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Abstract 

Mulberry bacterial wilt is a devastating disease that is difficult to control and causes serious economic losses 
to the sericulture industry. This disease is mostly caused by a diverse group of pathogenic and opportunistic bacteria 
including, Ralstonia pseudosolanacearum, Pantoea ananatis, Enterobacter cloacae complex (ECC), Klebsiella pneumoniae 
species complex (KpSC), and K. oxytoca complex (KoC). Due to the lack of a rapid and reliable test to simultaneously 
detect these complex pathogens of mulberry wilt, we developed a multiplex PCR (mPCR) assay to detect five viru-
lence-related genes carried by the pathogenic bacteria of mulberry bacterial wilt disease. The primers were designed 
for the virulence-related genes: pleD (GGDF structural domain-containing protein), yjfP (esterase), pelY (peripheral 
pectate lyase), ampD (N-acetyl-anhydromuranmyl-L-alanine amidase), and ripW (type III effector). Overall, the devel-
oped mPCR assay showed highly specific, sensitive and reproducible detection of target pathogens. Briefly, the results 
showed that the mPCR was highly specific in individual reactions, and the lowest detection concentration of the five 
pathogenic bacteria was 1.87 × 103 CFU/mL (DNA = 2.45 pg/μL). From 46 natural mulberry wilt samples, the mPCR 
detection rates of P. ananatis, ECC, KpSC, KoC and R. pseudosolanacearum were 8.69, 91.3, 34.7, 23.9 and 65.21%, 
respectively. The traditional culture media isolation methods showed comparable results. The pathogenicity test 
of 84 suspected pathogenic bacteria revealed that the morbidity (average morbidity level) caused by the pathogenic 
bacteria detected by mPCR was ≥ 65.5%, while the morbidity of the undetected pathogenic bacteria was ≤ 35.5%. 
Based on these results, we believe that the mPCR developed in the present study will be useful in rapid, reproducible, 
and sensitive detection of the pathogenic bacteria causing mulberry bacterial wilt including, R. pseudosolanacearum, 
P. ananatis, ECC, KpSC, and KoC.
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Graphical abstract

Introduction
Mulberry is a tree or shrub of a significant economic 
value and is mainly distributed in Eurasia, Africa, and 
the Americas [83]. Mulberry can be used as raw mate-
rial in food and beverage [53], medical [51], and ani-
mal husbandry [1] industries. Mulberry is now seen as 
a unique plant with a positive impact on environmental 
sustainability and ecological restoration [14, 66]. Several 
devastating diseases have been reported to affect the 
healthy growth of mulberry. From these, mulberry bacte-
rial wilt, a devastating bacterial quarantine disease, seri-
ously affects mulberry production both in terms of yield 
and quality [32]. Historically, the occurrence of mulberry 
bacterial wilt was first reported in 1969 in Shunde city 
of Guangdong province of China, and then it spread to 
most of the mulberry planting areas in the region [54]. 
At present, mulberry bacterial wilt is still endemic in the 
central sericulture-producing regions of Guangdong and 
Guangxi provinces and other places in China [15].

The casual pathogens of mulberry bacterial wilt have 
a complex diversity [81]. The pathogens such as Pantoea 
ananatis, Enterobacter cloacae complex (ECC), Klebsiella 
pneumoniae species complex (KpSC), K. oxytoca com-
plex (KoC) and Ralstonia pseudosolanacearum have been 
reported to cause mulberry wilt disease, (see Additional 
file 1: Figure S1) [81]. Initially, R. solanacearum complex 
(RSSC) was identified as a pathogen causing mulberry 
bacterial wilt [40], however, it was later re-classified as R. 
pseudosolanacearum. Previously, ECC polyphyletic group 
was also identified to cause mulberry wilt [72, 88]. Simi-
larly, several strains of mulberry wilt pathogens includ-
ing E. cloacae (ECC), E. asburiae (ECC), K. pneumoniae 
(KpSC), K. variicola (KpSC), and K. oxytoca (KoC) were 
identified in Guangdong and Guangxi provinces of China 

[10]. Recently, we have identified P. ananatis strain LCFJ-
001 [79], E. roggenkampii strain KQ-01 (ECC) [87], and 
K. michiganensis strain AKKL-001 (KoC) [49] as causal 
pathogens of mulberry bacterial wilt. Interestingly, these 
bacteria have been reported to cause bacterial wilt in 
other crop species as well [24, 45, 61].

The host range of R. pseudosolanacearum is broad, 
including mulberry. This pathogen infects the roots or 
stems, eventually causing the host to wither and die [67]. 
ECC is a commonly reported plant pathogen belong-
ing to the genus Enterobacter [61]. It has been reported 
to cause wilt and bulb rot of onions [84], ginger rot [86], 
rot of garlic bulbs [41], necrosis of pepper seedlings [21], 
bacterial wilt of rice [77], and yellowing and decay of 
papaya internals [33]. KpSC and KoC also cause bacterial 
diseases in other crops. For instance, K. variicola (KpSC) 
can cause rhizome rot of banana [45], sorghum leaf spot 
[52], plantain soft rot [20], papaya soft rot disease  [25], 
and carrot bacterial soft rot [6]. K. pneumonia (KpSC) 
can cause onion bulb disease [44] and bacterial top rot in 
maize [30]. K. oxytoca (KoC) causes wetwood disease of 
Morus trees [4]. P. ananatis is an important plant patho-
gen of the genus Pantoea [8]. It was first identified as a 
pathogen of pineapple fruit rot in Philippines in 1928 
[56]. It was found to cause bacterial brown rot of maize 
[56], center and bulb rot of onions [2], wilt and collapse 
of eucalyptus [12], bacterial leaf streaking of sweet corn 
[85], and bacterial diseases of rice [78]. Evidence from 
these reports, therefore, shows  that P. ananatis, ECC, 
KpSC, KoC and RSSC can cause bacterial diseases in a 
wide range of plant hosts.

To prevent the spread of mulberry bacterial wilt, there 
is a need of a sensitive molecular assay to rapidly and 
simultaneously detect different wilt pathogens. This is 
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particularly relevant due to inherent limitation of the tra-
ditional culture methods which are labor-intense and 
time-consuming. Currently, the methods of molecular 
detection of mulberry wilt pathogens in practice include 
PCR [71], RT‒PCR [47], LAMP [27], and IMSA-LAMP 
[80]. However, there is no practical rapid test for the 
detection of compound infections of bacterial wilt patho-
gens of mulberry. Given that the multiplex PCR (mPCR) 
technique involves the addition of two or more primer 
pairs to the same reaction system, therefore, it enables 
rapid and simultaneous detection of multiple pathogens, 
with significant reduction in detection time and cost of 
material used [7, 31].

Based on our previous results [81], the highly patho-
genic flora include: R. pseudosolanacearum, E. cloacae 
complex (ECC,E. asburia, E. roggenkampi, and E. cloa-
cae), K. pneumoniae species complex (KpSC; K. quasip-
neumoniae, K. pneumoniae, and K. variicola), K. oxytoca 
complex (KoC; K. michiganensis, and K. oxytoca) and P. 
ananatis [81]. Therefore, in keeping with the foregoing 
evidence and to achieve the targeted detection of patho-
genic bacteria, in this study we included important viru-
lence-related genes (Hydrolase, effectors, drug resistance 

and diguanylate cyclase genes, etc.) of the  pathogenic 
bacteria of plants, and established the mPCR assay to 
detect these bacteria. We believe that this mPCR assay 
will provide a reliable technical means for rapid diagno-
sis, prevention and control of mulberry bacterial wilt.

Results
Verification of 10 strains of mulberry bacterial wilt 
pathogens based on the Koch’s postulates
The verification test results are shown in Fig.  1. The 
virulence level of each strain was observed as follows: 
XCqk = KQ-01 > YDKL > XCYG > AKKL > MBWS14. 
(14) > LCKL = MBWS6. (10) > MBWS31. (7) > LCFJ > CK 
(Fig.  1). The morbidity levels of KQ-01, XCqk, YDKL 
and XCYG were significantly higher (P < 0.05) than 
those of AKKL, MBWS14. (14), LCKL, MBWS6. (10) 
and MBWS31. (7). The morbidity level of LCFJ was sig-
nificantly lower (P < 0.05) than that of the other strains. 
Meanwhile, all 10 strains of pathogenic bacteria were 
isolated from the diseased mulberry stems. While the 
mulberry seedlings in the control group showed no 
symptoms, and no bacteria were isolated from the mul-
berry stems. This finding indicated that these 10 strains 

Fig. 1  Verification of 10 strains of mulberry bacterial wilt pathogens based on the Koch’s postulates. a The morbidity level of strains of mulberry 
bacterial wilt pathogens (KQ-01, XCqk, YDKL, XCYG, MBWS6. (10), MBWS14. (14), AKKL, LCKL, MBWS31. (7) and LCFJ) infecting mulberry seedlings 
at different points of time. b The state of mulberry seedlings infected with mulberry bacterial wilt pathogens (KQ-01, XCqk, YDKL, XCYG, MBWS6. 
(10), MBWS14. (14), AKKL, LCKL, MBWS31, (7) and LCFJ) after 12 days of inoculation. “d”: day. Bars with different letters indicate a significant difference 
between means by one-way analysis of variance (ANOVA) and least significant difference (LSD) tests (P < 0.05). Error bars indicate ± standard 
deviation. Morbidity level: 0: no symptoms; 1: one to two leaves yellow or withered; 2: 3–4 leaves yellow or withered; 3: all leaves yellow or withered; 
4: whole plant died. In addition, the morbidity level 0 was represented as I; the morbidity level 0 ~ 1 was represented as HR; the morbidity level 
1 ~ 2 was represented as MR; the morbidity level 2 ~ 3 was represented as MS; and the morbidity level 3 ~ 4 was represented as HS. XCqk: R. 
pseudosolanacearum XCqk; XCYG: E. asburiae XCYG; KQ-01: E. roggenkampii KQ-01; MBWS6. (10): E. cloacae MBWS6. (10); MBWS14. (14): K. variicola 
MBWS14. (14); MBWS31. (7): K. pneumoniae MBWS31. (7); YDKL: K. quasipneumoniae YDKL; AKKL: K. michiganensis AKKL; LCKL: K. oxytoca LCKL; LCFJ: P. 
ananatis LCFJ; CK: CK: control group (sterile MS medium)
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of pathogenic bacteria (R. pseudosolanacearum XCqk, 
E. asburiae XCYG, E. roggenkampii KQ-01, E. cloacae 
MBWS6. (10), K. pneumoniae MBWS31. (7), K. variicola 
MBWS14. (14), K. quasipneumoniae YDKL, K. michi-
ganensis AKKL, K. oxytoca LCKL and P. ananatis LCFJ) 
were all pathogenic bacteria of mulberry bacterial wilt.

Analysis of conservation of target genes based on NCBI 
datasets
After downloading the genome sequences of 
selected pathogenic bacteria, we compared them between 
the strains with the whole genome in the NCBI, and 
counted the distribution of different target genes in the 
strains. The results are shown in Table  1. The gene yjfP 
(esterase YjfP) was contained in 95.65% of E. asburiae, 
100% of E. roggenkampii, 15.82% of E. cloacae, 11.06% 
of E. kobei and 0.08% of E. hormaechei. The pelY (peri-
plasmic pectate lyase) gene was present in 99.31% of K. 
michiganensis and 87.37% of K. oxytoca. ampD (N-acetyl-
dehydromuramoyl-L-alanine amidase) gene was present 
in 99.73% of K. quasipneumoniae, 24.77% of K. vari-
icola, 0.71% of K. aerogenes and 0.10% of K. pneumoniae. 
99.62% of P. ananatis contained pleD (diguanylate cyclase 
with sensor domain). ripW (type III effector RipW) gene 
was present in 85.93% of R. pseudosolanacearum, and 
49.83% of R. solanacearum.

Using yjfP, pelY, ampD, pleD and ripW as target 
genes, this design was able to detect more than 85% of 
E. asburiae, E. roggenkampii, K. michiganensis, K. oxy-
toca, K. quasipneumoniae, P. ananatis, and R. pseudo-
solanacearum. This design had the ability to partly detect 

E. cloacae, E. kobei, K. variicola, and R. solanacearum, 
and could also detect a small number of E. hormaechei, 
K. aerogenes, and K. pneumoniae. However, it could not 
detect E. mori in the samples.

Specificity of mPCR primers
The pleD gene was used to detect P. ananatis; yjfP was 
used to detect ECC; pelY was used to detect K. michi-
ganensis and K. oxytoca; ampD was used to detect K. 
pneumoniae, K. quasipneumoniae, and K. variicol; ripW 
was used to detect R. pseudosolanacearum. Primer-Blast 
was used to design the corresponding primers, and the 
primer specificity was evaluated (Table 2).

The primers were analyzed in Primer-Blast and the 
results are shown in Additional file 1: Figure S2. Briefly, 
EyjfPF/EyjfPR detected E. cloacae and E. roggenkampii 
in ECC (Additional file  1: Figure S2a). KpelYF/Kpe-
lYR detected K. michiganensis, K. oxytoca, and a small 
number of K. pasturii (Additional file  1: Figure S2b). 
KampDF/KampDR detected K. pneumoniae, and K. qua-
sipneumoniae (Additional file  1: Figure S2c). RripwF/
RripwR detected R. solanacearum (Additional file 1: Fig-
ure S2d). PapleDF/PapleDR detected P. ananatis (Addi-
tional file 1: Figure S2e).

Next, the specificity of five pairs of primers was veri-
fied and all 10 target strains were detected effectively 
(see Fig. 2). In addition, no bands for other non-target 
bacteria were observed (Fig.  2: lanes 11–34). There 
was no amplification in the negative control group 
containing healthy mulberry DNA. These results show 
that the primers EyjfPF/EyjfPR, KampDF/KampDR, 

Table 1  The distribution of five target genes in different strains based on NCBI analysis

ECC: E. cloacae complex; KpSC: K. pneumoniae species complex; KoC: K. oxytoca complex

Species Target genes

yjfP (%) pelY (%) ampD (%) pleD (%) ripW (%)

E. asburiae (ECC) 95.65 0.00 0.00 0.00 0.00

E. cloacae (ECC) 15.82 0.00 0.00 0.00 0.00

E. hormaechei (ECC) 0.08 0.00 0.00 0.00 0.00

E. kobei (ECC) 11.06 0.00 0.00 0.00 0.00

E. mori (ECC) 0.00 0.00 0.00 0.00 0.00

E. roggenkampii (ECC) 100 0.00 0.00 0.00 0.00

K. michiganensis (KoC) 0.00 99.31 0.00 0.00 0.00

K. oxytoca (KoC) 0.00 87.37 0.00 0.00 0.00

K. pneumoniae (KpSC) 0.00 0.00 0.10 0.00 0.00

K. quasipneumoniae (KpSC) 0.00 0.00 99.73 0.00 0.00

K. variicola (KpSC) 0.00 0.00 24.77 0.00 0.00

K. aerogenes 0.00 0.00 0.71 0.00 0.00

P. ananatis 0.00 0.00 0.00 99.62 0.00

R. pseudosolanacearum 0.00 0.00 0.00 0.00 85.93

R. solanacearum 0.00 0.00 0.00 0.00 49.83
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KpelYF/KpelYR, RripwF/RripwR and PpleDF/PpleDR 
designed in this study had reasonable specificity.

In summary, the primers designed in this study were 
effective in detecting the targeted pathogens of mul-
berry bacterial wilt including, R. pseudosolanacearum, 
E. cloacae complex (ECC; E. asburiae, E. roggenkampi, 
and E. cloacae), K. pneumoniae species complex 
(KpSC; K. quasipneumoniae, K. pneumoniae, and K. 
variicola), K. oxytoca complex (KoC; K. michiganensis, 
and K. oxytoca) and P. ananatis. Table  2 presents the 
information of the specific genes and primers used for 
PCR identification of ECC, KoC, KpSC, R. pseudosola-
nacearum and P. ananatis.

Establishment of optimal mPCR amplification system
Screening of optimal amount of primer
Five pairs of primers (RripwF/RripwR, EyjfPF/EyjfPR, 
KpelYF/KpelYR, KampDF/KampDR, and PpleDF/
PpleDR) were subjected to an orthogonal experiment 
with five factors and four levels. The optimal addition 
amount of 16 combinations of  primers was determined 
by scoring (Additional file 2: Table S1). The results (Fig. 3 
and Additional file  1: Figure S3) revealed that the five 
pairs of primers had P values lesser than 0.05, indicating 
that this orthogonal design was reliable. The best com-
bination (Compute group) of the five pairs of primers 
was as follows: RripwF/RripwR: 0.25 μM, EyjfPF/EyjfPR: 

Table 2  Gene and primer information

ECC E. cloacae complex; KpSC K. pneumoniae species complex; KoC K. oxytoca complex

Species Name of target genes Encoded protein Primer name Sequences (5′–3′) Product 
size (bp)

ECC yjfP (CP058637.1) Esterase YjfP EyjfPF CTG​ACC​ACG​GCG​CAC​GAT​TT 476

EyjfPR GCG​AAC​GCC​TGA​TTC​CCA​CA

KoC pelY (CP060111.1) periplasmic pectate lyase KpelYF TCT​TCT​CAC​TGA​GTG​CTG​GC 624

KpelYR TGA​GAA​AGC​TCA​GGC​CCT​TG

KpSC ampD (CP068237.1) N-acetyl-anhydromuranmyl-L-alanine 
amidase

KampDF CGT​TTC​GGC​GCA​TTG​TCT​GATT​ 258

KampDR ATA​TCG​CTA​TGG​CCC​GTG​ATG​TTT​

R. pseudosolanacearum ripW (WP_197360060.1) Type III effector RipW, Harpin with pec-
tate lyase domain

RripwF CCG​AGT​AGG​CCT​TGT​AGC​TC 357

RripwR ATC​CGA​ACT​CGA​TCT​CCA​ACC​

P. ananatis pleD (NZ_CP066803.1) GGDEF domain-containing protein PpleDF CAT​CTA​CGA​ACG​CTC​CTT​ACCGC​ 929

PpleDR CGC​ACC​ATT​CCG​GCC​AGT​TT

Fig. 2  Gels representing result of analysis of mPCR primer specificity. M: 1000 marker; 1: R. pseudosolanacearum XCqk DNA; 2: E. asburiae XCYG DNA; 
3: E. cloacae MBWS6. (10) DNA; 4: E. roggenkampii KQ-01 DNA; 5: K. quasipneumoniae YDKL DNA; 6: K. pneumoniae MBWS31. (7) DNA; 7: K. variicola 
MBWS14. (14) DNA; 8: K. michiganensis AKKL DNA; 9: K. oxytoca LCKL DNA; 10: P. ananatis LCFJ DNA; 11: P. samygadali pv. mori ZJDX-003 DNA; 12: 
Curtobacterium sp. YDDX-001 DNA; 13: B. subtilis YD-003 DNA; 14: P. aeruqinasa YD-001 DNA; 15: P. polymyxa YD-002 DNA; 16: P. mori L40-14 DNA; 17: 
Acinetobacter sp. KG-2 DNA; 18: Bacillus sp. ME-003 DNA; 19: Enterobacter sp. LJ-5 DNA; 20: Enterobacter sp. LJ-12 DNA; 21: Enterobacter sp. L40H-77 
DNA; 22: Enterobacter sp. S2H-107 DNA; 23: Enterobacter sp. T10H-85 DNA; 24: Escherichia sp. L-G-93 DNA; 25: Glutamicibacter sp. KJ-15 DNA; 26: 
Mesorhizobium sp. KG-15 DNA; 27: Pantoea sp. L-G-95 DNA; 28: Pantoea sp. L40H-91 DNA; 29: Pantoea sp. S2H-99 DNA; 30: Pantoea sp. T10H-16 
DNA; 31: Pantoea sp. L40H-43 DNA; 32: Pseudomonas sp. ME-001 DNA; 33: Staphylococcus sp. KG-23 DNA; 34: Stenotrophomonas sp. KG-24 DNA; 
NC: Healthy Mulberry samples DNA. “Pa”: P. ananatis; “Rp”: R. pseudosolanacearum; “ECC”: E. cloacae complex; “KpSC”: K. pneumoniae species complex; 
“KoC”: K. oxytoca complex
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0.25  μM, KpelYF/KpelYR: 1  μM, KampDF/KampDR: 
0.5 μM, PpleDF/PpleDR: 0.25 μM.

To further validate the results, we compared the Com-
pute group with the primer groups that scored higher 
than 90 in the orthogonal experiment. These included: 
primer group 1 (Fig. 3: lane 17), primer group 2 (Fig. 3: 
lane 18), primer group 9 (Fig. 3: lane 19), primer group 15 
(Fig. 3: lane 20). The results are shown in Fig. 3 and Addi-
tional file 1: Figure S3: Lanes 17–21. The Compute group 
(Fig.  3: Lane 21) obtained the target bands at 929  bp, 
624 bp, 476 bp, 357 bp and 258 bp, respectively. Except 
for K. quasipneumoniae YDKL, the amplified bands of 
R. pseudosolanacearum XCqk, E. roggenkampii KQ-01, 
K. michiganensis AKKL, and P. ananatis LCFJ were 
clear and bright. Meanwhile, no amplification band was 
observed in the negative control (Additional file  1: Fig-
ure S3: lane 21). The comparison between these primer 
groups showed that the Compute group had the highest 
score of 95 points. These results further validated the 
optimal amount of primers used in this study.

Screening of optimal amount of 10 mM dNTP
Next, we evaluated the optimal amount of 10 mM dNTP 
in the mPCR reaction system (see Fig. 4a and Additional 
file  1: Figure S4a). The results showed that when the 
amount of 10 mM dNTP added was 0.4 μL (Fig. 4a: lane 
3), five clear target bands appeared, and no false positives 
were seen (Additional file 1: Figure S4a: lane 3). When the 
amount of 10 mM dNTP was kept to 0 μL (Fig. 4a: Lane 
1) and 0.2 μL (Fig. 4a: Lane 2), the five bright bands were 
still observed, but false positives were also seen (Addi-
tional file 1: Figure S4a: Lane 1 and 2). When the addition 
amount of 10 mM dNTP was kept to 0.6 μL, the amplifi-
cation efficiency decreased significantly (Fig. 4a: lane 4). 
Likewise, when the added amount of 10 mM dNTP was 

increased to 0.8 μL and above, no amplification band was 
produced (Fig. 4a and Additional file 1: Figure S4a: lanes 
5 ~ 11). Therefore, we selected 0.4 μL as an optimal addi-
tion amount of 10 mM dNTP.

Screening of optimal amount of 25 mM MgCl2 dNTP
The results of screening of optimal amount of 25  mM 
MgCl2 in the mPCR reaction system are shown in Fig. 4b 
and Additional file 1: figure S4b. Briefly, it was observed 
that when the amount of 25  mM MgCl2 was kept to 
0.4 μL (Fig. 4b: Lane 3), five clear target bands appeared, 
and the false positives were not obvious (Additional file 1: 
Figure S4b: Lane 3). However, when 25 mM MgCl2 was 
added at 0 μL (Fig. 4b: lane 1) and 0.2 μL (Fig. 4b: lane 
2), the bands did appear but they were not bright. When 
the amount of 25 mM MgCl2 was increased to 0.6 μL and 
above, the false positive bands were obvious (Additional 
file  1: Figure S4b: lanes 4 ~ 11). Therefore, 0.4  μL was 
selected as an optimal addition amount of 25 mM MgCl2.

Optimization of mPCR amplification cycle numbers
The results of optimization of number of amplification 
cycles in the mPCR reaction system are shown in Fig. 4c 
and Additional file  1: figure S4c. The optimal results [5 
clear and obvious bands (Fig. 4c: Lane 3) and no amplifi-
cation band in the blank group (Additional file 1: Figure 
S4c: Lane 3)] were obtained when the number of cycles 
was kept to 28. The amplification bands were not bright 
enough, when the cycle number was kept to 24 (Fig. 4c: 
lane 1) and 26 (Fig.  4c: lane 2). When the number of 
cycles was kept to 30 and above, the false positives were 
more obvious (Additional file  1: Figure S4c: lanes 4–6). 
Therefore, 28 cycles were regarded as an optimal number 
for the mPCR assay.

Fig. 3  Screening of the best primers for mPCR assay. M: 1000 marker. 1–16: The results after mixing 5 pairs of primers (RripwF/RripwR, EyjfPF/
EyjfPR, KpelYF/KpelYR, KampDF/KampDR, and PpleDF/PpleDR) according to primer group 1 to 16 and performing PCR amplification (see Additional 
file 2: Table S1); 17: Primer group 1; 18: Primer group 2; 19: Primer group 9; 20: Primer group 20; 21: Compute group. “Pa”: P. ananatis “Rp”: R. 
pseudosolanacearum; “ECC”: E. cloacae complex; “KpSC”: K. pneumoniae species complex; “KoC”: K. oxytoca complex
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Screening of optimal annealing temperature for mPCR 
reaction
The screening results of annealing temperature for 
the  mPCR reaction are shown in Fig.  4. The optimal 
results were obtained when annealing temperature was 
set at 61  °C (Fig.  4d: Lane 9): 5 clear and most obvi-
ous bands appeared, and no amplification band was 
recorded in the blank group (Additional file  1: Figure 
S4d: Lane 9). However, when the annealing temperature 
was set to the range of 53–60  °C (Fig.  4d: lanes 1–8), 
the bands were not clear and bright enough. When the 
annealing temperature was raised to 62  °C (Fig.  4d: 
Lane 10) and 63 °C (Fig. 4d: Lane 11), the amplification 
efficiency started to decrease and the amplified bands 
began to darken. Therefore, 61  °C was selected as an 
optimal annealing temperature.

Practical/reproducibility testing of mPCR assay
Validation of optimal reaction system and amplification 
conditions for mPCR assay
To further validate the efficiency of the developed sys-
tem, 10 ng/μL genomic DNA of R. pseudosolanacearum 
XCqk, E. roggenkampii KQ-01, K. quasipneumoniae 
YDKL, K. michiganensis AKKL, and P. ananatis LCF 
was randomly combined in different proportions as tem-
plates. These templates were then detected by mPCR 
(Fig.  5a). The amplification results were consistent with 
the theoretical values, indicating that the developed 
mPCR assay can effectively detect different combinations 
of the target bacteria.

Detection limit of mPCR
The results of sensitivity of mPCR assay are shown in 
Fig. 5. Briefly, when the bacterial concentration was kept 

Fig. 4  Effect of different 10 mM dNTP (a), and 25 mM MgCl2 dNTP (b) addition amounts, amplification cycle numbers (c), annealing temperatures 
(d) on mPCR efficiency. Note: M: 1000 marker. a1-a11: 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 μL, 1.4, 1.6, and 2.0 μL of 10 mM dNTPs, respectively. b1-b11: Add 0, 
0.2, 0.4, 0.6, 0.8, 1.0, 1.2 μL, 1.4, 1.6, and 2.0 μL of 25 mM MgCl2, respectively. c1-c6: represent cycle numbers: 24, 26, 28, 30, 32 and 34, respectively. 
d1 ~ d11: respectively, represent the annealing temperature: 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63 °C. “Pa”: P. ananatis “Rp”: R. pseudosolanacearum; 
“ECC”: E. cloacae complex; “KpSC”: K. pneumoniae species complex; “KoC”: K. oxytoca complex
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to 1.87 × 103 -1.87 × 107 CFU/mL (Fig. 5b: Lane 1–4), the 
bands of 929  bp (P. ananatis), 624  bp (K. michiganen-
sis), 476 bp (ECC), 357 bp (R. pseudosolanacearum) and 
258 bp (K. quasipneumoniae) were obtained. Therefore, it 
was noted that the lowest detection limit of mPCR for P. 
ananatis, KpSC, ECC, R. pseudosolanacearum and KoC 
was 1.87 × 103 CFU/mL (DNA = 2.45 pg/μL).

Interference testing of mPCR assay
The sensitivity of mPCR assay to non-target DNA inter-
ference was determined by mixing target pathogens (E. 
asburiae XCYG, K. michiganensis AKKL, K. quasip-
neumoniae YDKL, R. pseudosolanacearum XCqk, and 
P. ananatis) and non-target bacteria in different ratios 
(Fig. 5c). The mixture of all strains tested produced five 
clear bands whose brightness/intensity was compara-
ble to those  obtained by analyzing the pure cultures of 
the target bacteria. This result  indicated that the pres-
ence of non-target endophytes Enterobacter sp. LJ-12, 
Pseudomonas sp. ME-001, Staphylococcus sp. KG-23, 
Bacillus sp. ME-003, Stenotrophomonas sp. KG-24, and 

Acinetobacter sp. KG-2 had no impact on detection of 
the target pathogenic bacteria.

Application of mPCR assay for analysis of natural mulberry 
wilt disease samples
Next, we compared the efficiency of the developed 
mPCR with the traditional triphenyl tetrazolium chloride 
(TTC) culture medium detection method. The results 
are shown in Fig. 6 and Additional file 2: Table S2. From 
46 samples tested for the  suspected mulberry bacterial 
wilt disease, the mPCR detection rates of Pantoea sp. (P. 
ananatis), Enterobacter sp. (E. cloacae complex, ECC), 
Ralstonia sp. (R. pseudosolanacearum), and Klebsiella 
spp. (KpSC, and KoC) were 8.69, 91.3, 65.21, and 41.3%, 
respectively (Additional file 2: Table S2 and Fig. 6). As for 
the Klebsiella spp., the detection rates of KpSC and KoC 
were 34.7 and 23.9%, respectively (Fig.  6). Whereas the 
detection rates of the pathogenic bacteria Pantoea sp., 
Enterobacter sp., Ralstonia sp., and Klebsiella spp. iso-
lated from the traditional TTC culture media were 26.08, 
86.95, 36.95, and 32.60%, respectively (Additional file  2: 

Fig. 5  Practical and Reproducibility testing of mPCR assay. a Efficiency of different combinations of genomic DNA of five pathogenic bacteria used 
in mPCR; b mPCR detection limit of pathogenic bacteria in pure culture; c Anti-interference tests of mPCR detection of pathogenic bacteria 
with endophytic bacteria at different mixing proportion. M: 1000 Maker. a:1—a:18: mPCR detection results at different mixing proportion 
of DNA of R. pseudosolanacearum XCqk, E. roggenkampii KQ-01, K. quasipneumoniae YDKL, K. michiganensis AKKL, and P. ananatis LCFJ. b1: 
2.46 ng/1.87 × 106 CFU/mL; b2: 1.87 × 105 CFU/mL; b3: 1.87 × 104 CFU/mL; b4: 1.87 × 103 CFU/mL; b5; 1.87 × 102 CFU/mL;b 6: 1.87 × 101 CFU/
mL; b7: 1.87 CFU/m; c1- c5: Enterobacter sp. LJ-12,; c6- c10: Pseudomonas sp. ME-001; c11- c15: Staphylococcus sp. KG-23; c16- c20: Bacillus sp. 
ME-003; c21- c25: Stenotrophomonas sp. KG-24; c26- c30: Acinetobacter sp. KG-2; the ratio of target bacteria to interfering bacteria at 1:102, 1:10, 
1:1, 10:1, and 102:1. PC: template mixed in equal proportions (1:1:1:1:1) with E. asburiae XCYG, K. michiganensis AKKL, K. quasipneumoniae YDKL, R. 
pseudosolanacearum XCqk, and P. ananatis LCFJ genomes at 10 ng/μL as positive control. NC: the healthy mulberry genome as a negative control. 
“Pa”: P. ananatis “Rp”: R. pseudosolanacearum; “ECC”: E. cloacae complex; “KpSC”: K. pneumoniae species complex; “KoC”: K. oxytoca complex
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Table S2). These results showed a difference between the 
traditional TTC medium isolation and the mPCR assay.

Application of mPCR assay for isolation of pathogenic 
bacteria
Using the mPCR assay, we further tested Ralstonia sp., 
Enterobacter sp., Klebsiella spp., and Pantoea sp. iso-
lated from field samples of mulberry bacterial wilt. The 
pathogenicity test was also performed concurrently. 
The results are shown in Additional file 1: figure S5 and 
Additional file  2: Table  S3. Briefly, a total of 12 strains 
of Ralstonia sp. were detected in this study. From these, 
10 strains showed a 357  bp band by mPCR (Additional 
file 1: figure S5: Lane 1–12). The concurrent pathogenic-
ity tests showed that the detected Ralstonia sp. caused 
morbidity of ≥ 70.5% to mulberry branches, while the 
undetected Ralstonia sp. caused 0% morbidity to mul-
berry branches. From 32 Enterobacter strains, 10 strains 
showed a 476  bp band when subjected to mPCR assay 
(Additional file 1: Figure S5: Lane 13–44). The morbidity 
rate caused by the detected Enterobacter sp. was > 65.5%, 
and the morbidity rate caused by the undetected Enter-
obacter sp. was ≤ 35.5%. From 13 Klebsiella strains, 8 
strains showed 258  bp bands by mPCR, and 2 strains 
obtained 624 bp bands (Additional file 1: Figure S5: Lane 
45–57). The morbidity caused by the detected Klebsiella 
spp. was ≥ 65.5%, while that of the undetected Klebsiella 
spp. was 0%. From 12 strains of Pantoea sp., one strain 
showed 929 bp band by mPCR (Additional file 1: Figure 
S5: Lane 58–69). The morbidity caused by the detected 
Pantoea sp. was ≥ 65.5%, while the morbidity of unde-
tected ones was ≤ 16.5%. These results show that the 
mPCR assay developed in the present study can effec-
tively detect the pathogenic bacteria causing mulberry 
wilt disease.

In summary, we designed an mPCR detection method 
based on important virulence-related genes of plant path-
ogenic bacteria: Hydrolase (Esterase yjfP and periplas-
mic pectate lyase pelY), effector (Type III effector ripW), 
drug resistance (N-acetyl-anhydromuranmyl-L-alanine 
amidase ampD) and virulence regulatory gene (GGDEF 
domain-containing protein pleD). The mPCR was 
performed in a 25 µL volume. The reaction mixture 
contained 12.5  µL 2 × Taq PCR Master Mix (Sangon 
Biotechnology (Shanghai) Co., Ltd.), primers (0.25  µM 
RripwF, 0.25  µM RripwR, 0.25  µM EyjfPF, 0.25  µM 
EyjfPR, 1  µM KpelYF, 1  µM KpelYR, 0.5  µM KampDF, 
0.5 µM KampDR, 0.25 µM PpleDF, and 0.25 µM PpleDR), 
1 µL of the above genomic DNA as template, and ddH2O 
was added to 25 µL. mPCR thermal cycle: 94 °C for 5 min, 
followed by 28 cycles of 94 °C for 30 s, 60 °C for 30 s, and 
72  °C for 30  s, extension step at 72  °C for 10  min. The 
mPCR products were analyzed by electrophoresis on 
a 1.2% agarose gel at 110  V for 30  min under UV light 
irradiation. It can simultaneously detect ECC (476  bp), 
KoC (624  bp), KpSC (258  bp), R. pseudosolanacearum 
(357 bp), and P. ananatis (929 bp). The developed mPCR 
assay is summarized in graphical abstract.

Discussion
As a devastating disease, bacterial wilt is classified as an 
acute quarantine disease [16], which is difficult to con-
trol due to its complex etiology. Traditionally used isola-
tion methods are tedious, time consuming and prone to 
human bias in the results [73]. At present, the molecu-
lar detection methods for mulberry bacterial wilt include 
PCR [71], RT‒PCR [47], LAMP [27] and IMSA-LAMP 
[80]. However, all of these methods can only detect one 
pathogen at a time. In keeping with this operational limi-
tation, there is a dire need to develop a rapid and effective 
method to simultaneously detect the complex pathogens 

Fig. 6  mPCR-based detection of the suspected mulberry bacterial wilt in the field. M: 1000 Maker; 1 ~ 46: suspected mulberry bacterial 
wilt disease-like DNA in the field. PC: the template mixed in equal proportions (1:1:1:1:1) with E. asburiae XCYG, K. michiganensis AKKL, K. 
quasipneumoniae YDKL, R. pseudosolanacearum XCqk, and P. ananatis LCFJ genomes at 10 ng/μL as positive control; NC: the healthy mulberry 
genome as a negative control. “Pa”: P. ananatis “Rp”: R. pseudosolanacearum; “ECC”: E. cloacae complex; “KpSC”: K. pneumoniae species complex; “KoC”: 
K. oxytoca complex
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of mulberry bacterial wilt. The mPCR molecular assays 
using more than one pair of primers are becoming 
increasingly popular, as they can detect multiple targets 
simultaneously in a single PCR [17]. The mPCR-based 
species identification methods have been developed 
for many organisms, including nematodes [29], fungi 
[64], bacteria [37], and viruses [28]. The development 
of mPCR in the present study provides rapid and cost-
effective means for simultaneous detection of the  five 
mulberry bacterial wilt pathogens including P. ananatis, 
ECC, KpSC, KoC and R. pseudosolanacearum.

From these five pathogens of mulberry bacterial wilt, 
in addition to R. pseudosolanacearum, P. ananatis [11], 
ECC [62], KpSC [22, 57, 65], and KoC [22, 57, 65] have all 
been reported to cause human diseases. They are human 
opportunistic pathogens known for their high drug 
resistance and play complex roles in ecology. P. ananatis, 
ECC, KpSC, and KoC are emerging pathogens that, unlike 
most plant pathogenic microorganisms, can also infect 
humans [8, 19]. The pathogens such as P. ananatis, ECC, 
KpSC, and KoC can not only infect humans and plants as 
opportunistic pathogens, but also act as beneficial bacte-
ria that promote plant growth and disease resistance [35, 
36, 48, 50, 63].

The phenomenon by which these microorganisms can 
change their lifestyles from pathogen to endophytes and 
vice versa are much complex than they appear to be. 
Comparative genomic studies have revealed that the col-
onization mechanisms used by endophytes are also the 
same as used by plant pathogens [46, 58]. Interestingly, 
besides their beneficial roles in plant health, endophytes 
can increase the severity of disease in plants, raising new 
questions regarding plant disease ecology and manage-
ment [5]. Recently, the endophytic Pantoea agglomerans 
(DAPP-PG 734) was reported to indirectly enhance the 
virulence of P. savastanoi pv. savastanoi (DAPP-PG 722) 
in olive knots, potentially through its active hypersensi-
tive response and pathogenicity (Hrp) type III secretion 
system (T3SS) [59]. This evidence raises new questions 
for researchers to understand the role of endophytes 
in  plant–pathogen interactions. It has been said that 
harmless bacteria acquire virulence traits through hori-
zontal gene transfer (discussed in [46]). It is also believed 
that the disease process can also be triggered by the 
interaction between microbial communities [68]. A 
decade ago, an emerging idea of “pathobiome” was pro-
posed, pointing to the paradigm shift from “pathogens” 
to “pathobiome [70]. It was argued that the scenario “a 
microbe + virulence factors = disease” is probably far 
from reality. This was largely based on the argument 
that “actual pathogens have extremely broad biological 
diversity and that their pathogenicity is an outcome of 
strong and highly specific interactions with their microbial 

environment and hosts” [70]. In support of this, recently 
it was shown that the endophytic bacteria including sev-
eral strains of Enterobacter  and Pantoea genera share 
a wide number of virulence-related genes within their 
genomes and that the distribution of gene patterns were 
comparable to that of pathogenic strains [46]. It was also 
proposed that the  endophytic and pathogenic lifestyles 
are composed of a base core virulence genome that might 
be used and expressed differentially. Unfortunately, so far 
our understanding of these virulence-related complex 
interactions is still poor, and many outstanding questions 
need to be resolved to draw a definitive line between 
pathogens and endophytes [46].

As discussed above, mulberry bacterial wilt patho-
gens P. ananatis, ECC, KpSC, and KoC also play complex 
roles in plant ecology. In the present study, we therefore 
selected several virulence-related genes related to these 
bacteria as targets to develop a rapid, efficient, and cost-
effective molecular detection (mPCR) technique. Cur-
rently, the targets of nucleic acid detection methods for 
mulberry bacterial wilt are LpxC [71], ropB [47], and 
MG67 [27] genes. In the present study, we selected ester-
ase YjfP synthesis yjfP (CP058637.1) gene to detect ECC 
(E. asburiae, E. roggenkampi, and E. cloacae), periplas-
mic pectate lyase synthesis  pelY (CP060111.1) gene for 
KoC (K. michiganensis and K. oxytoca), N-acetyl-anhy-
dromuranmyl-L-alanine amidase ampD (CP068237.1) 
gene for KpSC (K. quasipneumoniae, K. pneumoniae 
and K. variicola), Type III effector RipW synthetic ripW 
(WP_197360060.1) gene for R. pseudosolanacearum and 
GGDEF domain-containing protein pleD (CP066803.1) 
gene for P. ananatis.

In this case, given the complexity of the casual patho-
gens of mulberry bacterial wilt disease, we conducted 
several tests on collected samples to ensure that the 
detected bacteria are pathogenic. Meanwhile, to verify 
the feasibility of the selected target genes, we conducted 
mPCR assay using the target pathogenic strains and 
some endophytic strains. The results showed that healthy 
plant-derived Enterobacter sp. (LJ-5, LJ-12, L40H-77, 
S2H-107, T10H-85), and Pantoea sp. (L-G-95, L40H-
91, S2H-99, T10H- 16, L40H-43) and other non-target 
strains could not be detected (see Fig.  2). In addition, 
we also performed mPCR assay on isolated Ralstonia 
sp., Enterobacter sp., Klebsiella spp., and Pantoea sp. We 
found that the morbidity caused by the pathogenic bac-
teria detected by mPCR was ≥ 65.5%, while the morbid-
ity of the undetected pathogenic bacteria was ≤ 35.5%. In 
addition, during pathogenicity test, Ralstonia was found 
to be the most pathogenic, followed by Enterobacter, 
Klebsiella, while Pantoea was the least pathogenic. This 
finding is in conformity with our recent study [81]. This 
shows that the target genes selected in this study and the 
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primers designed can specifically detect the pathogenic 
bacteria of mulberry wilt including, R. pseudosolan-
acearum, P. ananatis, ECC, KpSC, and KoC.

In the present study, P. ananatis, ECC, KpSC, KoC and 
R. pseudosolanacearum were detected at a lowest con-
centration of 1.87 × 103  CFU/mL (DNA = 2.45  pg/μL) 
(Fig.  5). Previously, bacterial pathogens P. etewartii and 
Rathayibacter tritici were  detected in grains using PCR 
with a minimum detection limit of 8.8 × 103 CFU/mL and 
DNA = 2 pg/μL [3]. Our result showed that the minimum 
detection limit of mPCR assay developed in the pre-
sent study was closer to that of the previously reported 
PCR detection methods [3]. In addition, Enterobacter 
sp. LJ-12, Pseudomonas sp. ME-001, Staphylococcus 
sp. KG-23, Bacillus sp. ME-003, Stenotrophomonas sp. 
KG-24, and Acinetobacter sp. KG-2, endophytic strains 
of healthy mulberry, did not affect the detection of tar-
get strains, indicating that the mPCR assay developed in 
the present study was reliable. This result is supported 
by a recent study [41] in which it was reported that the 
non-target Listeria strains (S. enteritidis CMCC 50335, 
S. aureus ATCC 25923, and E. coli ATCC 25922) did not 
interfere with the detection of target pathogenic Listeria 
spp. while using the mPCR assay.

In the present study, subtle differences were observed 
between the results of the  traditional TTC culture 
medium isolation and mPCR detection of pathogens, 
when 46 suspected mulberry wilt samples collected in 
the field were tested. This result perhaps points to the 
underlying shortcoming of the  traditional TTC culture 
isolation method, which has significant limitations [9]. 
For example, R. pseudosolanacearum can only be iso-
lated from fresh samples [69]. Both methods showed 
that ECC and R. pseudosolanacearum were the main 
pathogenic groups of bacterial wilt of mulberry, followed 
by Klebsiella (KpSC and KoC), and P. ananatis [74, 75]. 
This shows that the mPCR molecular detection method 
is reliable, has short operation time and is highly effi-
cient. Meanwhile, the detection rates of R. pseudosolan-
acearum, ECC, KpSC, KoC, and P. ananatis were found 
to be 83.33, 31.23, 61.53, 15.38, and 8.3%, respectively. 
This finding indicates that R. pseudosolanacearum is an 
important pathogen causing bacterial wilt of mulberry, 
while ECC, KpSC, KoC, and P. ananatis might be oppor-
tunistic pathogens. This further augments our recently 
published study [81], in which we have reported a similar 
finding.

At present, mulberry is also used as food for humans. 
Its leaves and fruits are used as food, and its roots and 
bark are used as medicine [13, 26, 55]. While P. anana-
tis, ECC, KpSC, and KoC are considered as opportunis-
tic pathogens of mulberry, these pathogenic bacteria 
are also opportunistic pathogens of humans, and have 

antimicrobial resistance (AMR) [18]. It remains to be 
explored whether consumption of mulberry products, 
particularly raw products, contaminated with such anti-
biotic-resistant bacteria (ARB) can lead to the direct 
acquisition of ARB and the spread of resistant bacteria 
in the food chain [18]. But, evidence shows that the plant 
endophytic bacteria, as opportunistic pathogens, can as 
well be pathogenic to mammalian hosts. For instance, 
Pseudomonas aeruginosa BP35, an endophyte of black 
pepper, exhibited resistance to antibiotics and was patho-
genic in a murine model, with a similar level of virulence 
to its clinical strain [38]. This finding raised a significant 
concern related to human food safety, particularly related 
to use of endophytic bacteria in sustainable plant protec-
tion strategies [38]. Given that mulberry products and 
byproducts are extensively consumed by humans, the 
mPCR assay developed in the present study could be use-
ful in rapid detection of these complex pathogenic bac-
teria, which might as well have a potential threat to food 
safety in cultural settings where mulberry is consumed by 
humans.

Conclusion
In this study, using five virulence-related genes of bacte-
ria as target, we developed an mPCR assay that showed 
high specificity, reproducibility, and sensitivity during 
testing. The assay results showed a comparable trend as 
those of the traditional methods of pathogen isolation. 
The mPCR assay developed in the present study can be 
used for rapid, sensitive, and simultaneous molecular 
detection of five virulence-related genes carried by dif-
ferent pathogens of mulberry wilt disease including P. 
ananatis, ECC, KpSC, KoC and R. pseudosolanacearum.

Material and methods
Sterile plant material and growing conditions
In this study, aseptic seedlings were obtained by cul-
tivating Guisang 12 (M. atropurpurea) seeds, which 
were then used in subsequent experiments. The cultiva-
tion process for sterile mulberry seedlings is depicted 
in Additional file  1: figure S6. Briefly, Guisang 12 seeds 
were initially treated with 75% alcohol for 1 min, rinsed 
six times with sterile water, treated with 0.05% mercu-
ric chloride for 10 min, and finally rinsed six times with 
sterile water. Seeds were planted on sterile MS sugar agar 
medium [60]. The seedlings were then grown for 60 days 
in an artificial climate of 12 h/d light and 25 °C. The ster-
ile mulberry seedlings lacked bacterial and fungal growth 
in the culture bottles [79, 81, 82].

Cultivation of mulberry branches
Healthy 15-year-old M. atropurpurea cultivar Lun40 
(susceptible to bacterial wilt) obtained from the South 
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China Agricultural University mulberry field (Guang-
zhou, Guangdong, China; 113.35º, 23.17º) was used as 
plant material in this study. The samples were collected in 
May 2023. The old branches of Lun40 with a diameter of 
0.5–0.75 cm were selected and cut into stem segments of 
10–12 cm in length and containing three lateral shoots. 
The stems were washed with soapy water to remove sur-
face dust and soaked in 0.5% sodium hypochlorite solu-
tion for five hours. The stems were then put  into the 
sterile MS liquid medium and placed in an artificial cli-
mate incubator at 25 °C, 12 h/d light, and 85% humidity. 
The culture was incubated for 25  days until the lateral 
shoots sprouted and exhibited 2–3 leaves. During this 
period, the sterile MS liquid medium was changed every 
day [81, 82].

Verification by Koch’s postulates
Ten (10) pathogenic bacteria were identified in our labo-
ratory: R. pseudosolanacearum XCqk, E. asburiae XCYG, 
E. roggenkampii KQ-01, E. cloacae MBWS6. (10), K. 
pneumoniae MBWS31. (7), K. variicola MBWS14. (14), 
K. quasipneumoniae YDKL, K. michiganensis AKKL, K. 
oxytoca LCKL and P. ananatis LCFJ (Additional file  2: 
Table S4). Ten strains of pathogenic bacteria were placed 
in casamino acid, peptone, and glucose (CPG) broth [34], 
and 12 h of shaking at 28 °C and 140 rpm yielded a bacte-
rial suspension. The bacterial suspension was diluted to 
OD600 nm value of 0.1 (1 × 108 CFU/mL) with MS inor-
ganic salt liquid medium. Five mL of the diluted bacte-
rial suspension was added to sterile mulberry seedlings. 
They were then placed in an artificial climate incubator at 
28 °C with 12 h of light every day and grown for 12 days. 
In addition, a control group containing only MS inor-
ganic salt sterile liquid medium was established. Twenty 
sterile mulberry seedlings were used in each group 
(Additional file 1: figure S6) [81, 82].

The level of disease of mulberry seedlings in each 
group was recorded at 0 and 30 min, and days 1, 3, 6, 9, 
12. On day 12, the stems of mulberry seedlings in each 
group were removed for aseptic grinding, and then sepa-
rated according to the dilution coating plate method. The 
mulberry seedlings cultured by the sterile MS were used 
as the control group. If bacteria were isolated again from 
the diseased mulberry seedlings, it proved that those bac-
teria were pathogens of mulberry bacterial wilt. While if 
they did not produce the disease symptoms in mulberry 
seedlings and neither they were isolated from mulberry 
stems, those bacteria were not regarded to be pathogens 
of mulberry bacterial wilt (Additional file  1: Figure S6) 
[81, 82].

Morbidity level was scored as follows: 0: no symptoms; 
1: one to two leaves faded or withered; 2: three to four 
leaves became yellow or withered; 3: all leaves withered 

or turned yellow; 4: the entire plant died. In addition, the 
morbidity level 0 was represented as I, 0–1 was repre-
sented as HR, 1–2 was represented as MR, 2–3 was rep-
resented as MS, and 3–4 was represented as HS [39, 81, 
82].

Average morbidity level = (∑A)/20; A: the morbidity 
level value of mulberry seedlings [39, 81, 82].

Extraction of bacterial and plant genomic DNA
Bacterial strains used in the present study were obtained 
from the Guangdong Provincial Key Lab of Agro-Animal 
Genomics and Molecular Breeding, College of Animal 
Science, South China Agricultural University (Additional 
file  2: Table  S4). For bacterial genomic DNA extrac-
tion, all strains were inoculated in nutrient broth (NB) 
medium (Guangdong Huankai Co., Ltd., Guangzhou, 
China) and incubated for 12–24  h at 28  °C. Bacterial 
genomic DNA was extracted using the Ezup Column 
Bacteria Genomic DNA Purification Kit (Sangon Biotech 
(Shanghai) Co., Ltd. China). Plant genomic DNA was 
extracted using Dzup (Plant) genomic DNA isolation rea-
gent (Sangon Biotech (Shanghai) Co., Ltd. China) accord-
ing to the manufacturer’s instructions. Extracted DNA 
was stored at − 20 °C for PCR analysis [81, 82].

Screening of specific target genes and primers design
A total of 22,913 genome sequences of pathogenic bacte-
ria were downloaded from the National Library of Medi-
cine (NCBI, https://​www.​ncbi.​nlm.​nih.​gov/; accessed 
on January 20, 2023) and analyzed. These included 
ECC (276 E. asburiae, 335 E. cloacae, 2267 E. hormae-
chei, 244 E. kobei, 30 E. mori, 317 E. roggenkampii), 
KoC (442  K. michiganensis, and 293  K. oxytoca), KpSC 
(16833  K. pneumoniae, 377  K. quasipneumoniae, and 
440  K. variicola), 418  K. aerogenes, RSSC (64 R. pseu-
dosolanacearum, and 309 R. solanacearum), and 269 P. 
ananatis. The specific information for the sequences is 
provided in Additional file 2: Table S5. We then selected 
specific plant-associated pathogenic genes that can iden-
tify R. pseudosolanacearum XCqk, E. asburiae XCYG, E. 
roggenkampii KQ-01, E. cloacae MBWS6. (10), K. pneu-
moniae MBWS31. (7), K. variicola MBWS14. (14), K. 
quasipneumoniae YDKL, K. michiganensis AKKL, K. oxy-
toca LCKL and P. ananatis LCFJ, including: pleD (GGDF 
structural domain-containing protein), yjfP (esterase), 
pelY (peripheral pectate lyase), ampD (N-acetyl-anhy-
dromuranmyl-L-alanine amidase) and ripW (type III 
effector). The conservation of a gene in the target strain 
was judged according to the following criteria: the target 
gene nucleic acid sequence identifies > 85% and the cov-
erage > 90% of the target strain [41].

Then, the target gene sequences were  obtained using 
Primer-BLAST (https://​www.​ncbi.​nlm.​nih.​gov/​tools/​

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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primer-​blast) to design species-specific primers for target 
genes, and Oligo 7.0 software was used for primer evalu-
ation (Table 1). For species-specific targets, the candidate 
primers were evaluated using the Primer-BLAST (https://​
www.​ncbi.​nlm.​nih.​gov/​tools/​primer-​blast/​index.​cgi?​
LINK_​LOC=​Blast​Home) database [41]. The candidate 
primer sets were synthesized by Sangon Biotechnology 
(Shanghai, China) Co., Ltd. Primer specificity was tested 
by performing PCR analysis on strains maintained in our 
laboratory (Additional file 1: Table S4: 1–34), and healthy 
mulberry genomic DNA was used as a negative control.

The mPCR was performed in a volume of 25 µL. The 
reaction mixture contained 12.5 µL 2 × Taq PCR Master 
Mix (Sangon Biotech (Shanghai Co., Ltd. China), 0.5 µM 
each of the primers (RripwF, RripwR, EyjfPF, EyjfPR, Kpe-
lYF, KpelYR, KampDF, KampDR, PpleDF, and PpleDR), 
1  μL of the above genomic DNA as a template, and 
ddH2O added to 25 μL. mPCR thermal cycling involved 
an initial denaturation step at 94  °C for 5 min, followed 
by 30 cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 
30 s, and a final extension step at 72 °C for 10 min. The 
mPCR products were analyzed after electrophoresis on a 
1.2% agarose gel under ultraviolet light illumination. The 
obvious band at the target proved that the bacteria were 
detected specifically, while the absence of bands proved 
that the bacteria were not detected [81, 82].

Evaluation of optimal reaction system for mPCR
Five primer pairs were amplified with the highest effi-
ciency in the same amplification system. 10 ng/μL DNA 
of R. pseudosolanacearum XCqk, E. roggenkampii KQ-01, 
K. quasipneumoniae YDKL, K. michiganensis AKKL, 
and P. ananatis LCFJ in equal proportions (1:1:1:1:1) 
were used as template mix to explore the optimal reac-
tion conditions for mPCR. In the above PCR amplifica-
tion system, the amount of primers, the amount of Mg2+ 
added, the amount of dNTP added, the reaction anneal-
ing temperature and the amplification cycles were opti-
mized [41].

To explore the optimal addition amount of five pairs of 
primers, we used an orthogonal experiment design con-
sisting of five factors and four levels (Table 3). Based on 
this design, a total of 16 sets of primers were prepared 
and added to the reaction system and 1 μL template mix 
was taken for mPCR reaction. For other reaction systems 
and amplification conditions, see sub-heading “Screening 
of specific target genes and primer design”.

After electrophoresis, the clarity of each band in gel 
imaging was used as the evaluation standard. Evalu-
ation criteria were as follows: each pair of primers 
scored 5 points for each band, 5 points each for the cor-
rect size of the band fragments, 5 points each for clear 

and bright bands, 5 points each if no false positives 
were recorded. This meant that for each pair of primers 
we had 20 points and that the five pairs of primers had 
a total score of 100 points. The added amount of prim-
ers in each group was scored based on the total score 
of bands amplified by the corresponding primers. Each 
set of experiments was independently repeated three 
times, and then the total score of each set of primer 
additions was analyzed using Statistical Package for 
the Social Sciences (SPSS) software version 25.0 (IBM 
Corp., Armonk, NY). The optimal addition amount of 
each pair of primers was calculated and then the veri-
fication experiment was conducted again. Finally, the 
primer addition amount with the highest score was 
used as the optimal addition amount [42].

After determining the optimal primer volume, we 
tested different 10  mM dNTP addition volumes (0, 
0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, and 2.0 μL), different 
amounts of 25 mM Mg2+ added (0, 0.2, 0.4, 0.6, 0.8, 1.0, 
1.2, 1.4, 1.6, and 2.0 μL), different annealing tempera-
tures (50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60 and 61 °C), 
and different amplification cycle numbers (24, 26, 28, 
30, 32, and 34 cycles) to get their optimal values. The 
PCR products were detected by 1.2% agarose gel elec-
trophoresis, and the optimal parameters were selected 
in a fully automatic digital gel imaging system accord-
ing to the brightness, clarity, and presence or absence 
of false positives of the bands [41].

After determining the optimal mPCR reaction system 
and conditions, we further verified them for accuracy. 
Firstly, 10  ng/μL of 10  ng/μL DNA of R. pseudosolan-
acearum XCqk, E. roggenkampii KQ-01, K. quasipneu-
moniae YDKL, K. michiganensis AKKL, and P. ananatis 
LCFJ was mixed in different combinations and ratios as 
a template, then mPCR was used for detection of these 
templates to verify the accuracy and practicability of 
the assay [41].

Table 3  Orthogonal design for optimization of primer ratio

Level Factor

A B C D E

RripwF/
RripwR 
μM

EyjfPF/
EyjfPR 
μM

KpelYF/
KpelYR 
μM

PpleDF/
PpleDR 
μM

KampDF/
KampDR 
μM

1 0.25 0.25 0.25 0.25 0.25

2 0.5 0.5 0.5 0.5 0.5

3 0.75 0.75 0.75 0.75 0.75

4 1 1 1 1 1

https://www.ncbi.nlm.nih.gov/tools/primer-blast
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
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mPCR practical testing
To validate the accuracy and scope for interference in the 
mPCR assay, Enterobacter sp. LJ-12, Pseudomonas sp. 
ME-001, Staphylococcus sp. KG-23, Bacillus sp. ME-003, 
Stenotrophomonas sp. KG-24, and Acinetobacter sp. 
KG-2, the endophytes of mulberry, were used as interfer-
ence strains. Meanwhile, R. pseudosolanacearum XCqk, 
E. roggenkampii KQ-01, K. quasipneumoniae YDKL, 
K. michiganensis AKKL, and P. ananatis LCFJ mixed in 
equal proportions (1:1:1:1:1) were used as pathogen mix 
cultures. The strains were cultured in TTC broth over-
night and serially diluted (tenfold) with normal saline. 
The density of bacterial strains was adjusted to 106 CFU/
mL. The pathogen mix cultures were individually mixed 
with the interference testing strain in ratios of 1:102, 1:10, 
1:1, 10:1, and 102:1. The genomic DNA was extracted 
from the mixtures. Meanwhile, the genomic DNA from 
pathogen mix cultures without interference strains was 
used as a template for the positive control. The scope of 
mPCR assay to overcome interference was evaluated by 
1.2% agarose gel electrophoresis [41].

Evaluation of detection limit of mPCR assay
R. pseudosolanacearum XCqk, E. roggenkampii KQ-01, 
K. quasipneumoniae YDKL, K. michiganensis AKKL, 
and P. ananatis LCFJ grown overnight in TTC medium 
were diluted to OD600 nm = 0.1 with sterile water. After 
mixing the diluted bacterial suspension in equal propor-
tions (1:1:1:1:1) as the target bacterial mixture, sterile 
water was used to dilute the mixed bacterial suspension 
8 times according to the tenfold dilution method. Then, 
1 mL of mixed bacterial suspension of each gradient was 
taken as a detection object to test the detection limit of 
mPCR. The total DNA of mixed bacterial suspension 
was extracted according to the strain genomic DNA 
extraction method, and finally the concentration of the 
extracted total DNA was detected using an ultramicron 
spectrophotometer. Two microliters of each were added 
to the optimal reaction system, and the reaction was car-
ried out under the optimal amplification conditions. The 
sensitivity of mPCR was determined by the presence or 
absence of the target band using the automated digital gel 
imaging system [41].

Detection of suspected mulberry bacterial wilt disease 
samples by mPCR
A total of 46 samples of the  suspected mulberry bacte-
rial wilt disease were collected from Guangdong and 
Guangxi provinces of China. Bacterial strain and plant 
genomic DNA extraction kits were used to extract 
the genomic DNA of the sample, and 1  μL of genomic 
DNA liquid from the extracted sample for mPCR detec-
tion. Template mix was used as a positive control and 

the  genomic DNA of healthy mulberry was used as a 
negative control. After gel electrophoresis, the position 
of the amplified band was evaluated. At the same time, 
1 g of severely diseased parts of the roots was taken from 
each diseased sample, and the bacteria were isolated 
from the tissue by traditional methods for simultane-
ous detection. The 16S rDNA of the isolated strain was 
amplified with 27F/1492R, the PCR products were sent 
to Sangon Biotech, Shanghai, China for sequencing. The 
NCBI-BLAST was used to analyze the sequencing results 
[76]. All bacterial 16S rDNA sequences generated in this 
study have been submitted to the NCBI. The accession 
numbers OP989957-OP990607 are bacterial 16S rDNA 
sequences derived from the diseased samples.

mPCR detection and pathogenicity test of pathogenic 
bacteria isolated from mulberry bacterial wilt disease 
samples
To further verify the correlation between bacteria 
detected by the mPCR and their pathogenicity, 12 strains 
of Ralstonia, 32 strains of Enterobacter, 13 strains of 
Klebsiella and 12 strains of Pantoea isolated from 46 
samples were extracted for mPCR detection.

A total of 69 bacterial strains were simultaneously 
tested for pathogenicity (Additional file 2: Table S4: 1–10 
and 35–93). To investigate the pathogenicity of Ralstonia, 
Enterobacter, Klebsiella, and Pantoea, the following pro-
cedures were adopted: (1) the pure cultures of all the bac-
teria (Additional file 2: Table S4: 1–10 and 35–93) were 
placed in nutrient broth medium overnight. The over-
night cultured bacterial solution was adjusted to OD600 
nm = 0.1 with sterile MS liquid medium. (2) After culti-
vation, the Lun40 mulberry branch with 2 ~ 3 leaves was 
placed into the diluted bacterial solution. The sterile MS 
liquid medium was set as a healthy group. (3) The inocu-
lated Lun40 mulberry branches were cultured for 12 days 
in an artificial climate incubator at 28  °C, 12  h/d light, 
and 85% humidity, and the disease incidence in plants 
was observed. (4) Morbidity rate = (A−B)/C × 100%. A: 
the total number of diseased mulberry branches in the 
experimental group; B: the total number of diseased mul-
berry branches in the control group; C: the total number 
of mulberry branches [81, 82].

Analysis of variance (ANOVA) was performed using 
Excel software. Each set of experiments for each path-
ogen species was tested using six healthy mulberry 
branches. With the sterile MS liquid medium as a con-
trol, each group had three replicates [81, 82].

Data analysis
The Statistical Package for the Social Sciences (SPSS) 
software version 25.0 (IBM Corp., Armonk, NY) was 
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used for analyses. Data analysis was performed using a 
one-way analysis of variance (Levene’s test was used to 
evaluate the equality of variance before analysis), and 
the least significant difference test was used to deter-
mine the significant difference between the means as 
a post hoc analysis. P < 0.05 was considered as signifi-
cant difference. Data were analyzed using Excel 2016 
software (Microsoft, Redmond, WA, USA) and Origin 
2019b 64 bit.
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org/​10.​1186/​s40538-​024-​00583-z.

Additional file 1: Figure S1. Schematic of the pathogenic flora of 
mulberry bacterial wilt disease [81]. Figure S2. Species detection range 
of five pairs of primers based on Primer-Blast analysis. (a): EyjfPF/EyjfPR; 
(b): KampDF/KampDR; (c): KpelYF/KpelYR; (d): RripwF/RripwR; (e): PpleDF/
PpleDR. Figure S3. Screening of the best primers (no template added). 
M: 1000 marker. 1-16: The results after mixing 5 pairs of primers (RripwF/
RripwR, EyjfPF/EyjfPR, KpelYF/KpelYR, KampDF/KampDR, and PpleDF/
PpleDR) according to primer group 1 to 16 and performing PCR amplifica-
tion (see Supplementary Table 1); 17: Primer group 1; 18: Primer group 
2; 19: Primer group 9; 20: Primer group 20; 21: Compute group. “Pa”: P. 
ananatis “Rp”: R. pseudosolanacearum; “ECC”: E. cloacae complex; “KpSC”: K. 
pneumoniae species complex; “KoC”: K. oxytoca complex. Figure S4. Effect 
of different 10mM dNTP (a), and 25mM MgCl2 dNTP (b) addition amounts, 
amplification cycle numbers (c), annealing temperatures (d) on mPCR 
efficiency (no template added). M: 1000 marker. a:1-a:11: 0, 0.2, 0.4, 0.6, 
0.8, 1.0, 1.2 μL, 1.4, 1.6, and 2.0 μL of 10mM dNTPs, respectively. b:1-b:11: 
Add 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 μL, 1.4, 1.6, and 2.0 μL of 25mM MgCl2, 
respectively. c:1-c:6: represent cycle numbers: 24, 26, 28, 30, 32 and 34, 
respectively. d:1~d:11: respectively represent the annealing temperature: 
53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63°C. “Pa”: P. ananatis “Rp”: R. pseudo-
solanacearum; “ECC”: E. cloacae complex; “KpSC”: K. pneumoniae species 
complex; “KoC”: K. oxytoca complex. Figure S5. Detection of pathogenic 
bacteria isolated from field disease samples using the mPCR assay. M: 1000 
Maker; 1-69: represents the detection of pathogenic bacteria of Ralstonia 
sp. (1-12), Enterobacter sp. (13-44), Klebsiella spp. (45-57), and Pantoea sp. 
(58-69). NC: the healthy mulberry genomic DNA as a negative control. “Pa”: 
P. ananatis “Rp”: R. pseudosolanacearum; “ECC”: E. cloacae complex; “KpSC”: K. 
pneumoniae species complex; “KoC”: K. oxytoca complex. Figure S6. Sche-
matic of sterile mulberry seedling culture and verification of pathogenic 
bacteria by Koch’s postulates.

Additional file 2: Table S1. Results of the primer orthogonal design. 
Table S2. Testing of natural mulberry wilt disease samples using mPCR 
and Traditional isolation methods. Table S3. mPCR detection and patho-
genicity test of 69 bacterial strains isolated from mulberry bacterial wilt 
disease samples. Table S4. Bacterial strains used in this study. Table S5. 
Identification and coverage values of target genes in different strains 
based on BLAST (NCBI).
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