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ABSTRACT Dickeya solani one of the most aggressive pectinolytic phytopathogens, 
causes blackleg disease in potatoes, resulting in significant economic losses and 
adversely impacting one of the world’s most important food crops. The diagnostics 
methods are critical in monitoring the latent infection for international trade of potato 
seed tubers and in implementation of control strategies. Our study employed a whole-
genome comparative approach, identifying unique target gene loci (LysR and TetR family 
of transcriptional regulators gene regions) and designing loop-mediated isothermal 
amplification (LAMP) and a multi-gene-based multiplex TaqMan qPCR assays for 
specific detection and differentiation of D. solani. Both methods underwent meticulous 
validation with extensive inclusivity and exclusivity panels, exhibiting 100% accuracy 
and no false positives or negatives. The LAMP method demonstrated the detection limit 
of 100 fg and 1 CFU per reaction using pure genomic DNA and crude bacterial cell 
lysate, respectively. The qPCR detection limit was 1 pg, 100 fg and 10 fg with quadplex, 
triplex, and singleplex, respectively. None of the assays were impacted by any inhibitory 
or competitive effects after adding host DNA (in qPCR) or crude lysate (in LAMP). The 
assays proved robust and reproducible in detecting the target pathogen in infected 
samples, with the LAMP assay being field-deployable due to its simplicity and rapid 
results acquisition within approximately 9 min. The reproducibility was confirmed by 
performing the assay in two independent laboratories. These assays offer a robust, rapid, 
and reliable solution for routine testing, with applications in phytosanitary inspection, 
disease diagnosis, and epidemiological studies.

IMPORTANCE Dickeya solani, one of the most aggressive soft rot causing bacteria and 
a quarantine pathogen, poses a severe threat to food security by causing substantial 
economic losses to the potato industry. Accurate and timely detection of this bacte
rium is vital for monitoring latent infections, particularly for international trade of 
potato seed tubers, and for implementing effective control strategies. In this research, 
we have developed LAMP and multi-gene-based multiplex TaqMan qPCR assays for 
specific detection of D. solani. These assays, characterized by their precision, rapidity, 
and robustness, are crucial for distinguishing D. solani from related species. Offering 
unparalleled sensitivity and specificity, these assays are indispensable for phytosani
tary inspection and epidemiological monitoring, providing a powerful tool enabling 
management of this threatening pathogen.
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M embers of the Dickeya genus, which are Gram-negative necrotrophic soft 
rot Pectobacteriaceae (SRP) phytopathogens, are primarily responsible for the 

increased economic losses in agricultural crops and ornamentals plants globally (1–3). 
Global losses of up to 30% (4), estimated at US$50–100 million every year, have been 
reported for vegetables, fruits, and ornamental plants (5–7). The ability of these plant 
pathogenic species to infect a wide range of plant host species with wide geographic 
distribution poses a threat to agricultural biosecurity and is of great concern for 
global food security. These SRP members are causative agents of blackleg symptoms 
on potatoes and soft rot diseases in many other host plant species, including vegeta
bles, fruits, and ornamentals. The virulence is mainly attributed to the production and 
secretion of an array of plant cell wall-degrading enzymes, resulting in breakdown of 
plant tissues and release of nutrients that support bacterial growth (8–14). The genus 
Dickeya was originally established by Samson et al. (15) with description of D. chrysan
themi, D. paradisiaca, D. dadantii, D. dieffenbachiae, D. dianthicola, and D. zeae. Brady et al. 
(16) reclassified members of D. dieffenbachiae as a subspecies of D. dadantii. To date, 
this genus comprises 12 recognized and validly published names (https://www.bac
terio.net/genus/dickeya; 8), with the most recently described species being D. lacustris, D. 
undicola, D. oryzae, and D. poaceiphila (8, 17–20). The recent reclassification of the species 
placed in D. paradisiaca has proposed a reassignment to the genus level and named it 
Musicola paradisiaca (21). Among the species associated with this genus, Dickeya solani, 
which was first reported in 2005, has been documented to spread in Europe through 
seed tuber trade and has emerged as one of the most aggressive soft rot pathogenic 
bacteria (22). In potato, D. solani is responsible for blackleg disease in the fields and soft 
rot of tubers during storage and transit. D. solani can cause infection with lower inoculum 
and is able to withstand a wide range of temperature from low to high, up to 39°C, which 
is favorable for disease development, out-competing other members of this genus. The 
aggressiveness of D. solani is reported to be enhanced with ambient temperature and 
increased rainfall, resulting in flooding in the fields, allowing the spread between the 
plants (22). D. solani has been reported to be present in Europe, Israel Brazil, and Turkey 
(22–27). It has not yet been reported or known to be established in the United States. 
The dissemination of the pathogen across borders has been reported through the trade 
of infected vegetative propagating material and latently infected seed tubers, resulting 
in serious economic losses (22, 27). The pathogen invades the vascular tissue, and spread 
has been reported from mother to daughter tubers (28). D. solani has been reported as 
a clonal population (25, 27, 29–31). Recently, whole-genome comparative analysis of D. 
solani also has been conducted, revealing a high level of homogeneity (32). To date, no 
resistant varieties or efficient chemicals have been reported to control the disease. Only 
crop rotation, careful handling during cutting, loading, and harvest, and removal of the 
diseased plants are recommended. Accurate and early-stage detection of the pathogens 
facilitates effective intervention and prevents further dissemination of the contaminated 
tubers and stolons.

PCR-based techniques are more sensitive, specific, and possess discriminatory abilities 
compared with immunological assays. Furthermore, real-time qPCR offers greater speed, 
sensitivity, and real-time amplification compared with endpoint PCR (33–35). TaqMan-
probe-based qPCR amplification formats offer more specific and sensitive amplification 
than PCR. The use of a multi-gene qPCR approach to target two unique regions in the 
genome provides increased reliability, specificity, and minimizes the risk of false positives 
or false negatives (33).

However, the high costs and sophisticated laboratory equipment requirements 
often limit the use of real-time qPCR methods for field surveys and routine patho
gen screenings. Currently, isothermal-based methods are becoming more popular due 
to their adequacy for point-of-care applications, sensitivity, fast results interpretation, 
and minimal equipment requirements. Loop-mediated isothermal amplification (LAMP), 
originally reported by Notomi et al. (36), is an auto cycling and strand displacement 
amplification method operating at a constant temperature (60°C–65°C), which can be 
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accomplished using a water bath and obviates the need of a sophisticated thermocycler. 
It utilizes four to six specially designed LAMP primers targeting six to eight regions of 
the template DNA, ensuring high specificity (37). High sensitivity, specificity, rapidity, 
and comparatively high tolerance to matrix inhibitors make it an indispensable tool for 
in-field amplification method (36, 38, 39). Melt-curve analysis (MCA) is an approach for 
assessing the dissociation properties of nucleic acid amplicons based on their thermal 
stability. MCA, in conjunction with the LAMP method, is a rapid method for differen-
tiating pathogenic agents, contamination, and non-specific products (40). LAMP can 
be easily deployed in non-specialized laboratories for conducting routine diagnostics 
without gel electrophoresis (41).

Two TaqMan assays has also been reported for generic detection of Dickeya species 
(42), and multiplex TaqMan qPCR-based assay has also been reported for all Dickeya 
species with specific detection of D. dianthicola (41). An isothermal loop-mediated 
isothermal amplification method and recombinase polymerase amplification assay with 
lateral flow device have also been reported for detection of all Dickeya species (43, 44). 
Current methods for the specific detection of D. solani include TaqMan qPCR developed 
by Pritchard et al. (45), the method based on the fliC gene by Van Vaerenbergh (29), and 
the approach by Kelly et al. (46) based on the fusA gene. Ivanov et al. (47) reported a 
recombinase polymerase amplification (RPA) method, which utilizes primers modified or 
adapted from the previously reported SOL-C primers by Pritchard et al. (45).

Currently, there are no LAMP or multi-gene-based TaqMan real-time qPCR assays 
reported for D. solani that can be used in routine diagnostics or epidemiological 
surveys for quarantine applications. Furthermore, there is a pressing need for rapid and 
validated field-deployable diagnostic tools, especially to intercept the invasion of exotic 
pathogens. In this paper, we describe the development and validation of a genome 
informed, sensitive, fast, and reliable LAMP, as well as a multi-gene-based real-time 
PCR (qPCR) assays for accurate detection and differentiation of D. solani. To enhance 
the reliability of the qPCR method, we multiplexed (4-plex) D. solani primers with our 
previously developed Dickeya genus primers (41) and the universal internal control 
(UIC; 48). For diagnostic specificity, we demonstrated the application of this method by 
testing all known species of Dickeya. The developed methods will enhance the analytical 
capabilities of plant disease diagnostic laboratories, phytosanitary agencies, surveillance, 
and management agencies, thereby aiding in the prevention of the introduction and 
dissemination of soft rot bacteria.

RESULTS

Target selection, primers, and probes design for TaqMan qPCR and LAMP 
assays

A highly conserved region within the core genome of D. solani was found by evaluat
ing 16 genomes in the genera Dickeya, Pectobacterium, Erwinia, Ralstonia, Clavibacter, 
and other closely related bacterial species using BLAST comparison and MAUVE (Fig. 
1). The BLAST comparison of whole genomes of D. solani computed using Blast Ring 
Image Generator (BRIG) (49) illustrated a high degree of homogeneity between D. 
solani genomes. The TaqMan qPCR assay was designed using the LysR and TetR family 
transcriptional regulators, which are common prokaryotic DNA-binding proteins. For 
multiplex TaqMan qPCR, we targeted both target genes tetR and lysR gene. Primers and 
probes designed for multiplex TaqMan qPCR were analyzed by BLAST analysis using 
NCBI nucleotide/genome database showed 100% query coverage and 100% identity 
only with the corresponding target sequences of D. solani (Table 1). The internal structure 
predictions and delta G (ΔG) plot values of each primer and probe were calculated 
using mFold (Table 1). All primers and probes had a ΔG of ≤1.0 at 60°C. The primers 
designed from the two distinct regions of D. solani incorporate flap sequences, enabling 
their multiplexing with previously designed genus Dickeya primers and universal internal 
control primers, enhancing the overall reliability of the assay.
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FIG 1 Ring plot representing the position of the two unique coding sequences TetR and LysR family transcriptional regulators used for the specific detection 

of Dickeya solani. The layers show the multiple genome alignment of five D. solani strains, followed by the other six members within the Dickeya genus 

and other bacterial species causing diseases to potato. From innermost to the outer, the layers indicate the genome coordinates (mega base pairs; mbp), 

the GC content (zigzag black line), and the GC skew (zigzag purple+ / green-) of the reference genome D. solani type strain D s0432-1ᵀ. The color-coded 

rings illustrate from inwards the BLASTn pairwise comparison of D. solani D s0432-1ᵀ (NZ_CP017453.1), D. solani IPO2222 (NZ_CP015137.1), D. solani PPO9019 

(NZ_CP017454.1), D. solani RNS 08.23.3.1.A (NZ_CP016928.1), and D. solani IFB 0099 (NZ_CP024711.1), position of the two targets coding sequences, LysR and 

TetR family transcriptional regulators conserved across all D. solani strains (highlighted and labeled with fuchsia and red colors, respectively), D. chrysanthemi 

Ech1591ᵀ (NC_012912), D. dadantii 3937 (NC_014500), D. parazeae Ech586 (NC_013592; formerly known as D. zeae), Musicola paradisiaca Ech703 (NC_012880; 

previously called as D. paradisiaca), D. dianthicola RNS04.9ᵀ (NZ_CP017638.1), D. fangzhongdai DSM101947ᵀ (NZ_CP025003), D. aquatica 174/2ᵀ (NZ_LT615367), 

P. carotovorum PCC21 (NZ_018525), Erwinia amylovora CFBP 1430ᵀ (NC_013961), Ralstonia pseudosolanacearum GMI 1000ᵀ (NC_003295), and Clavibacter 

sepedonicus ATCC 33113ᵀ (NC_10407). The image was created using the BLAST Ring Image Generator (BRIG) v 0.95 (49).

Research Article Microbiology Spectrum

January 2025  Volume 13  Issue 1 10.1128/spectrum.00784-24 4

https://doi.org/10.1128/spectrum.00784-24


TA
BL

E 
1 

Pr
im

er
 a

nd
 p

ro
be

 in
fo

rm
at

io
n 

fo
r 4

-p
le

x 
qP

CR
 a

ss
ay

 d
ev

el
op

ed
 fo

r s
pe

ci
fic

 d
et

ec
tio

n 
of

 D
ic

ke
ya

 so
la

ni

N
am

e
Pr

im
er

 a
nd

 p
ro

be
 s

eq
ue

nc
es

 (5
′−

3′
)

Ta
rg

et
 g

en
e

Pr
ob

es
(C

ha
nn

el
)

Ta
rg

et
Si

ze
(b

p)
Δ

G
G

c 
(%

)
a N

CB
I B

LA
ST

n 
re

su
lts

E-
va

lu
e

Q
ue

ry
 %

Id
en

tit
y 

(%
)

Re
fe

re
nc

e

D
IC

g-
w

F1
AT

TA
TC

TC
TG

CA
TT

G
TC

G
A

A
AC

CA
AG

A
AC

AC
m

gl
A/

m
gl

C
H

EX
-B

H
Q

1 
(Y

el
lo

w
)

D
ic

ke
ya

13
0

1.
0

(4
1)

D
IC

g-
w

R1
A

A
AT

TA
TT

TC
TT

G
TC

TT
TC

AG
CC

AG
G

TG
AG

C
0.

9
D

IC
g-

P
AT

G
AT

G
CA

AG
G

G
C

TG
TT

AC
CA

TG
A

A
AG

C
0.

8
D

so
-w

F1
TT

CT
AT

TT
TT

TA
C

TC
AG

C
TC

G
G

TG
TT

CG
TC

T
ly

sR
 fa

m
ily

 
tr

an
sc

rip
tio

na
l 

re
gu

la
to

r g
en

e

Ca
l F

lu
or

 R
ed

 –
BH

Q
2

(O
ra

ng
e)

D
. s

ol
an

i
11

9
0.

8
39

0.
47

10
0

10
0

Th
is

 s
tu

dy
D

so
-w

R1
TT

CT
A

CT
CT

TT
CC

A
AG

AG
CC

G
TT

TC
A

AT
TT

C
0.

4
39

0.
47

10
0

10
0

D
so

-P
1

TT
CA

TC
G

TA
CG

AC
CC

G
G

AG
TG

TC
A

1.
0

54
0.

00
4

10
0

10
0

D
so

-w
F2

TT
TC

TT
TC

TT
TA

C
TG

AG
CA

AT
CC

AG
CC

A
A

AG
te

tR
 fa

m
ily

 
tr

an
sc

rip
tio

na
l 

re
gu

la
to

r g
en

e

FA
M

-B
H

Q
1

(G
re

en
)

D
. s

ol
an

i
11

9
0.

7
39

0.
47

10
0

10
0

Th
is

 s
tu

dy
D

so
-w

R2
TT

TT
A

CT
AT

TT
TC

AC
TC

AC
TG

A
AC

CG
AC

CA
C

0.
7

39
0.

47
10

0
10

0
D

so
-P

2
CC

TT
CG

C
TA

TG
AT

TT
TG

AG
CG

CG
A

0.
8

50
0.

00
4

10
0

10
0

U
IC

-w
F

TT
TT

TT
TT

CT
AT

G
G

CA
TG

AC
C

TG
AC

C
TA

AC
C

A
rt

ifi
ci

al
 n

uc
le

o
tid

e 
bl

oc
k

Q
ua

sa
r7

05
-B

H
Q

3 
(C

rim
so

n)
U

ni
ve

rs
al

 
in

te
rn

al
 

co
nt

ro
l

0.
4

(4
8)

U
IC

-w
R

TT
CT

TT
CT

G
TT

G
CC

TC
TG

TA
TA

G
CG

AT
TT

TG
1.

0
U

IC
-P

TT
CG

TA
C

TC
A

AC
TA

G
CC

A
AG

C
TC

CA
A

0.
0

a Re
su

lts
 o

n 
th

e 
an

al
ys

is
 d

at
e 

of
 M

ay
 2

0,
 2

02
0.

 T
he

 fl
ap

 s
eq

ue
nc

es
 a

re
 a

dd
ed

 a
t t

he
 5
′ p

os
iti

on
 o

f f
or

w
ar

d 
an

d 
re

ve
rs

e 
pr

im
er

s. 
BL

A
ST

n 
an

al
ys

is
 w

as
 p

er
fo

rm
ed

 e
xc

lu
di

ng
 th

e 
fla

ps
. Δ

G
 v

al
ue

s 
ca

lc
ul

at
ed

 u
si

ng
 m

FO
LD

.

Research Article Microbiology Spectrum

January 2025  Volume 13  Issue 1 10.1128/spectrum.00784-24 5

https://doi.org/10.1128/spectrum.00784-24


In the preliminary screening of primers for use in the LAMP assay, both target genes 
for D. solani demonstrated 100% efficiency. The tetR family transcriptional regulator gene 
showed lower Ct values compared with the lysR gene and was therefore selected for 
designing the LAMP assay primers. The tetR family transcriptional regulator gene 
analyzed by BLASTn using NCBI database showed 100% query coverage and 100% 
identity only with the corresponding target sequences of D. solani. In silico analysis 
demonstrated no amplification with non-target Dickeya, Pectobacterium, Clavibacter, and 
other closely related species. The length of primers and GC content varied from 17 to 
38 bp and 55% to 67%, respectively (Table 2). The location of the primers and their 
orientations within the selected target gene in the whole genome of D. solani are shown 
in Fig. 1.

Assay specificity

Among 134 bacterial strains (Table S1) that were tested to determine the LAMP assay 
specificity and efficiency, no false-positive or false-negative results were observed, i.e., 
LAMP results matched 100% with all tested strains of D. solani (Fig. 2). LAMP amplification 
shown as a sigmoid shaped curve in the plot produced by the real-time qPCR thermo
cycler with a distinct melt curve ranging from Tm 90.86–91.06, with a Tt (threshold 
time) from 5.78 to 6.39 min with all D. solani strains tested (Figures not shown). For 
the visual detection protocol, SYBR Green I was adapted, the reaction solution in the 
tubes with target DNA amplification turned to green after addition of SYBR Green I and 
showed high fluorescence under the UV light (Fig. 2). A ladder/smear-like pattern was 
also observed when amplified products were electrophoresed and visualized on a 2% 
agarose gel, indicating positive amplification (Figures not shown). No exponential curve, 
no melt curve, and no color change were observed with any non-target bacterial strains 
(from different geographic locations and hosts) included in the exclusivity panel, healthy 
control plant DNA and non-template control, which demonstrated no cross-reactivity 
with the developed assay (Table S1). Thus, the designed primers were highly specific and 
did not form any primer–dimers or non-specific products.

The specificity of TaqMan-qPCR was first tested in silico by using the BLASTn tool 
against the NCBI GenBank database. Primers showed 100% query coverage and 100% 
identity match with the targeted D. solani, indicating high specificity of the designed 
primers. The flap sequences allowed the D. solani primer sets to be multiplexed with 
the previously developed and validated Dickeya genus primers. Multiplexing with the 
previous primers set does not show any cross amplification with non-targets (data not 
shown). Additionally, when the developed multiplex TaqMan qPCR assay was tested with 
123 bacterial strains listed in Table S1, positive results were only observed in the orange 
and green channels (specific for D. solani two target regions) with 11 strains of D. solani 
and 43 other strains in genus Dickeya in yellow channel (Table S1). The CT values from D. 
solani strains for LysR transcriptional regulator gene target ranged from 15.33 ± 0.08 to 
22.35 ± 0.17 in orange channel (n = 11), while the green channel for second target gene 
(tetR family transcriptional regulator gene) exhibited almost similar CT values of 14.89 ± 
0.03 to 22.46 ± 0.06 (n = 11). The CT value from other Dickeya species, excluding D. solani, 

TABLE 2 Primers developed for loop-mediated isothermal amplification (LAMP) assay for specific detection of Dickeya solani targeting tetR family transcriptional 
regulator gene

Name Primer sequences (5′−3′) Length (nt) Gc (%) NCBI BLASTn resultsa

Query % E-value Identity %

Dso-FIP TGGATTGCTCAGTGGCCAGAGTCTCGGCATCCGAGTTTGA 36 67.0 100 1.2 100
Dso-BIP CCAAAGTTGCGGCGGAAGTAGTAACCCCTCTTCCAGATCGC 38 63.0 100 0.074 100
Dso-F3 CACAGCTGCATACCGTCTG 20 55.0 100 0.29 100
Dso-B3 GACCACGCAGAAGCATGAG 17 65.0 100 1.8 100
Dso-LF AGGGCAGGGCCTGGTGAATA 20 55.0 100 0.29 100
Dso-LB TCTGGTGGCCCTTCGCTATGA 20 65.0 100 0.29 100
aBLASTn results were analyzed on June 7, 2020. nt indicates nucleotide.

Research Article Microbiology Spectrum

January 2025  Volume 13  Issue 1 10.1128/spectrum.00784-24 6

https://doi.org/10.1128/spectrum.00784-24


ranged from 11.31 ± 0.48 to 33.24 ± 0.31 in the yellow channel (n = 46), while D. solani 
strains amplified in range from 14.37 ± 0.01 to 21.56 ± 0.04 (n = 11). No amplification 
or CT values were obtained in the yellow, orange, or green channels with any members 
from exclusivity panel that includes phylogenetically closely related species, non-targets, 
endophytic species sharing close niche (n = 65), and healthy control plant DNA and 
soil samples included in the panel. Moreover, during the specificity validation, no CT 
value >35 was obtained with any members of inclusivity panels for all primer/probe sets. 
The positive amplification or CT value was observed in the crimson channel with all the 
reactions containing bacterial strain DNA, healthy control plant DNA, and soil, indicating 
no inhibition in the reaction. Addition of 5′ AT-rich flap sequences allowed the multiplex
ing with the previously designed Dickeya genus and UIC primers, without negatively 
affecting the specificity of the primers for the specific detection of D. solani. The standard 
deviation of three replicates for samples was <1 within the linear range (CT value <35) 
in the orange, green, or yellow channels except for one sample with standard deviation 
of 1.31. Consequently, samples above the CT value of 35 were assessed as negative. No 
amplification signals were detected in healthy potato plants and no-template control 
(water, NTC). Based on the evaluation of 116 bacterial strains, the multiplex-TaqMan 
qPCR demonstrated 100% specificity with no false-positive or false-negative results, 
confirming its high accuracy. No contradictory results were obtained with either LAMP or 
multiplex qPCR with any member of the inclusivity and exclusivity panels (Table S1).

Assay sensitivity

Sensitivity of LAMP Assay: The overnight grown culture of D. solani (A5581) confirmed by 
standard plate counting the serial dilutions of pure cell culture of D. solani on the DPA 
(dextrose peptone agar) media and was found to be 9.5 × 108 CFU/mL. The detection 
limit of the developed LAMP assay determined using the 10-fold serially diluted crude 
cell lysate of pure culture of D. solani reached as low as 950 CFU/mL of bacterial cells 
or ~1 CFU/reaction. A visual detection of the LAMP amplified products after adding SYBR 
Green I to the LAMP amplified products; fluorescence under UV light is shown in Fig. 3.

The Tt for detection from 9.5 × 108 CFU/mL to the lowest limit of detection 
(950 CFU/mL) was 8.92 min and 5.73 min, respectively. The limit of detection using 
10-fold serially diluted genomic DNA of D. solani was 100 fg. The sigmoid amplification 
plot, followed by visual detection by adding SYBR Green I, under UV light and a ladder 

FIG 2 Specificity validation of loop-mediated isothermal amplification (LAMP) for D. solani detection. Fluorescence detection under UV light. (A) Inclusivity 

assay with all D. solani strains: Tube one contains the positive control (genomic DNA of D. solani A5581), Tubes 2–11 contain genomic DNA of D. solani strains 

A5582, A6288, A6289, A6291, A6292, and A6294–A6298, and Tube N is the non-template control (NTC; water). (B) Exclusivity assay with genomic DNA from 13 

representative bacterial strains from the exclusivity panel: Tube 1 contains D. solani (A5581); Tubes 2–15 contain D. dianthicola, D. paradisiaca, P. carotovorum, D. 

zeae, P. brasiliense, D. chrysanthemi, P. carotovorum, Pantoea sp., D. dadantii, E. amylovora, Klebsiella sp., P. betavasculorum, P. odoriferum, and healthy S. tuberosum 

(negative control); N is water (NTC).
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like amplification from the LAMP amplified products are shown in the Fig. 3. Addition
ally, spiked assays were performed to ascertain any inhibitory effects or the impact of 
background host DNA on the LAMP reaction. This was done by adding 5 µL of dilution 
buffer, prepared from healthy greenhouse-grown potato plant cell lysate (using a Plant 
Lysis kit as previously described) to LAMP reactions containing 10-fold serially diluted 
DNA. Two types of DNA were tested: 1) bacterial crude cell lysate and 2) genomic DNA. 
The spiked assays revealed similar detection limits of 950 CFU/mL or ~1 CFU/reaction for 

FIG 3 (A–H): Sensitivity assays of loop-mediated isothermal amplification (LAMP) for specific detection of D. solani. (A–D) LAMP sensitivity assay; Lane M, 100 bp 

ladder, Lanes 1–8, 10-fold serially diluted purified genomic DNA of D. solani from 10 ng to 1 fg.; Lane N, negative template control (NTC, water). (E–H) Spiked 

LAMP sensitivity assay; lane M, 100 bp ladder; Lanes 1–8 10-fold serially diluted (1 ng to 1 fg) purified genomic DNA of D. solani plus 1 µL of host DNA (10 ng/µL) 

added to each reaction; Lane N, negative template control (NTC, water). (A and E) Rotor-Gene Q amplification of sensitivity assay and spiked sensitivity assay; 

(B and F) visual detection of LAMP after adding SYBR Green I; (C and G) tubes under UV; (D and H) amplified LAMP products on 2% agarose gel. (I–L): Visual 

detection of sensitivity assays of D. solani heat-killed cells using LAMP assay. (I and J) Tubes 1–9 10-fold dilution series consisting of 108, 107, 106, 105, 104, 103, 102, 

10, and 1 CFU/mL of heat-killed cells of D. solani and a non-template control (tube N). (K and L) Tubes 1–9 10-fold dilution series consisting of 108, 107, 106, 105, 

104, 103, 102, 10, and 1 CFU/mL of heat-killed cells of D. solani spiked with host lysate, and a no-template control (tube N). Products were detected after adding 

3 µL SYBR Green I under visual light, where a positive result changes from orange to green (I and K), or ultraviolet light, where a positive result show fluorescence 

(J and L).
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the bacterial crude cell lysate and 100 fg for the genomic DNA, indicating no inhibitory 
effect from the background host crude DNA (Fig. 3).

TaqMan-qPCR Sensitivity Assay: The primer and probe sets were compared for their 
sensitivity in multiplex and singleplex formats and also in the presence of host DNA 
background. The D. solani primer sets (Dso-wF1/wR1, Dso-wF2/wR2) targeting two 
different unique loci of the D. solani genome containing 5′ flap sequences were used 
to make them compatible with the previously Dickeya genus (DICg-wF1/wR1; 41) and 
internal control primers (UIC-wF/wR; 48). In 4-plex TaqMan-qPCR, D. solani specific primer 
sets, Dso-wF1/wR1 and Dso-wF2/wR2, were able to detect down to 1 pg of genomic 
DNA with almost similar CT values of 30.38 ± 0 and 29.86 ± 0 (Fig. 4) with correlation 
coefficient (R2) of 0.99; and amplification efficiency (E) of 0.99 and 0.94, respectively. The 
average genome size of D. solani is 4.9 Mb. Based on the genome size, copy number was 
calculated, using the web-based software (http://www.scienceprimer.com/copy-number-
calculator-for-realtime-pcr). Based on the formula, 1.89 × 106 copies were present in 
10 ng of genomic DNA. In 4-plex qPCR, the detection limit of each primer set specific 
to detect D. solani was down to 1 pg, which is equivalent to 180 copies. No difference 
in the sensitivity was observed when 1 µL of host genomic DNA (DNA extracted from 
healthy potato plant) was added to each 10-fold serially diluted genomic DNA. The 
detection limit of 1 pg (180 copies), with almost similar CT values of 31.56 ± 0 and 

FIG 4 Standard curves and graphs for TaqMan-qPCR generated using ten-fold serial diluted Dickeya solani genomic DNA (10 ng to one fg). (A and C) Multiplex 

TaqMan-qPCR, (D and E) Single TaqMan-qPCR with 10-fold serially diluted genomic DNA; and (B) Multiplex TaqMan qPCR 10-fold serially diluted genomic 

DNA mixed with host plant DNA. The orange, green, yellow and crimson channels correspond to the different reported dyes Red –BHQ2, 6-FAM (495/520), 

HEX (535/554), and Quasar705-IBQ3 (excitation/emission spectra in nm), respectively. A1/A2/A3/A4-multiplex TaqMan qPCR generated by multiplexing 

Dso-wF1/wR1/Dso-P1, Dso-wF2/wR2/Dso-P2, DICg-wF1/wR1/DICg-P, and UIC-wF/wR/UIC-P primer/probe sets. B1/B2/B3/B4-spiked multiplex TaqMan qPCR 

generated by multiplexing Dso-wF1/wR1/Dso-P1, Dso-wF2/wR2/Dso-P2, DICg-wF1/wR1/DICgP, UIC-wF/wR/ UIC-P primer/probe sets; the spiked assay was done 

by adding 1 µL of healthy potato DNA extracted from tubers to each 10-fold serially diluted D. solani DNA. C1/C2/C3-multiplex TaqMan qPCR was generated 

by multiplexing Dso-wF1/wR1/Dso-P1, Dso-wF2/wR2/Dso-P2, and DICg-wF1/wR1/DICg-P primer/probe sets. (D) Single TaqMan qPCR with Dso-wF1/wR1/Dso-P1 

primer set in the reaction mix. (E) Single TaqMan qPCR with Dso-wF2/wR2/Dso-P2 probe and primer set. X axis represents the number of cycles, and Y 

axis-normalized fluorescence. The CT values are average of three replicates ±SD. Slopes (Y = threshold cycles (Ct) of target DNA detected), R2 (correlation 

coefficient), and E (amplification efficiency).
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30.13 ± 0 with each correlation coefficient (R2) of 0.99, and amplification efficiency (E) of 
0.99 and 0.94, respectively, was detected. This demonstrates that the developed method 
is robust with no adverse effect from host background DNA (Fig. 4B1 and B2). But, in 
3-plex qPCR, performed without addition of UIC in the reaction mix, a 10-fold increase 
in the detection limit was observed, the sensitivity was down to 100 fg equivalent to 
18 copies for Dso-wF1/wR1 and Dso-wF2/wR2 primer sets with almost identical CT of 
34.78 ± 0 and 33.36 ± 0, with each correlation coefficient (R2) of 0.99, and amplification 
efficiency (E) of 0.99 and 0.96, respectively. The primer sets were also compared by 
performing single qPCR with only a single primer set for each target gene specific for 
D. solani. Each primer set Dso-wF1/wR1 and Dso-wF2/wR2 was able to detect down to 
10 fg of D. solani genomic DNA with identical CT value of 37.26 ± 0 and 37.40 ± 0.39, 
with each a correlation coefficient (R2) of 0.99, and amplification efficiency (E) of 0.99 and 
0.98, respectively (Fig. 4D and E). The reaction efficiencies ranged from 90% to 100%, 
indicating high linearity. The detection limit of each qPCR primer set specific for D. solani 
was down to 1.8 copies, i.e., ~2 copies of the genomic DNA in a single-plex qPCR. The 
sensitivity of the Dickeya genus primers in the 4-plex qPCR was 1 pg (180 copies) with CT 
value 29.86 ± 0 with a correlation coefficient (R2) of 0.98, and amplification efficiency (E) 
of 0.90 (Fig. 4A3). No change in the sensitivity was observed when the spiked assay was 
performed by adding host genomic DNA with almost identical with CT value of 29.33 ± 0 
(1 pg), correlation coefficient (R2) of 0.99, and amplification efficiency (E) of 0.93 (Fig. 4B3). 
Similarly, a 10-fold increase in sensitivity was observed in 3-plex qPCR without adding 
UIC in the reaction mix. The primer detection limit was down to 100 fg (18 copies) with 
CT value of 32.24 ± 0, correlation coefficient (R2) of 0.99, and amplification efficiency (E) of 
0.96 (Fig. 4C3).

Assay specificity with artificially and naturally infected samples

Naturally and artificially inoculated “disease-free” potato tubers were used to assess 
the capability of the developed LAMP and TaqMan qPCR assays. No cross-amplification 
was observed with genomic DNA from all 10 naturally infected potato plants, which 
included PL68 (PS32F), PL109 (PS33), PL107 (PS60) (P. brasiliense), PL124 (PS38), PL75 
(PS63) (P. parmentieri), PL125 (PS1), PL127 (PS10), PL122 (PS66) (D. dianthicola), PL66 
(PS2) (P. aroidearum), PL73 (P. carotovorum), and healthy potato plant samples (Fig. 5A). 
Amplification sigmoidal plot with a melt curve Tm 90.46 was only observed with the 
positive control (Fig. 5B).

Additionally, artificially inoculated potato tubers tested with the LAMP showed 
positive amplification plot within 3.20–3.86 min, with only D. solani strains A5582, A6289, 
A6291, A6292, and A6295–A6298 infecting the crude plant cell DNA, and no amplifica-
tion was observed with crude plant cell DNA from D. dianthicola (PL25) and D. paradisiaca 
(A6064), and healthy potato. Positive and negative template controls (NTC, water) were 

FIG 5 Validation of Dickeya solani-specific loop-mediated isothermal amplification (LAMP) assay with plant samples naturally infected with other soft rot 

bacteria. Pectobacterium. brasiliense PL68 (PS32F), PL109 (PS33), and PL107 (PS60); P. parmentieri PL124 (PS38), and PL75 (PS63); D. dianthicola PL125 (PS1), PL127 

(PS10), and PL122 (PS66); P. aroidearum PL66 (PS2); P. carotovorum PL73, and healthy potato plant sample. (A) Real-time amplification plot, (B) Melting curve. A 

positive control includes DNA from D. solani (A6295; positive amplification shown in both figures).
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also included in the run (figure not shown). A visual detection by adding SYBR Green 
I stain with a change of color from orange to green for positive amplification and no 
change in color indicating no amplification; the fluorescence under UV light has been 
shown in Fig. S1. The developed LAMP assay was able to detect 0% false positive, with 
100% efficiency and accuracy, with all samples tested with no cross-amplification with 
the non-targets.

Table 3 summarizes the results of the developed multiplex TaqMan-qPCR assay, which 
includes eight naturally infected potato plants and nine artificially inoculated tubers. 
Detection from artificially inoculated tubers showed amplification only with all Dickeya 
species with genus specific primers (yellow channel) with CT values in range from 17.47 
± 0.05 to 25.76 ± 0.99. Both D. solani-specific primers sets Dso-wF1/wR1, Dso-wF2/wR2 
showed positive amplification with D. solani-infected samples in the orange and green 
channels, with CT values in range from 21.43 ± 0.05 to 29.49 ± 1.06 and 18.23 ± 0.04 to 
26.44 ± 0.97, respectively. No amplification was observed with D. dianthicola-infected 
and healthy plant controls or negative template control. Positive amplification was 
observed in the crimson channel with internal control, indicating no inhibition in the 
reaction. Similarly, amplification was observed with naturally infected samples, with 
positive amplification in the yellow channel for “Genus” with only Dickeya species with 
CT values ranged from 17.93 ± 0.03 to 29.80 ± 0.04. No amplification was observed with 
D. dianthicola- and Pectobacterium species-infected samples in channels specific for D. 
solani, confirming the specificity of the assay. No amplification was observed with the 
healthy plant DNA. The developed multiplex-TaqMan qPCR accurately detected, with 

TABLE 3 Validation of 4-plex TaqMan qPCR assay with naturally and artificially infected plant materials

Strain Sample type Strain/Sample 
number

TaqMan qPCR
Mean ct (SD) Rotor Gene Qa

Yellow channel
(Genus)

Orange channel
(Dso-P1)

Green channel
(Dso-P2)

Crimson channel
(UIC)

Naturally infected plant samples
  Dickeya solani Bacterial genomic DNA LMG27550 17.93 (0.03) 20.29 (0.05) 19.65 (0.05) 28.91 (0.47)
  Pectobacterium 

brasiliese
Naturally infected plant PS32 - - - 28.03 (0.14)

  P. brasiliense Naturally infected plant PS33 - - - 28.25 (0.34)
  P. parmentieri Naturally infected plant PS38 - - - 28.58 (0.38)
  P. brasiliense Naturally infected plant PS60 - - - 28.41 (0.18)
  D. dianthicola Naturally infected plant PS1 27.95 (0.12) - - 28.45 (0.17)
  D. dianthicola Naturally infected plant PS10 20.29 (0.04) - - 27.75 (0.12)
  D. dianthicola Naturally infected plant PS66 25.52 (0.11) - - 27 (0.19)
  P. aroidearum Naturally infected plant PS2 29.80 (0.04) - - 28.15 (0.35)

Healthy potato NC - - - 28.53 (0.44)
water NTC - - - 27.67 (0.69)

Artificially inoculated tubers
  D. solani Bacterial genomic DNA LMG27550 17.47 (0.05) 21.43 (0.05) 18.23 (0.04) 29.45 (0.40)
  D. solani Artificially inoculated LMG25865 25.76 (0.99) 29.49 (1.06) 26.44 (0.97) 27.56 (0.35)
  D. solani Artificially inoculated LMG25990 24.72 (0.0) 28.50 (0.0) 25.46 (0.0) 26.89 (0.0)
  D. solani Artificially inoculated LMG25993 24.08 (0.43) 27.86 (0.31) 24.95 (0.42) 27.15 (0.27)
  D. solani Artificially inoculated LMG27552 23.09 (1.52) 26.88 (1.48) 23.89 (1.55) 27.77 (0.22)
  D. solani Artificially inoculated LMG27553 24.84 (0.0) 28.61 (0.0) 25.64 (0.0) 27.82 (0.0)
  D. solani Artificially inoculated LMG27554 23.93 (0.06) 27.74 (0.04) 24.69 (0.09) 27.34 (0.05)
  D. solani Artificially inoculated A5582 23.97 (0.03) 27.82 (0.08) 24.71 (0.02) 27.26 (0.14)
  D. solani Artificially inoculated LMG27550 23.54 (0.0) 27.27 (0.0) 24.39 (0.0) 26.76 (0.0)
  D. dianthicola Artificially inoculated PL25 24.27 (0.08) - - 28.06 (0.54)

Healthy potato NC - - - 28.46 (0.25)
Water NTC - - - 28.26 (0.21)

aCt threshold time for detection; SD, standard deviation; -, negative.
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100% efficiency, all infected plant samples tested. No false positives or false negatives 
were detected (Table 3). No conflicting results were observed with all samples tested 
with both developed methods.

Multi-laboratory validation of LAMP and multiplex-TaqMan qPCR assays

No false positive and/or false negative results were observed with eight bacterial DNA 
samples that were blind-coded across the two- laboratories in the multi-laboratory 
validation. Same samples were used to test with the optimized LAMP and multiplex-Taq
Man qPCR. Table 4 summarizes the results of the LAMP and multiplex-TaqMan qPCR. 
The developed LAMP assay was able to detect with 100% accuracy and efficiency 
with amplification only with the D. solani genomic DNA and no amplification with D. 
dianthicola, D. zeae, and healthy control plant DNA included in the panel. No false 
positive or false negatives were detected during the run in two labs tested with two 
different machines.

The same samples were tested with the multiplex TaqMan-qPCR, and the CT values 
were obtained in the different channels in two separate labs using different machines 
(Table 4). The Ct value ranging from 12.27 ± 0.03 to 25.14 ± 0.11 (lab 1) and 12.67 ± 
0.12 to 25.68 ± 0.12 (lab 2) was observed with all D. solani- and D. zeae-infected samples’ 
DNA using genus specific primer/probe set (DICg-wF1/wR1/DICg-P). Amplification was 
observed with both primer sets designed for specific detection of D. solani, and no 
cross-reaction was observed. Mean Ct values for D. solani Dso-wF1/wR1/Dso-P1 (orange 
channel) primer/probe set ranged from 21.03 ± 0.13 to 27.11 ± 0.08 (lab 1) and 15.92 
± 0.20 to 23.27 ± 0.13 (lab 2). Mean Ct values for D. solani Dso-wF2/wR2/Dso-P2 (green 
channel) primer/probe set ranged from 15.73 ± 0.05 to 22.23 ± 0.09 (lab 1) and 17.15 
± 0.12 to 24.59 ± 0.19 (lab 2). Furthermore, positive amplification was observed with 
universal internal control with all samples tested, indicating no inhibitory effect in the 
reaction. The samples tested in both laboratories produced identical results with 100% 
accuracy and efficiency indicating the developed assay is robust and reliable for testing 
the infected samples.

DISCUSSION

Dickeya solani stands out as one of the most aggressive causative agents of blackleg 
and soft rot, thrives across various temperatures, outperforming its genus counterparts 
in spreading disease (50–52). Prevalent in Europe and Israel, it spreads through the trade 
of latently infected seed potatoes. Although not yet documented in the United States, D. 
solani is a quarantine pathogen due to the significant risk it poses to the potato industry. 
The extensive germplasm trade makes its introduction through imported seed potatoes 
almost inevitable, highlighting the need for vigilant monitoring and control measures.

This research presents sensitive and accurate LAMP and TaqMan qPCR methods for 
detecting D. solani. These methods, targeting unique genomic regions of D. solani, 
have been thoroughly validated, offering flexibility to suit various laboratory needs. The 
TaqMan-qPCR’s primers and probes are versatile, usable in both single and multiplex 
formats, catering to user preferences. The multi-gene-based approach is reported to 
enhance reliability, accuracy, and specificity, while minimizing the risk of false positives 
(33, 53). The dual target-based probes in real-time qPCR offer enhanced specificity and 
reliability, providing a significant advantage for the assay. In vitro validation, using strains 
that represent various geographical locations, hosts, and closely related taxa, is crucial 
for developing a reliable diagnostic assay (54, 55). Both the LAMP and multiplex-TaqMan-
qPCR assays underwent extensive validation using a diverse range of bacterial strains 
collected from various geographical locations and both artificially and naturally infected 
plant samples, ensuring high accuracy and reliability. The assays were also tested against 
saprophytic and endophytic bacterial strains from similar niche/environments, as well 
as infested soil. Both the LAMP and multiplex-TaqMan-qPCR assays exhibited high 
specificity, delivering 100% accurate results with the inclusivity and exclusivity panels. No 
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false positives or false negatives were detected during validation, affirming the reliability 
and robustness of the developed assays.

Diagnostic assays targeting unique genomic regions offer robustness and high 
accuracy (41, 43, 54). A comparative whole-genome approach was utilized to identify 
conserved and unique genomic regions (lysR and tetR gene regions). These target genes 
were used in designing specific, thermodynamically competent primers and probes 
for D. solani. For the LAMP assay, primers were designed based on the tetR family 
transcriptional regulator gene. In silico analysis of these primers using NCBI BLASTn 
confirmed their high specificity, showing 100% identity match and 100% query coverage 
for D. solani. Moreover, in-vitro testing with DNA isolated from various type strains and 
reference strains from international and national culture collections demonstrated 100% 
specificity of the assays, with no occurrences of false positives or negatives.

Currently, no LAMP assay has been developed specifically for detecting D. solani. A 
LAMP assay for detecting the Dickeya genus, reported by Yasuhara-Bell et al. (44), offers 
a sensitivity of 5 pg/reaction and a detection time of 40 min per reaction. However, the 
LAMP assay for D. solani developed in this research is more sensitive and rapid, detecting 
as little as 100 fg/reaction, with results obtainable in under 9 min (the quickest detection 
time in validation was 8.92 min). Additionally, when using crude cell lysate, the LAMP 
assay can detect as few as 950 CFU/mL in a sample, including plant samples, which is 
equivalent to 1 CFU/reaction. Recently, an isothermal method for D. solani was reported 
by Ivanov et al. (47), combining a lateral flow assay with recombinase amplification, 
demonstrating a sensitivity of 700 CFU/mL of the sample with results detectable in 30 
min. The rapid LAMP assay presented in this research has been validated with extensive 
inclusivity and exclusivity panels, including strains from closely related niches.

The LAMP assay introduced in this study stands out for its speed (detection ranging 
from 5.73 min for the highest concentration to 8.92 min for the lowest) and heightened 
sensitivity compared with existing methods. This significantly shortens the detection 
time for the pathogen without sacrificing efficiency or sensitivity. Notably, the LAMP 
assay demonstrates superior sensitivity (100 fg, equivalent to 18 copies of genomic 
DNA) when compared to the TaqMan-qPCR assay, which has a detection limit of 1 pg 
(180 copies) for the 4-plex and was similar to the 3-plex TaqMan-qPCR without the 
universal internal control (100 fg ~18 copies). The LAMP’s ability to detect crude cell 
lysate was great, with a sensitivity of 950 CFU/mL, equivalent to 1 CFU/reaction, with 
a detection time of 8.41 min. LAMP assays are recognized for their robustness, owing 
to their resilience against inhibitory substances in sample matrices, attributed to the 
inhibitor-resistant nature of Bst polymerase (38, 56, 57). In our LAMP assay the method 
for preparing crude DNA extract was minimal yet sufficient for amplification, without 
impacting the detection limit.

Existing literature reports two TaqMan qPCR assays for general Dickeya species 
detection, using D. solani bacterial DNA in plant samples, with a sensitivity of 100 
fg/reaction (42). Our newly developed primer/probe pairs DsowF1/wR1/Dso-P1 and 
DsowF2/wR2/Dso-P2 detect as low as 10 fg (~1.8 copies). The 3-plex TaqMan-qPCR, 
excluding the UIC, and the 4-plex, which includes Dickeya genus and UIC primers, have 
sensitivity of 100 fg and 1 pg/reaction, respectively. Adding the UIC to DsowF1/wR1/
Dso-P1 and DsowF2/wR2/Dso-P2 primers and the previously reported Dickeya genus 
primer impacted sensitivity, resulting in a 10-fold decrease. This contrasts with Rama
chandran et al. (48), who observed no effect of UIC on sensitivity, suggesting potential 
incompatibility of UIC primers/probes with our D. solani-specific primers. Testing the 
primers in a 3-plex format maintained a sensitivity of 100 fg for each target gene, 
including the Dickeya genus. However, Dobhal et al. (41) reported sensitivity of 10 fg 
per reaction (Ct = 33.75 ± 0.24) with genus Dickeya-specific primers. This may be due 
to compatibility issues or an inhibitory effect among the primer pairs and probes in the 
3-plex compared with the 2-plex. The 5' flap sequences were incorporated into each 
primer set to improve thermodynamics and to synchronize the reaction, facilitating the 
combination of primer/probe sets for new multiplex reactions (34, 58).
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Detecting the pathogen in infected samples is crucial to demonstrate the developed 
assay’s practicality (54). Both LAMP and qPCR assays proved their effectiveness in 
identifying the target pathogen in infected plant samples. The LAMP method showcased 
100% specificity, detecting the pathogen accurately in 10 naturally and 10 artificially 
infected plant tissues, with no false positives or negatives. Similarly, the TaqMan-qPCR 
assay achieved 100% specificity in identifying the pathogen in eight naturally infected 
potato plants and nine artificially inoculated tubers. In a multi-laboratory validation, both 
assays consistently delivered 100% concordant results across different labs, underscoring 
their robustness, specificity, reproducibility, and accuracy.

In summary, we present sensitive and rapid diagnostic assays, including LAMP and 
multiplex TaqMan-qPCR, developed through a comparative genomics approach to 
detect D. solani, a quarantined, economically impactful bacterial plant pathogen. The 
LAMP method, resistant to common plant sample inhibitors, is ideal for rapid, on-site 
detection in fields or at entry ports, crucial for monitoring latent infections in potato 
seed tubers. Its simplicity makes it suitable for use in basic laboratories. Additionally, the 
multi-gene-based TaqMan-qPCR, enhanced by including Dickeya genus and UIC primers, 
offers increased confidence and reliability. These tools significantly aid phytosanitary 
agencies in their swift and effective response, helping to prevent the spread of the 
pathogen.

MATERIALS AND METHODS

Bacterial strains and DNA extraction

The targeted bacterial pathogen, D. solani, and phylogenetically related bacterial 
species, as well as the outgroup species and common host colonizers found in the 
close niche of the pathogen were used to develop and validate the specificity of 
the assays. The strains were selected to represent different genetic and geographic 
diversity (countries) comprising a total 134 and 123 strains for validation of LAMP and 
multiplex TaqMan qPCR assays, respectively (Table S1). Bacterial strains prefixed with 
“A” and “PL” were obtained from Pacific Bacterial Collection and Phytobacteriology Lab 
Collection (University of Hawaii at Manoa) (stored at −80°C). The other bacterial type 
cultures and recently described Dickeya and Pectobacterium strains were procured from 
international culture collections, including BCCM/LMG (Belgian Co-ordinated Collections 
of Micro-organisms, Belgium), CIRM-CFBP (CIRM-Plant Associated Bacteria, France) and 
ICMP (International Collection of Microorganisms from Plants, New Zealand). The strains 
were cultured by streaking on TZC media (2,3,5-triphenyl-tetrazolium chloride medium: 
peptone 10 g/L, dextrose 5 g/L, 0.001% TZC and agar 17 g/L) (59). The plates were 
incubated at 26°C (±2°C) overnight; single colonies were streaked again on TZC medium 
and incubated at 26°C (±2°C) overnight. The lyophilized cultures from LMG, ICMP 
and CFBP were revived on recommended media provided by the culture collections 
instructions. Briefly, M0001 medium (beef extract 1 g/L, yeast extract 2 g/L, NaCl 5 g/L, 
and agar 15 g/L; pH = 7.4), M0014 medium (pancreatic digest of casein 15 g/L, Papain 
digest of soybean meal 5 g/L, NaCl 5 g/L and agar 15 g/L; pH = 7.3) and King’s B medium 
(proteose peptone no.3 20 g/L, MgSO4.7H2O 1.5 g/L, K2HPO4 1.5 g/L, glycerol 10 mL/L, 
and agar 15 g/L; pH = 7.2; King et al. 1954) were used for reviving the lyophilized cultures. 
The DNA was isolated using DNeasy Blood and Tissue Kit (Qiagen, Germantown, MA) 
according to manufacturer’s instructions. The DNA concentrations were estimated using 
NanoDrop 2000c UV–Vis Spectrophotometer (Thermo Fisher Scientific Inc., Worchester, 
MA). For sensitivity assays, the genomic DNA was quantified using Qubit 4 spectropho
tometer (Thermo Fisher Scientific, Waltham, MA). The strain’s identity was confirmed by 
sequencing the chromosomal replication initiation protein dnaA gene region of different 
bacterial species either in this study or in previous studies using the previously reported 
dnaA specific primers (41, 55, 60) (Table S1).
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Plant growth, inoculation, and total plant DNA extraction

The plant samples used for validation were naturally infected plant samples from 
the field, artificially inoculated plants grown in the greenhouse, as well as artificially 
inoculated tuber slices. Briefly, plants were grown in a controlled greenhouse for 
inoculations, and 4-week-old healthy potato plants were stab inoculated with different 
Dickeya and Pectobacterium species except for D. solani, which was inoculated onto 
potato slices in BSL2 laboratory. For plant inoculations, stems were stab inoculated 10 cm 
from above the ground with 100 µL of 108 CFU/mL of bacteria or water (control) at an 
angle of 45° using a 200 µL pipette tip, secured by wrapping parafilm to prevent leakage 
(28). Inoculated plants were covered individually with plastic bags to maintain the 
humidity, tied, and incubated at 28°C to 30°C for 24 h. Blackleg symptoms (dark brown 
lesions on the lower part of the stem near the soil line, foul smell, and stem becoming 
soft and mushy) were observed at the base of the stem 3 days post inoculation. Healthy 
plants inoculated with sterile water showed no symptoms. DNA was extracted from 
the healthy and greenhouse inoculated plants using a DNeasy Plant Mini Kit (Qiagen), 
according to the manufacturer’s instructions with an additional step of using a Mini-Bead 
Beater 16 Center Bolt (Biospec products, Bartlesville, OK) for 1 min at maximum speed to 
thoroughly rupture the plant cells. Similarly, DNA was isolated from asymptomatic and 
symptomatic field samples using the protocol described above. For TaqMan qPCR and 
LAMP validation and optimization: 1 µL of purified DNA was used. For on-site detection 
using LAMP, the OptiGene Plant Material Lysis kit (OptiGene Limited, Horsham, UK) was 
used to extract crude DNA following the manufacturer’s instructions (61). Briefly, about 
80 mg of plant tissue from the stem)/the potato tuber was placed in a 5 mL tube with 
an iron ball (supplied in the kit) and 1 mL lysis buffer. The tube was shaken vigorously 
manually by hand for 1 min to grind/macerate the plant material. This plant lysate was 
transferred using a loop (10 µL) into a vial containing 2 mL dilution buffer and mixed; 5 
µL from this dilution buffer was used as template in the LAMP assays.

Genome comparison, target gene selection, and primer design for LAMP and 
TaqMan-qPCR

Genomes of Dickeya solani strain D s0432-1 (NZ_CP017453.1), strain IPO2222 
(NZ_CP015137.1), strain PPO9019 (NZ_CP017454.1), strain RNS 08.23.3.1.A 
(NZ_CP016928.1), IFB 0099 (NZ_CP024711.1); D. chrysanthemi Ech1591 (NC_012912), 
D. dadantii strain 3937 (NC_014500), D. dianthicola strain RNS04.9 (NZ_CP017638.1), 
D. fangzhongdai DSM101947 (NZ_CP025003), D. parazeae strain Ech586 (NC_013592), 
Musicola paradisiaca NCPPB2511 previously named D. paradisiaca strain, D. aqua
tica 174/2 (NZ_LT615367.1), Pectobacterium carotovorum strain PCC21 (NC_018525), 
Erwinia amylovora strain CFBP1430 (NC_013961), Ralstonia pseudosolanacearum GMI 
1000 (NC_003295), and Clavibacter sepedonicus strain ATCC33113 (NC_010407.1) were 
retrieved from NCBI GenBank Genome database. Whole genomes were aligned using 
progressive Mauve (2.4.0) and Geneious (10.2.3) (62). Generated locally collinear blocks 
(LCBs) were examined to identify unique and conserved regions within D. solani. The 
unique tetR family transcriptional regulator gene specific for D. solani was used for 
designing primers for LAMP (Table 2). For multiplex qPCR detection of D. solani, we 
employed both the tetR gene and an additional distinct target gene region from 
the lysR family transcriptional regulator gene to design primers and probes (Table 
1). These regulators consist of an N-terminal helix–turn–helix DNA-binding domain 
and a C-terminal co-inducer binding domain (63–65). These regions were exclusively 
found in the genomes of D. solani and were absent in related species. LysR-type 
regulatory proteins are conserved across various bacterial species and control the 
expression of genes related to virulence, motility, quorum sensing, and metabolism (63, 
66–69). The TetR family transcriptional regulators primarily regulate genes involved in 
various catabolic pathways, antibiotic biosynthesis, multidrug resistance, osmotic stress 
response, and pathogenicity in both Gram-positive and Gram-negative bacteria (70). The 
representative genome of each Dickeya species and complete genomes of D. solani along 
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with the genomes of other closely related genera and selected target gene locations 
were included to generate a BLAST Ring Image Generator (BRIG) 40 (49). NCBI-BLAST 
2.6.0+ database was used to compare and generate the BRIG image.

The LAMP primers, forward inner primer (FIP), backward inner primer (BIP), and outer 
primers (F3 and B3) were designed using PrimerExplorer V5 software (Eiken Chemical 
Company; https://primerexplorer.jp/e/). Internal loop primers, forward loop primer (LF) 
and backward loop primer (LB) were designed manually to accelerate the LAMP reaction. 
The primers were synthesized by Genewiz from Azenta Life Sciences Inc (Genewiz, Inc., 
South Plainfield, NJ). The specificity of each primer was confirmed by comparing the 
primer sequences using the NCBI GenBank BLASTn tool. Primers were checked for their 
thermodynamic parameters as described by Arif and Ochoa-Corona (34).

For multiplex TaqMan qPCR, for enhanced reliability two sets of primers targeting 
two loci, lysR and tetR family transcriptional regulator gene, were selected for primer 
and probe design with Primer3 software (71). The primers and probes were evaluated 
in silico for thermodynamic characteristics, internal structures and self-dimer formations 
with mFold (34, 72). The specificity of the primers and probes were confirmed in silico 
by screening the primer and probe sequences using BLASTn tool with the NCBI GenBank 
nucleotide and genome databases. Furthermore, to adjust Tm, GC content and the 
length of the primers, customized flap sequences were added to the 5′ end of each 
primer as described previously (34, 58). For multiplexing, we used specific combinations 
of fluorophores and quenchers to detect two different loci of the pathogen D. solani: 
Cal Flour Red–BHQ2 for the LysR target gene (gene 1) and FAM-BHQ1 for the tetR target 
gene (gene 2). These were multiplexed with the previously described HEX-BHQ1 for 
the Dickeya genus (41) and Quasar705-BHQ3 for the universal internal control (48). The 
primer and probe sequences, along with the thermodynamic parameters, are presented 
in Table 1. All primers and quencher probes 5′-/6FAM/BHQ-1/–3′ and 5′-/CAL Fluor Red/
BHQ-2/–3′ were synthesized by Genewiz Inc. and LGC, Biosearch Technologies (LGC, 
Biosearch Technologies, Petaluma, CA). The universal internal control primers and probes 
were included in the reaction to serve as reagent control and to evaluate the pres
ence of any PCR inhibitors in the reaction (48). The annealing temperatures, extension 
temperatures of primers and probes, as well as PCR specificity were determined by first 
testing each individual primers/probe set with an endpoint PCR, followed by qPCR assay, 
and then confirming the parameters in the multiplex qPCR assay. All oligonucleotide 
sequences used for the LAMP and multiplex TaqMan-qPCR are listed in Tables 1 and 2.

LAMP: assay validation specificity and sensitivity

LAMP reactions (final volume of 25 µL) were performed in a Rotor- Gene Q (Qiagen, 
Germatown, MD). The reaction mixture contained 15 µL of Optigene Master Mix 
(Optigene, West Sussex, United Kingdom), 2 µL primer mix containing 1.6 µM of each 
Dso-FIP/BIP, 0.2 µM of each Dso-F3/B3, 0.4 µM of each Dso-LF/LB, 1 µL of template DNA 
and 7 µL of nuclease-free water (Invitrogen). The reaction mixture was incubated and 
amplified using the Rotor-Gene Q at 65°C for 20 min followed by melt curve analysis at 
99°C–80°C with an increment of 0.2°C/s. A reaction with no template DNA (nuclease-free 
water) and DNA from a healthy plant were used as negative controls; D. solani DNA was 
used as a positive control. Positive and negative controls were included in all assays. 
The fluorescence was monitored in real-time using Rotor-Gene producing sigmoid shape 
curve on the generated plot, and the amplified product was also verified by adding 
3 µL of SYBR Green I dye (1:9 dilution, Life Technologies Corporation, Eugene, OR) in 
each sample tube. The color of positive amplification products turned fluorescent green, 
while those remaining orange were considered negative. Results with SYBR Green dye 
were visualized directly either with the naked eye and or under ultraviolet light and 
using in gel documentation system (Bio-Rad Gel Doc-XR+, Bio-Rad). In addition, 10 µL 
of LAMP product was electrophoresed on 2% agarose gel with 1X TAE buffer, stained 
with ethidium bromide and visualized in a gel documentation system. A ladder-like 
amplification was considered as a positive reaction for the LAMP assay.
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For assay specificity, DNA templates from 134 bacterial strains were tested (Table 
S1). The specificity assay inclusivity panel included 11 strains of D. solani from eight 
different geographic locations worldwide; the exclusivity panel consisted of 123 strains 
of phylogenetically closely related plant pathogenic Gram-positive and Gram-negative 
bacterial species, shared niche bacterial species from different hosts and geographic 
locations, endophytes isolated from the potato samples, and healthy plant DNA (Table 
S1).

The sensitivity of the LAMP assay was determined with both 10-fold serially diluted 
genomic DNA (A5581) and DNA from heat-killed bacterial culture (serially diluted from 
108 to 1 CFU/mL). For sensitivity using the genomic DNA, 10-fold serially diluted pure 
genomic DNA, 10 ng to 1 fg, of D. solani was prepared in nuclease-free water. For 
sensitivity with bacterial cells, an overnight grown culture of D. solani (ca. 109 CFU/mL) 
were 10-fold serially diluted to 1 CFU/mL in 0.1% sterile peptone water (BD, Becton 
Dickinson). The bacterial concentration was enumerated by spread plating in triplicate 
100 μL from serially diluted 10−6, 10−7 and 10−8 dilutions in 0.1% sterile peptone water 
on TZC media, and plates were incubated at 28°C for 12–18 h. The microbial colonies 
were enumerated, and the average of microbial counts was reported as log10 CFU/mL. 
For performing the sensitivity assay, serially diluted bacterial cells were heat killed at 
95°C for 10 min and centrifuged. One microliter of the serially diluted DNA samples from 
each dilution series (for both genomic and bacterial cells) was added into individual 
LAMP reaction mixtures. Additionally, the detection limit of the developed assay was 
evaluated in the presence of host genomic DNA using spiked LAMP assays, which 
involved adding host genomic DNA to reactions containing either genomic DNA or 
bacterial cells. OptiGene Plant Material lysis kit (OptiGene) was used to extract the host 
plant DNA as described earlier, and 5 µL from this was used for the LAMP-spiked assay. A 
non-template control (NTC; water) was included in all LAMP assays. These dilutions along 
with a non-template control were amplified in a Rotor-Gene Q Thermocycler; the LAMP 
conditions and method were followed as described above.

Multiplex-TaqMan qPCR: Assay specificity and sensitivity

The multiplex real-time qPCR assays were carried out in Rotor-Gene Q (Qiagen). The 
amplification was performed in a 25 µL reaction volume containing 12.5 µL of Rotor-
Gene Multiplex PCR Master Mix (Qiagen), 2 µL of the primer mix (5 µM each pri
mer concentration: DICg-wF1, DICg-wF1R1; Dso-wF1, Dso-wR1; Dso-wF2,wR2; UIC-wF, 
UIC-wR), 0.5 µL of each TaqMan probe (DICg-P, Dso-P1, Dso-P2 and UIC probes: 5 µM 
stock), 1 µL of plasmid DNA (Universal internal control, UIC-1 pg; 48), 1 µL of template 
DNA and nuclease-free water was adjusted to obtain the final volume. The primer mix 
(200 µL) used in the above reaction was prepared by adding 10 µL of each forward 
and reverse primer (100 µM stock) targeting the genus Dickeya (41), D. solani (two 
targets) and internal control (UIC) (48), and 120 µL nuclease-free water. Positive and 
negative controls (non-template; water) were included in each TaqMan qPCR amplifi-
cation run. The amplification conditions included an initial denaturation step at 95°C 
for 5 min, followed by 40 cycles, each one consisting of 95°C for 30 s, and 60°C for 
15 s, acquiring fluorescence on yellow (HEX), orange (Cal Flour Red), green (FAM), and 
crimson (Quasar705) channels at the end of each extension steps. Each qPCR reaction 
was performed in three replicates; standard deviation was calculated. The data analysis 
was done using the Rotor-Gene Q series software 2.3.1 (Built 49) with auto threshold (Ct); 
dynamic tube-based normalization was used. All threshold cycle (CT) values ≤ 35 were 
classified as a positive reaction.

Additionally, the specificity was assayed using the genomic DNA of 123 strains, 
including D. solani (n = 11), closely and distantly related bacterial species and the 
endophytes isolated from the potato plants (n = 112) similarly as indicated in LAMP 
assay. The multiplex TaqMan qPCR was performed using the same conditions as 
indicated above. Each strain was run in three replicates; standard deviation was 
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calculated. The inclusion of universal internal control provided fluorescent signals, which 
indicated whether any PCR inhibition was present in the reaction.

The detection limit (sensitivity) of the developed multiplex TaqMan-qPCR was 
evaluated by generating standard curves for the multiplex and singleplex qPCR. 
A 10-fold serial dilution from 10 ng to 1 fg of pure genomic DNA of D. solani 
(A5581) was prepared in nuclease-free distilled water, and 1 µL of each dilution 
was used as template. For comparison, five qPCR sensitivity assays were performed: 
(1) 4-plex qPCR assay using all four primers/probes (DICg-wF1/DICg-wF1R1/DICg-P; 
Dso-wF1/Dso-wR1/Dso-P1; Dso-wF2/wR2/Dso-P2; UIC-wF/UIC-wR/UIC-P) together (2); 
3-plex using three primer/probe sets (DICg-wF1/DICg-wF1R1/DICg-P; Dso-wF1/Dso-wR1/
Dso-P1; Dso-wF2/wR2/Dso-P2) without the universal internal control (3); single qPCR 
using Dso-wF1/wR1/Dso-P1 primers only targeting D. solani lysR family transcriptional 
regulator gene only (4); single qPCR using Dso-wF2/wR2/Dso-P2 primers targeting D. 
solani tetR family transcriptional regulator gene only; and (5) spiked sensitivity assay 
with all four sets as indicated above plus 1 µL of healthy host (potato) genomic DNA. 
In the spiked assay, host DNA was added in each qPCR reaction mix containing 10-fold 
serially diluted genomic DNA of D. solani (A5581) from 10 ng to 1 fg. The concentration 
of 1 pg was consistently used in the multiplex qPCR assays. Each reaction was performed 
in three replicates, and the real-time qPCR assay was performed in the Rotor-Gene Q 
using the conditions described above. The genes used to develop these assays are 
present as a single copy in the D. solani genome. Given the estimated genome size 
(~4.84–4.96 Mb), the copy number was calculated using web-based software (www.sci
enceprimer.com/copy-number-calculator-for-realtime-pcr).

Validation with naturally and artificially inoculated samples and multi-lab-
based validation

To assess the applicability of the developed assays, validation was conducted using 
naturally infected samples (n = 8; collected from the field) and artificially inoculated 
samples (n = 9). Field samples were collected from the Oahu fields in Hawaii, January 
2019 (73). Briefly, potato plants showing symptoms for blackleg were brought to the 
laboratory and processed: stem samples were cut 1 cm in size, surface sterilized in 
0.6% sodium hypochlorite for 30 s, followed by three rinses in sterilized distilled water. 
The DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen). The plant sam
ples infected with Dickeya and/or Pectobacterium were confirmed using a previously 
developed assay in our laboratory (41, 54); the bacteria were isolated from these samples 
using CVP media (74) and incubated for 48 h at 26 ± 2°C. The colonies producing pits on 
CVP media, peculiar characteristics of pectinolytic bacteria, were picked and streaked to 
isolate single colonies and purified. The DNA was further isolated from the bacteria using 
DNeasy Blood and Tissue Kit (Qiagen), and the identity was confirmed by sequencing 
dnaA (41). One microliter of DNA from a single infected plant collected from the fields 
(confirmed for the Dickeya and Pectobacterium species) was used for the validation of 
LAMP and multiplex TaqMan qPCR assays.

Further validation of both assays was conducted using known artificially inoculated 
samples: healthy, disease-free potato tubers were inoculated with different strains of 
Dickeya species. Briefly, the tubers were rinsed in water, surface sterilized with 0.6% 
sodium hypochlorite for 5 min, and rinsed with sterile water three times. The tuber slices 
were cut in the biosafety cabinet and placed into petridishes. One hundred microliters of 
109 CFU/mL of each species was inoculated on tuber slices; sterile water was inoculated 
for negative control. The plates were incubated at 28°C ± 2°C in an incubator for 24 h. For 
the multiplex TaqMan qPCR assay, the samples were processed using the DNeasy Plant 
Mini Kit (Qiagen), and 1 µL of DNA was used as a template. For the LAMP assay, DNA was 
isolated using Plant Material Lysis Kits (Optigene) as per the manufacturer’s instructions. 
The 5 µL crude DNA was added to the LAMP reaction. Positive and negative controls 
were included in all assays.
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The multi-laboratory validation test was performed in two different laboratories [1). 
In first lab [Phytobacteriology Lab, Department of Plant and Environmental Protection 
Sciences, University of Hawaii at Manoa, HI, USA] LAMP and multiplex qPCR assays 
were performed in Rotor-Gene Q thermocycler (Biorad) by one operator, while in the 
second laboratory [Plant Pathogen Confirmatory Diagnostics in Laurel MD (APHIS PPQ 
S&T), USA] another operator used- Genei III (Optigene, West Sussex, UK) and Mic qPCR 
Cycler (Bio Molecular Systems, NSW, Australia) for performing LAMP and multiplex qPCR 
assay, respectively. The Isothermal Master Mix kit (ISO 001 Optigene) and Rotor-Gene 
Multiplex PCR Master kit (Qiagen) were used in both laboratories for LAMP and multiplex 
qPCR assays, respectively. Both assays were performed in three replicates and negative 
template control (water was also included in the run). Eight known bacterial genomic 
DNA samples were blind-coded and tested in both laboratories with the optimized 
LAMP and multiplex TaqMan qPCR protocols (as described above). The blind test panel 
comprised D. solani (LMG25990, LMG27549, LMG27553, LMG27554), D. zeae (A5410), D. 
dianthicola (A5570), P. parmentieri (LMG29774), and healthy potato (negative template 
control).
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Supplemental Material

Supplemental figure and table (Spectrum00784-24-s0001.docx). Fig. S1: Validation 
of loop-mediated isothermal amplification (LAMP) assay for specific detection of 
D. solani.Table S1: Bacterial strains used for validation of loop-mediated isothermal 
amplification (LAMP) and multi-gene-based multiplex TaqMan real-time qPCR.
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