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The detection efficiency of the PCR methods for Xanthomonas 
euvesicatoria pv. perforans (Xep) was determined. Xep specific 
primer set; HpaF-f/HpaF-r was compared with the previously 
reported Bs-XpF/Bs-XpR primers in multiplex PCR reaction and 
singleplex PCR for detection of Xep were tested. The improvement of 
PCR amplification efficacy was investigated by adding PCR additives 
or either 5% DMSO or 1 M betaine. Adding both PCR additives gave 
the same lowest detection limit of Xep detection in both multiplex and 
singleplex PCR at 100 fg. However, multiplex PCR gave no equal 
amplification rate for both sets of primers and also showed cross-
amplification to X. vesicatoria. Then singleplex PCR with both PCR 
additives was further tested in a tomato seed lot. The artificially 
inoculated tomato seeds with various concentrations of Xep from 1.05 
x 105 to 101 CFU/ml were tested with singleplex PCR. The lowest 
detection limit was 101 CFU/ml of the 5 replications of each inoculated 
seed. One artificially inoculated tomato seed from each bacterial cell 
suspension was mixed with 2,000 healthy seeds making 0.05% 
(1/2,000) contaminated tomato seeds sample and further tested with 
singleplex PCR, results showed the detection limit of 101 CFU/ml in 
0.05% Xep contaminated seed lot.   
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INTRODUCTION 

Bacterial leaf spot (BLS) is an important disease in members of the 
Solanaceae family, including pepper (Capsicum annuum) and tomato 
(Lycopersicon esculentum). The symptoms of the disease in infected leaves, stems 
and fruits are necrotic lesions and defoliation (Utami et al., 2022). Infected plants 
with severe symptoms display a leaf blight appearance. BLS disease causes severe 
yield reduction and damage to tomato and pepper fruits. The agents causing BLS 
are Xanthomonas spp. including X. euvesicatoria pv. euvesicatoria (Xee), X. 
euvesicatoria pv. perforans (Xep), X. hortorum pv. gardneri (Xhg) and X. 
vesicatoria (Xv) (Constantin et al., 2016; Morinière et al., 2020). Due to the 
severity of the BLS disease and the means of transmission, BLS pathogens 
including X. euvesicatoria pv. euvesicatoria (Xee) and X. euvesicatoria pv. 
perforans (Xep) were placed on the European and Mediterranean Plant Protection 
Organization (EPPO) A2 list of quarantine pests (https://www.eppo.int/ 
ACTIVITIES/plant_quarantine/A2_list).  

BLS pathogenic bacteria are introduced to plant aerial surfaces through 
water and wind (Ryan et al., 2011). The bacteria penetrated the plant hosts 
through natural openings or wounds. After multiplication to a sufficient population, 
the bacteria move to the mesophyll tissues and cause symptoms of the disease. 
In addition, the bacteria can also move to seeds, causing seed-borne transmission 
(Dutta et al., 2014). Xanthomonas spp. associated with BLS disease are widely 
distributed in many countries, including Australia, the USA, Spain, India, Iran, 
Thailand and Australia (Osdaghi et al., 2017; Roach et al., 2018; Sitthitanasin et 
al., 2020). In Thailand, X. campestris pv. vesicatoria was reported in pepper and 
tomato (Sriwilai, 1994). It was later reclassified as Xep and Xee based on 
physiological, biochemical and multilocus sequence analysis of the gene gyrB, efp, 
dnaK, and atpD (Sitthitanasin et al., 2020).  The detection methods for these 
pathogens were mostly based on conventional polymerase chain reaction (PCR) 
and real-time PCR using specific primers (Araujo et al., 2012; Jones et al., 1993; 
Koenraadt et al., 2009; Leite Jr et al., 1995; Lue et al., 2010; Ning, 2012; Pečenka 
et al., 2020). Four sets of amplified fragment length polymorphism (AFLP) primers 
from Bazilian isolate including Bs-XeF/Bs-XeR, Bs-XvF/Bs-XvR, Bs-XgF/Bs-XgR, 
and Bs-XpF/Bs-XpR, were used to identify Xee, Xv, Xhg and Xep, respectively 
(Koenraadt et al., 2009; Osdaghi et al., 2017; Roach et al., 2018; Scortichini et 
al., 2013). However, the Bs-XpF / Bs-XpR primer set was unable to amplify the 
Xep strains of Thailand and Australia (Osdaghi et al., 2017; Sitthitanasin et al., 
2020). These led to the development of an effective method for Xep strain in 
Thailand.   

Several factors affect PCR efficiency, including DNA/RNA purity, primer 
specificity, PCR components, and the presence of contaminants (Sambrook & 
Russell, 2001). The latter can the potential to be PCR inhibitors. Compositions of 
plant materials reportedly impacted nucleic acid recovery, purity and contaminants 
(Hills & Van Staden, 2002; Japelaghi et al., 2011). Phenolic compounds or 
polysaccharides from the grapevine petiole extracts are PCR inhibitors that 
interfere with PCR amplification unless the samples were diluted 100-fold 
(Minsavage et al., 1994). PCR inhibitors: tannins and phenolic compounds are also 
found in seeds (Walcott, 2003). When used for detection, pathogens can easily be 
missed. To enhance the efficiency of PCR additives such as dimethyl sulfoxide 
(DMSO), glycerol, formamide, bovine serum albumin (BSA), nonionic detergents, 
ammonium sulfate, N,N,N-trimethylglycine (betaine) were added to the PCR 
mixture (Elizabeth Pelt-Verkuil, 2008). PCR amplification of ITS2 DNA barcodes 
from 12 species of plants from 12 different families which previously showed no 
amplifications under standard PCR conditions were enhanced by 91.6% and 75% 
by adding DMSO and betaine respectively (Varadharajan et al., 2021). Betaine at 
1-2 mol/L improved PCR amplification in multiple GC-rich rice DNA segments and 
multiple DNA polymerases (Wang et al., 2018). Colony PCR for the screening of 
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bacteria using degenerate primer was achieved by adding 3% DMSO and 1 M 
betaine (Sheu et al., 2000). Acidic polysaccharides: dextran sulfate which is a PCR 
inhibitor found in spinach at the ratio 50:1 of DNA, PCR amplification could be 
achieved by adding 0.25% or 0.5% Tween 20, 5% DMSO, or 5% polyethylene 
glycol 400 (Demeke and Adams, 1992). 

BLS disease is a seed-borne transmission. Therefore, a sensitive and 
accurate method is essential for detecting BLS pathogens in plant health services. 
Improve Xep detection in tomato seed lots using two PCR additive supplements 
(DMSO and betaine) was investigated in this study. The detection limit was 
determined using a serial dilution of template DNA from Xep and artificially 
inoculated seeds in tomato seed lots with various concentrations of bacterial cells. 
The detection specificity was tested with various Xep strains and Xanthomonas 
spp.     

MATERIALS AND METHODS 

Plant and microbial materials 

Tomato (Lycopersicon esculentum) cv. Sidatip-4 seeds obtained from the 
Thailand Vegetable Research Center (TVRC) were used in this experiment. 
Genomic DNA from BLS causing bacteria including Xee isolate NCPPB2968T, 
NCPPB2573, Xv isolate NCPPB422T, NCPPB1332, NCPPB1421, Xhg isolate 
NCPPB881T, NCPPB4323 and Xep isolate NCPPB4322, NCPPB4321T were 
purchased from National Collection of Plant Pathogenic Bacteria (NCPPB) 
(https://www.fera.co.uk/ncppb-ordering-strains). The Xep DOA-1642 culture was 
provided by the Department of Agriculture, Ministry of Agriculture and 
Cooperatives, Thailand. 

Sensitivity and specificity to Xep strain   

The PCR components included 1X AccustartTM II PCR ToughMix® (Quantabio, 
USA), 0.2 µM forward and reverse primers (Table 1) and 1 µl of DNA template in 
a total reaction of 10 µl. The PCR profile was 1 cycle of 94 °C for 3 min, 35 cycles 
of 94 °C for 30 sec, 68°C for 15 sec and 72°C for 40 sec and 1 cycle of 72°C for 
60 sec. The presence of bacteria in the samples was determined using bacterial 
16S rRNA universal primers fD2/rP1 (Weisburg et al., 1991). Singleplex PCR for 
Xep detection, HpaF-f/HpaF-r primer set was employed (Ning, 2012). The 
reference strain NCPPB4332 DNA prepared in 10-fold serial dilution (1 ng to 1 fg) 
was used as a DNA template. Multiplex PCR components included 1X AccustartTM 
II PCR ToughMix® (Quantabio, USA), 0.2 µM primers of HpaF-f/HpaF-r (Ning, 
2012) and Bs-xgF/Bs-xgR, Xhg specific primers (Koenraadt et al., 2009), 1 µl of 
DNA template in the total reaction of 10 µl. PCR profile was 1 cycle of 94°C for 3 
min, 35 cycles of 94°C for 30 sec, 60°C for 15 sec and 72°C for 40 sec and 1 cycle 
of 72°C for 60 sec. The Xep reference strain Xep NCPPB4332 and the reference 
strain Xhg NCPBB881 DNA prepared in 10-fold serial dilution (1 ng to 1 fg) were 
used as the DNA template. The effectiveness of two additives (5% DMSO and 1M 
betaine) either alone or combined in enhancing sensitivity and specificity of Xep 
detection was determined in singleplex PCR and multiplex PCR.  

The specificity of singleplex and multiplex PCR specificity for Xep strain was 
determined using DNA templates from Xee (NCPPB2968T, NCPPB2573), Xv 
(NCPPB422T, NCPPB1332, NCPBB1421), Xhg (NCPBB881T, NCPBB4323), Xep 
(NCPBB4322, NCPPB4321T) and related species: X. oryzae pv oryzae (Xoo), X. 
oryzae pv. oryzicola (Xoc), and X. citri (Xcc). An equal ratio DNA mixture of Xee, 
Xep, Xv and Xhg was used as a positive control. PCR products were 
electrophoresed on 1% TBE agarose gel at 100 V for 30 min. The agarose gels 
were stained in 1 µg/ml of ethidium bromide solution and observed under a UV 
illuminator.    
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Detection of the Xep strain in artificially inoculated tomato seeds and 
contaminated tomato seed lots 

Xep DOA-1642 was grown on nutrient agar (beef extract 3 g/L, peptone 5 
g/L and agar 15 g/L) for 48 hours at 30°C. The bacterial colony was scraped and 
used to prepare bacterial suspension in potassium phosphate buffer pH 7.4 (137 
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4). The optical density 
was measured at a wavelength of 600 nm using a spectrophotometer (Spectronic 
20+, Milton Roy, USA) and adjusted to 0.2. The bacterial suspension was diluted 
10-fold from 10-3 to 10-6 (101 to 104 CFU/ml). Thirty milliliters of each 
concentration of bacterial cell suspension were mixed with 1 g of tomato seeds 
and vacuumed for 60 min with 15 min intervals on and 15 min off. Subsequently, 
the tomato seeds were soaked in the bacterial cell suspension for a period of 14-
16 h and then left to dry naturally at room temperature. Artificially inoculated 
seeds were kept at room temperature and used within 1 month (modified from 
Hadas et al. (2005)). The contaminated seed lot was done by adding one artificially 
inoculated tomato seed from each concentration of bacteria into 2,000 tomato 
seeds which made 0.05% contaminated seed. 

Five inoculated tomato seeds of each bacterial concentration were randomly 
selected from each bacteria concentration. Each seed was soaked in 1 ml of XCV 
medium (peptone 10 g/L, potassium bromide 10 g/L, boric acid 0.10 g / L, 
anhydrous calcium chloride 0.25 g/L, 0.1% tween 80, benomyl 1.5 mg/ml) and 
shaken at 150 rpm for 1 h at room temperature. The inoculated seed was 
removed, and the seed-soaked solution was further shaken for 20-24 h. The 
bacterial pellet was precipitated by centrifuging the seed-soaked solution at 
12,396 g (Eppendorf 5418, Eppendorf, USA) for 20 min.  DNA was extracted from 
the bacterial pellet using the PrestoTM Mini gDNA Bacteria Kit (Geneaid, Taiwan), 
following the manufacturer’s recommendation.  

Bacteria from each contaminated seed lot was enriched by soaking 5 lots of 
seeds (5 x 2,000 seeds) (ISTA, 2019) in 30 ml of XCV media and shaking at 150 
rpm at room temperature for 1 hr. After removing the seeds, the seed-soaked 
solution was shaken for 20-24 hours and centrifuged at 12,987 g (Kubota 7930, 
Japan) for 20 min. The pellet was used for DNA extraction as mentioned above. 
The experiments were carried out in triplicate.   

Singleplex PCR was carried out using the universal bacteria16S primer and 
the Xep specific primer. PCR products were electrophoresed on 1% TBE agarose 
gel at 100 V for 30 min. The agarose gels were stained in 1 µg/ml of ethidium 
bromide solution and observed under a UV illuminator. 

Table 1. List of primers used in this study. 

Name Sequences Specificity Expected 
size (bp) Sources 

HpaF-f  5’-GTGGCAGGCAGGCAATCGACG-3’ Xep 300 Ning, 2012 

HpaF-r 5’-CCGGCACGTCGACGCCTGGAAACC-3’ 
  

 

Bs-xgF 5’-TCAGTGCTTAGTTCCTCATTGTC-3’ Xhg 154 Koenraadt  
et al., 2009 

Bs-xgR  5’-TGACCGATAAAGACTGCGAAAG-3’ 
  

 

fD2 5’-CCGAATTCGTCGACAACAGAGTTTG 
ATCCTGGCTCAG-3’ 

16S rRNA 1,500 Weisburg  
et al., 1991 

rP1  5’-CCCGGGATCCAAGCTTACGGCTACCTT 
GTTACGACTT-3’ 
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RESULTS 

PCR optimization, sensitivity and specificity 

 Multiplex PCR and singleplex PCR were determined for the detection of 
Xep and Xhg in tomato seeds. Multiplex PCR could detect Xep at 1 fg and Xhg at 
1 pg. The addition of both PCR additives had effects on sensitivity giving the 
highest sensitivity at 100 fg. The addition of additives, either 1M betaine or 5% 
DMSO gave a detection level of 1 pg. (Figure 1A). Singleplex PCR with 1 M betaine 
and 5% DMSO showed the lowest detection limit at 100 fg. Similar results were 
observed with the addition of 5% DMSO. By adding only 1 M betaine or without 
any additive the PCR was 10 times less sensitive at 1 pg (Figure 1B). 

 
Figure 1. Multiplex (A) and singleplex-PCR (B) of Xanthomonas 
euvesicatoria pv. perforans; Xep (300 bp) and X. hortorum pv. gardneri; 
Xhg (154 bp). Ten-fold serial dilution of Xep and Xhg DNA was used as DNA 
templates from 1 ng to 1 fg. Reactions consisted of those without any additives 
(Accustart), with 1 M betaine or 5% DMSO and with both additives. M= 100 bp 
DNA marker (ACTGeneTM, USA), NTC= non-template control. 

The specificity of the Xep and Xhg primers was determined by multiplex and 
singleplex PCR with the addition of two additives (1 M betaine and 5% DMSO). 
Multiplex PCR produced PCR products of 300 base pairs from template DNA of Xep, 
Xee, Xv and other Xanthomonas spp. including Xoo, Xoc and Xcc (Figure 2A). The 
singleplex PCR showed amplification of only the target DNA of Xep (Figure 2B). 

 
Figure 2. Multiplex (A) and singleplex-PCR (B) of Xanthomonas 
euvesicatoria pv. perforans (300 bp) and X. hortorum pv. gardneri (154 
bp). Reference DNA of X. euvesicatoria pv. euvesicatoria; Xee (NCPPB2968, 
NCPPB2573), X.vesicatoria; Xv (NCPPB422, NCPPB1332, NCPPB1421), X. 
hortorum pv. gardneri; Xhg (NCPPB881, NCPPB4323) and X. euvesicatoria pv. 
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perforans; Xep (NCPPB4322, NCPPB4321) and relative species; X. oryzae pv. 
oryzae (Xoo) X. oryzae pv. oryzicola (Xoc) and X. citri (Xcc) were used. Equal ratio 
mixture DNA of Xee, Xep, Xv and Xhg = Positive control (Pos). Non-template 
control (NTC) and M = 1 kb DNA ladder (ACTGeneTM, USA) 

Detection of Xanthomonas euvesicatoria pv. perforans in tomato seed lots 

Artificially inoculated seeds with bacterial cell suspensions of 1.05 x 104 to 
101 CFU/ml were prepared. DNA was extracted from each seed with 5 replications 
of each bacterial concentration and tested. The singleplex PCR with the universal 
primer of 16S was done and results showed a 1,500 bp DNA band from all 
inoculated seeds indicating the presence of bacteria (Figure 3A). Singleplex PCR 
with Hpaf-F/Hpaf-R showed the highest sensitivity at 101 CFU/ml of Xep cell 
suspension (Figure 3B). 

 

Figure 3. Xanthomonas euvesicatoria pv. perforans detection from 
artificially inoculated tomato seed with cell concentrations from 1.05 x 
104 - 101 CFU/ml using singleplex PCR with 16S universal primer (A) and 
singleplex specific primer (Hpaf-F/Hpaf-R) (B); M: 100 bp DNA ladder 
(ACTGeneTM, USA); Xep: X. euvesicatoria pv. perforans ;  Xoo: X. oryzae pv. 
oryzae; NTC: non-template control; S+Xep: tomato seed added with a Xep cell 
suspension;  S+Xoo: tomato seed added with a Xoo cell suspension; S: healthy 
tomato seed and each tomato seed extract in various Xep cell concentrations of 
1.05 x 104 CFU/ml, 1.05 x 103 CFU/ml, 1.05 x 102 CFU/ml and 1.05 x 101 CFU/ml 

Similarly, the presence of bacteria in contaminated tomato seed lots was 
determined using 16S PCR amplification (Figure 4A). Xep-specific amplification 
showed the highest sensitivity at seed lot infected with 1.05 x 101 CFU/ml in all 3 
replications (Figure 4B). 
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Figure 4.  Xanthomonas euvesicatoria pv. perforans detection in 0.05% 
contaminated seed lot (1/2,000 seeds) with various cell concentrations 
of X. euvesicatoria pv. perforans from 1.05 x 104 - 101 CFU/ml by PCR 
method with 16S universal primer (A) and singleplex specific primer (Hpaf-
F/Hpaf-R) (B); M: 1 kp DNA Ladder (ACTGeneTM, USA); Xep: X. euvesicatoria pv. 
perforans ; Xoo: X. oryzae pv. oryzae; NTC: non-template control; S+Xep: tomato 
seed added with Xep cells suspension; S+Xoo: tomato seed added with Xoo cells 
suspension; S: tomato seed and 3 replications of inoculated tomato seeds.  

DISCUSSION 

PCR based methods: conventional PCR, real-time PCR are sensitive methods 
and have been used to detect pathogens in many environments such as water, 
plant and insect (Chomvarin et al., 2017; Nguyen & Chen, 2017; Traiyasut et al., 
2016). Detection methods of BLS pathogens in tomato and pepper were mainly 
based on PCR and real-time PCR (Koenraadt et al., 2009, Araujo et al., 2012, 
Osdaghi et al., 2017, Pečenka et al., 2020). They successfully detected many 
Xanthomonas spp. and several strains. However, the detection of X. euvesicatoria 
pv. perforans (Xep) from tomato products using established Bs-XpF/Bs-XpR 
primers (Koenraadt et al., 2009; European and Mediterranean Plant Protection 
Organization (EPPO) (EPPO, 2013)) in unclassified regions such as Taiwan and 
Thailand were shown irregularly (Osdaghi et al., 2021). In this study, primers 
HprF-f/HprF-r (Ning 2012) that reportedly detected Xep strain from Thailand were 
used. Singleplex and multiplex PCR (coupling with Xhg strain) detection were 
tested with or without two PCR additives (DMSO and betaine). In this experiment, 
a single experiment was done for investigating the potential of improving PCR 
amplification by adding the PCR additives which demonstrated a noticeable 
difference. During infection, X. vesicatoria (Xv) moved to the ovaries of tomato 
flowers and could be detected in the seeds (Bashan and Okon 1986). X. 
axonopodis pv. vesicatoria (Xav) was also detected in the inner and outer seed 
coats (Sharma and Agrawal, 2014). In this study, tomato seeds were artificially 
inoculated with Xep cell suspension by soaking and vacuuming the seeds to 
introduce bacteria into the seeds and eventually inside the seed coat. This method 
is often used to produce artificially inoculated seeds (Krttzman 1991, Hadas et al., 
2005). The results showed that singleplex PCR with a combination of both 
additives elevated the sensitivity of Xep detection in artificially inoculated tomato 
seeds. Though additives showed positive effects on the sensitivity of multiplex 
PCR, non-specific amplification from Xep primers was observed. DMSO and betaine 
aid in the release of the secondary structure of the DNA, and the delay in the 
reannealing of the DNA template, resulting in the promotion of primer annealing 
and the reduction of nonspecific DNA amplification (Karunanathie et al., 2022). 
Varadharajan et al., (2021) reported that the addition of 5% DMSO increased the 
success rate of ITS2 amplification in 50 plant species from 43 genera and 29 
families. However, it should be noted that the effects of additives required 
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verification of the working DNA polymerase. Under other DNA polymerases, 
adverse effects of Xep amplification were observed with PCR additive supplements 
(data not shown). The composition of the PCR buffer, such as the types and 
strength of the salt, could affect the outcome.   

Multiple TaqMan real-time PCR for all 4 species of bacterial leaf spot 
pathogens showed sensitivity detection at 105 CFU/ml (Strayer et al., 2016). PMA-
qPCR for the detection of viable cells of four Xanthomonas spp. could detect seed 
samples spiked with 100 CFU/ml and ≥ 75 CFU/ml at a detection rate of 75 -100% 
and 50 -75%, respectively (Wang et al., 2022). This study tested infected seeds 
at 0.05% (1/2,000 seed) with initial infection at 101 CFU/ml. The maximum 
subsample of 10,000 seeds was recommended by the International Seed 
Federation (ISF) (http://www.worldseed.org/isf/ishi_vegetable.html). However, 
the minimum subsample size is 2,000 x 5 seeds for highly contaminated 
saprophytic bacteria seeds (Scortichini et al., 2013). The small subsample size 
gave a high chance for pathogen detection. In contamination at 0.01% or 1 
infected seed in 10,000 seeds, 1 infected seed will be placed in 1 of 5 subsamples 
of 2,000 seeds (0.05%), which results from this work gave a high-sensitivity 
detection limit at 101 CFU/ml. However, it is noteworthy that in instances where 
the target pathogen exists in low copy numbers, a faint band may be observed. 

The sigleplex PCR method, incorporating bacterial enhancement and 
improved PCR amplification by adding PCR additive developed in this study 
contributed the high potential for Xep detection with a low cost from conventional 
PCR-based methods and high sensitivity in contaminated seed samples making it 
a cost-effective and sensitive alternative to other detection methods. However, 
limitations such as the inability to provide quantitative information and potential 
ambiguity in results with low target amounts are present. The choice of Taq DNA 
polymerase and optimization of reaction conditions are influential factors. Future 
research should focus on developing multiplex primer sets for detecting multiple 
pathogens to enhance the assay's performance. 
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