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Introduction 
The conventional tobacco breeding usually identifies genetic variation by visual selection. The 
process of developing new varieties can take up to 25 years. However, with the advancements in 
molecular techniques, the duration has been considerably shortened to 5-7 years. One of the 
important techniques which make it efficient for scientists to select tobacco traits is marker-
assisted selection (MAS). One desirable attribute for a user-friendly marker is close linkage with 
the gene corresponding to phenotype, which significantly precludes false-positive selection due 
to recombination (or cross-over) events. Other qualities are expected by breeders for genetic 
markers are: (1) co-dominance (allow distinguishing homozygotes from heterozygotes); (2) a 
high level of genetic polymorphism (markers can be easily discerned by users); (3) low cost; and 
(4) high stability (allow the markers to be confirmed and repeated by colleagues) (Li et al., 
2014). 

All the markers reportedly to be linked with blue mold resistance are dominant, which means 
they are not user-friendly and not favored by tobacco breeders. Assisted with co-dominant 
markers, breeding process can be shortened to half duration in comparison to selection based on 
dominant markers. Molecular technologies enable us to identify changes in DNA or gene 
sequences associated with the phenotype variation. Various types of molecular markers have 
been used to label and map these molecular changes through linkage analysis with segregating 
populations. Single nucleotide polymorphisms (SNPs) have emerged as the most abundant and 
universal form of genomic polymorphism. The use of SNPs for genotyping are widely used in 
other crops, such as wheat, corn and rice (Lee et al., 2009;Ganal et al., 2011;Hu et al., 2015), but 
utilization of SNPs in tobacco breeding is still in its infancy (Li et al., 2012;Li et al., 2014). The 
published tobacco genome sequences will certainly facilitate breeders and geneticists to identify 
SNP markers with various genomic tools. 

GBS (genotyping by sequencing) has been a novel application of NGS (next generation 
sequencing) protocols for discovering and genotyping SNPs. The GBS approach includes the 
digestion of genomic DNA with restriction enzymes followed by the ligation of barcode adapter, 
PCR amplification and sequencing of the amplified DNA pool on a single lane of flow cells. As 
a cost-effective technique, GBS has become an ultimate MAS (marker-assisted selection) tool 
for the modern crop breeding (He et al., 2014). We have benefited from this efficient marker 
discovery strategy and have successfully identified SNPs closely linked to disease resistance to 
black root rot and Potato Virus Y (PVY). So, in this project, we will also use GBS to identify 
SNP marker closely linked to blue mold resistance.  

Materials and methods 

P. tabacina culture and inoculation 

P. tabacina isolate KY 79 was used for inoculation in the present study (Reuveni et al. 1986). 
The isolate was continuously maintained and propagated on 8- to 12-week-old plants of N. 
tabacum cv. KY 14 as described (Zhang and Zaitlin 2008). The infective sporangia were 
collected and washed three times by filtration with sterile deionized water, with the final 
concentration being adjusted to 1 x 105 spores per ml. Tobacco leaves were inoculated by 
spaying with the spore solution, and the inoculated plants were placed in large pre-moistened 
plastic tubs overnight. Plant reactions to blue mold infection were scored at 7 dpi (days post 
inoculation) and double checked at 12 dpi. To investigate whether the hypersensitive response 
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(HR) was involved in RBM1-mediated resistance to P. tabacina, we used hand-inoculation of 
tobacco leaves. The undersides of the leaves were nicked with a syringe needle and the inoculum 
was forced into the apoplast with a 1-ml disposable syringe with no needle fitted. The inoculated 
plants were scored four days after injection. Incompatible (hypersensitive) responses were 
observed as areas of brown sunken tissue.  

Microscopic analysis of inoculated leaves 

Cytological analyses were conducted to monitor the kinetics of tissue colonization by P. 
tabacina. Inoculated leaves were cleared and fixed in Farmer’s fluid (acetic 
acid/ethanol/chloroform = 1:6:3 v/v), and pathogen structures were detected by trypan blue 
staining (Keogh et al. 1980; Zhang and Zaitlin 2008). Trypan blue was dissolved in a 1:2 mixture 
of lactophenol/ethanol with a final concentration of 0.03% (w/v).  Lactophenol was made by 
adding 10 g of phenol to a mixture of 10 ml of lactic acid, 10 ml of glycerol, and 10 ml of 
distilled water.  Fixed leaves were stained at 100°C in a water bath for 2 minutes, followed by 
de-staining in chloral hydrate solution (2.5 g/ml) at room temperature with gentle shaking prior 
to being examined with a light microscope.  

Results: 
1). Construction of recombinant inbred lines (RILs) 
 The prerequisite for the design of a molecular marker is a segregating population. F2 population 
is normally used for genetic mapping and phenotype screening. However, phenotyping for blue 
mold resistance within a F2 population is very difficult, because the resistance gene derived from 
N. debneyi is quantitatively inherited in tobacco plant. Field experiments showed that the relative 
disease severity caused by P. tabacina infection on F1 plants was intermediate between the two 
parental lines, suggesting that RBM1 is a semi-dominant gene. To avoid misphenotyping, we will 
develop a segregating population consisted of RILs derived from the cross between TKF 4321 
(resistant) and TKF 2002 (susceptible). RILs can serve as a powerful tool for mapping QTL 
(quantitative trait locus) due to that the genetic diversity within RILs are fixed and purified. We 
have harvested F6 seeds.  

2) Disease reaction assay and segregation analysis 
Typical symptoms were clearly observed in leaves of TKF 2002 plants 6 days after spray-
inoculation of pathogen. Spotted with grey areas, the diseased leaves became twisted with bluish 
downy mold on the lower surface, while the resistant parent TKF 4321 remained healthy at the 
same time point. Histological analyses were performed to monitor the kinetics of tissue 
colonization by P. tabacina. Inoculated leaves were cleared, and pathogen structures were 
detected by lactophenol-trypan blue staining (Figure 1). No significant differences were noted 
between resistant and susceptible lines during the pre-penetration events. Spores germinated on 
the leaf surface and formed appressoria between 1 and 3 h after inoculation (hpi). Following 
penetration, pathogen colonization proceeded rapidly in susceptible TKF2002 cells at 48 hpi, but 
no colonization was observed during this time in cells of the resistant line (Figure 1A, 1B). At 
120 hpi, the pathogen produces lemon-shaped sporangia (spores) on tree-like branched structures 
(sporangiophores) which emerge from the leaf stomata in TKF2002 (Figure 1H). In contrast, 
pathogen development in TKF4321 was very restricted. By 72 hpi, only a few hyphae were 
observed in TKF4321 leaves (Figure1C). Although more hyphae were detected at 72 and 96 hpi, 
sporangiophores were never observed in TKF4321 leaves. Even if sporangiophores were 
produced in TKF4321, they would be very rare and difficult to detect. To test whether the HR 
was involved in host defense, we inoculated tobacco by injecting P. tabacina into the leaves. The 
HR-induced chlorosis was observed at the inoculations sites in TKF4321, and it limited further 
development and spread of the pathogen. This was in contrast to the development of a systemic 
infection beyond the inoculation sites in TKF2002 (Supplementary Figure 2).  Therefore, the HR 
appears to be an important component of RBM1-mediated disease resistance.   
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Figure 1. Histological analyses to TKF 4321 and TKF 2002 leaves inoculated with blue mold pathogen. 
The kinetics of tissue colonization by the pathogen in the resistant parental line TKF4321 is shown in A, 
C, E, G and B, D, F, H for the susceptible TKF2002. Happae was stained with trypan blue and 
observations were performed at 48 hpi (A, B), 72 hpi (C, D), 96 hpi (E, F) and 144 hpi (G, H). The life 
cycle of P. tabacina can be quickly completed on TKF 2002 plants within 6 days post inoculation, but the 
spread of pathogen is seriously hampered on TKF 4321 plants with restricted growth of hyphae. The 
yellow arrows in 1B and 1C indicate hyphae at the early stage of infection. The red arrows in 1H indicate 
sporangiophores. R, resistant; S, susceptible; hpi, hours post-inoculation.  

3). Genetic mapping of RBM1 
The first marker linked to RBM1 we identified is PT61512, which is located on linkage group 
(LG) 7 and is in repulsion-phase. Taking advantage of the tobacco genetic map, we mapped 
RBM1 against polymorphic SSR markers on LG7 and generated a genetic map (Figure 2). As can 
be seen from this map, the RBM1 locus is flanked by the two dominant SCAR marker loci 
developed by Milla et al. (2005). After sequencing these two SCAR markers, we performed 
BLAST searches, but no high-quality hit was found in any of the sequenced Nicotinana 
genomes. The SSR marker loci that are closely linked to RPM1, such as PT61472 and PT51405, 
are also in repulsion phase, and are present only in blue mold-susceptible TKF2002. Therefore, 
the genomic segment carrying blue mold resistance in N. debneyi is likely to be unique in 
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Nicotinana, and thus there is no homologous segment present in the N. tabacum genome. 
However, heterozygosity of blue mold resistance can be distinguished in a segregating 
population by using both the coupling SCAR markers and repulsion markers (Figure 3).  

 
Figure 2. The genetic mapping of RBM1 locus. RBM1 is located on the linkage group 7. The 
genetic distance (cM) for each molecular marker is indicated on the left side of chromosome. 
This map is drawn to scale.  

 

 
Figure 3. Coupling SCAR marker and repulsion SSR marker linked to blue mold resistance. 
Heterozygosity of blue mold resistance can be distinguished by using both markers. 
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