK-1 and FW-
1 at a ratio of 1:1, respectively. The mixtures
were then inoculated onto kiwifruit branches.
We also included non-inoculated controls that
were only inoculated with ddH,0. The inocu-
lated branches were covered with plastic wrap
and cultured in an incubator at 16 °C for 20
days before observation. FW-1 showed similar
biocontrol ability against kiwifruit canker as
ZK-1. Three replicates of each sample were
analyzed with a one-way ANOVA test. Different
letters indicate the significant differences
(P < 0.05). In panel B, hyphal plugs (5 mm in
diameter) of D. actinidiae were soaked in ddH,O
(control), or cultures of OH11W, ZK-1 and FW-1
for 20 min, respectively. The treated hyphal
plugs were then inoculated onto the wounds on
kiwifruit which caused by a puncher. The
inoculated fruits were cultured in a 25°C
incubator for 5 days before observation. FW-1
showed similar biocontrol ability against kiwi-
fruit soft rot as OH11. Three replicates of each
sample were analyzed with a one-way ANOVA
test. Different letters indicate the significant
differences (P < 0.05).
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regulating biofilm formation associated with bacterial colonization
[41-43], we did not found WAP-8294A2 to exert this regulatory role
other than its antibacterial effect [31]. One may also ask whether
blocking the production of WAP-8294A2 affects the production of the
antifungal antibiotic HSAF, and the answer is no, as we previously re-
ported [31]. A third issue is whether WAP-8294A2 blockage is detri-
mental to OH11 during interspecies competition. In this case, OH11W
may have similar competitive ability with OH11 because we found that
without WAP-8294A2, OH11 also kills ecologically relevant competitors
such as P. fluorescens 2P24 and P. protegens Pf-5 that were previously
demonstrated [15]. Therefore, we proposed that OH11 did not seem to
have an appreciable negative effect on the bacterial fitness without
WAP-8294A2. It is also noteworthy that no Gram-positive bacterial
pathogens have been reported to infect kiwifruit. Therefore, the absence
of WAP-8294A2 did not appear to affect its application in the control of
major kiwifruit diseases caused by Gram-negative Psa and fungal path-
ogens and importantly, we provided experimental evidence to support
this conclusion.

5. Conclusions

This study demonstrated that it was feasible to assemble a functional
microbial consortium to create a biocontrol-dependent sustainable
kiwifruit industry by designing compatible combination comprising
foreign and native kiwifruit biocontrol bacteria, in which the native ZK-
1 was expected to have a persistent colonization ability to exert long-
term biocontrol effect against Psa, while foreign OH11 was expected
to have a rapid killing effect against fungal pathogens through HSAF,
similar to chemical fungicides.
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