ABSTRACT

MA, JUSTIN MAN-YIN. The Fine Mapping of Two Black Shank Resistance Loci and Identification
of a Hybrid Lethality Gene in Tobacco. (Under the direction of Dr. Ramsey S. Lewis.)

Black shank, caused by the oomycete Phytophthora nicotianae, is among the most important
diseases impacting field production of tobacco (Nicotiana tabacum L.). Genetic resistance is the
most economical means of managing P. nicotianae, and genes conferring quantitative disease
resistance (QDR) are important to provide durable resistance. The cigar tobacco variety
Beinhart 1000 is among the most black shank-resistant lines available, but incorporating its
resistance into flue-cured and burley tobacco has been hindered by associations with
undesirable flavor components. Previous studies mapped two Beinhart 1000 quantitative trait
loci (QTLs), Phn7.1 and Phn15.1, that partially control the high level of black shank resistance
exhibited by this variety. Near-isogenic lines (NILs) were developed to isolate these QTLs in a
common background for improved characterization. Subsequently, “sub-NILs” with new
recombination breakpoints were developed to resolve the QTL intervals. New SNP-based KASP
markers were used for genotyping and sub-NILs were evaluated for black shank resistance in

field nurseries.

In Chapter 1, we fine mapped Phn7.1 to a 6.1 cM interval. Marker data on a panel of historical
lines suggest that Phn7.1 is a major source of QDR in modern flue-cured varieties, likely
originating from the cigar variety, Florida 301. In Chapter 2, Phn15.1 was fine mapped to a 2.7
cM interval. We present evidence of disassociating the black shank resistance QTL from genes
controlling the accumulation of leaf surface chemistry exudates, which are undesired in flue-
cured and burley tobacco. Phn15.1 provided additional black shank resistance in the presence
of Phn7.1. These results suggest that marker-assisted selection for Phn15.1 can provide new

resistance alleles for flue-cured varietal development.

In Chapter 3, we attempted to investigate the genetic basis and utility of gametoclonal variation
that was previously reported to arise from the anther culture process in tobacco. Previous
work suggested doubled haploid production using alternative methods to be superior because
of the deleterious effects of gametoclonal variation resulting from the anther culture process.
Still, it had been suggested that beneficial effects could be induced, such as improved black
shank resistance, and that the expansion of DNA content may underlie the genetic causes. In

our experiments, anther culture-derived doubled haploids (ADHs) were produced from highly



inbred K326 and K326 va/va parental plants. We did not observe the general effects reported
by previous authors, however. First, although occasional deleterious effects were observed
among ADHs, and on average, flowering time was delayed, most ADHs were morphologically
similar to the parents. Second, we observed an increase (of 10%) in DNA content in only one
ADH. Third, ADHs were, on average, more black shank susceptible than their respective
parental lines. Still, we recovered one K326 va/va ADH that exhibited a superior level of black
shank resistance, with disease development delayed by 2 to 3 weeks (50% death). These

gametoclonal variants could be of interest for future breeding or mutant studies.

In Chapter 4, a gene believed to encode for a factor involved in hybrid lethality (also hybrid
necrosis) in tobacco was identified by transposon tagging. Hybrid lethality is a reaction that
occurs in the majority of F1 progeny produced by a cross between N. tabacum and its wild
relative, N. africana. This reaction acts as an expedient phenotypic marker for the identification
of maternal haploids, which escape this phenomenon. Breeders can subsequently make use of
haploids for the production of doubled haploids (DHs). Hybrid lethality has been observed in
many plant species and presents an interesting model of study where plant breeding, the
molecular control of plant defenses, and evolutionary biology intersect. Using an approach
combining transposon-tagging, phenotypic markers, and molecular markers, a gene encoding
for a nucleotide-binding site—leucine-rich repeat protein was identified as a candidate for the

N. tabacum hybrid lethality gene, and is hereafter designated Ntab_HL1.
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present in K326. The improved resistance in GH12-666-4 is possibly due to another Beinhart
TO00 QTL(S)- wereeersseesserssrerssseessserssseessseessssessssessssessssessssessssesssssessssessssessssessssesssssessssessssessssessssessssessssssssssessssessasessssessssssssas 34

Figure 1.3. Survival curves of Hicks + Phn7.1 near isogenic line (NILs) and check varieties over
time in a Phytophthora nicotianae nursery at Rocky Mount in 2015. The percentage of surviving

plants was recorded OVET tIME. ...t s sssees 35

Figure 1.4. Boxplot for black shank resistance of historical lines tested by Stowe (2016),
grouped by genotypes for Nt1AF0086, a marker tightly linked with Phn7.1. B/B represents the
same allele call as Beinhart, while H/H represents the same allele call as Hicks. An ANOVA of
these lines has an R2 = 83%.). Boxplot elements are as follows: Box = interquartile range (IQR),
values between 25th and 75th percentiles; Ends of whiskers = Maximum or minimum value
within fences (1.5x IQR beyond 25th and 75th percentiles); Line in box = Median; Diamond =

Mean; Circle = Values oUtSIde Of fEINCES. ...t s s s s aes 36

Figure 1.5. Black shank resistance and genotypes of LG7 recombinant near isogenic lines (sub-
NILs; GH15-235) and checks. Resistance was recorded as area under the disease progress
curve (AUDPC; lower is more resistant) from disease nurseries in Rocky Mount and Kinston, NC.
Segregating F, (“seg”) and heterozygous F1 (“het”) lines are noted. Marker genotypes are as

follows 0 (Hicks), 0.5 (heterozygous), and 1 (Beinhart). One-sided linear contrasts (t-tests)
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based on genotypes were run and reported as -logio(P) values. The data suggest the Phn7.1 QTL
lies in between Nt1AD1494 and Nt1AF8640, which represents a 6.1 cM interval. The -logio(P)
values peak between Nt1AA1707 and Nt1AF0086, a 3.4 cM interval.......en. 37

Figure 2.1. Ratings showing the effect of the Beinhart 1000 QTL Phn15.1 in Hicks near isogenic
lines (NILs). Measurements represent area under the disease progress curve (lower numbers
are more resistant) from 2013-2015 in two locations (Kinston and Rocky Mount, NC). Letters
represent means separations using a Fisher’s LSD («=0.05). Data show Phn15.1 improves
resistance in Hicks, but it has a smaller effect than Phn7.1. Both alleles can be stacked to

provide an additiVe EffECt. ... ———————————; 76

Figure 2.2. Ratings showing P. nicotianae resistance of K326 + Phn15.1 near isogenic lines
(NILs) for QTLs from 2013-2015 in two locations (Kinston and Rocky Mount, NC).
Measurements represent area under the disease progress curve (lower numbers are more
resistant). Letters represent means separations using a Fisher’s LSD (a=0.05). Data suggest

Phn15.1 from Beinhart 1000 provides an improvement to Phytophthora nicotianae resistance in

Figure 2.3. Survival curves of representative near isogenic lines (NILs) and check varieties over
time in a Phytophthora nicotianae nursery at Rocky Mount in 2015. The percentage of surviving

Plants Was reCOrded OVET LIIME. ......oeeeeeereereeseeees s sssesesssessesss s ssse s s s s bbbt 78

Figure 2.4. Boxplot showing the relationship between the NtCPS2 polymorphism on linkage
group 15 and Z-abienol accumulation (N=148). NtCPS2 was genotyped using a TagMan marker
designed by Sallaud et al. (2012); G/G = functional Beinhart 1000 NtCPSZ allele (N=27), T/T =
Hicks NtCPS2 allele coding for a premature stop codon (N=71), G/T = heterozygote (N=50). Z-
abienol accumulation was evaluated by GC-MS analysis and reported as ug Z-abienol
extracted/cm? of leaf. NtCPS2 explained 82% of the phenotypic variation, and showed an
additive effect and not much dominance (a=2.76, d=0.43, d/a = 0.16). Boxplot elements are as
follows: Box = interquartile range (IQR), values between 25t and 75t percentiles; Ends of
whiskers = Maximum or minimum value within fences (1.5x IQR beyond 25% and 75t

percentiles); Line in box = Median; Diamond = Mean; Circle = Values outside of fences................ 79
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Figure 2.5. Boxplot showing the relationship between the PT30354 SSR polymorphism and
sucrose esters accumulation (N=148). The BMVSE gene on linkage group 15 is unknown, so
PT30354 is used as a proxy marker. The PT30354 genotypes are: B/B = Beinhart 1000 alleles
(N=40), H/H = Hicks allele (N=69), B/H = heterozygote (N=69). Accumulation of sucrose esters
was evaluated by GC-MS analysis and reported as pg total sucrose esters/cm2 of leaf. PT30354
explained 21% of the phenotypic variation and showed dominant gene action (a=0.78, d=0.60,
d/a =0.77). Boxplot elements are as follows: Box = interquartile range (IQR), values between
25th and 75th percentiles; Ends of whiskers = Maximum or minimum value within fences (1.5x
IQR beyond 25th and 75th percentiles); Line in box = Median; Diamond = Mean; Circle = Values
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Figure 2.6. Black shank resistance and genotypes of Hicks + Phn15.1 recombinant near isogenic
lines (GH15-236 sub-NILs) and check genotypes. Resistance was recorded as area under the
disease progress curve (AUDPC; lower is more resistant) from disease nurseries in Rocky
Mount and Kinston, NC. Genotypes are as follows: 0 (Hicks alleles), 0.5 (heterozygous), and 1
(Beinhart alleles). Significance tests are one-sided linear contrasts (t-tests based on genotypes,
displayed as -log(P) values). The data suggest the Phn15.1 QTL lies in between Nt1AD1096 and
Nt1AA5923, which represents a 2.7 cM interval. NtCPS2 represents a TagMan marker for Z-
abienol accumulation. Note that we selected sub-NIL recombinants NtCPS2 and Nt1AA7078,
under the incorrect assumption that the Phn15.1 QTL lay between them. The sub-NIL GH15-

236-96 was initially genotyped incorrectly and did not have a recombination in this interval..81

Figure 2.7. Black shank resistance and genotypes of K326 + Phn15.1 recombinant near isogenic
lines (GH15-237 sub-NILs) and check genotypes. Resistance was recorded as area under the
disease progress curve (AUDPC; lower is more resistant) from disease nurseries in Rocky
Mount and Kinston, NC. Genotypes are as follows: 0 (Hicks alleles), 0.5 (heterozygous), and 1
(Beinhart alleles). Significance tests are one-sided linear contrasts (t-tests based on the
genotypes, displayed as -log(P) values). Together with Figure 2.6, the data suggest the Phn15.1
QTL lies in between Nt1AD1096 and Nt1AA5923, which represents a 2.7 cM interval. NtCPS2
represents a TagMan marker for Z-abienol accumulation. Note that we selected sub-NIL

recombinants NtCPS2 and Nt1AA7078, under the incorrect assumption that the Phn15.1 QTL
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lay between them. The sub-NIL GH15-237-96 was initially genotyped incorrectly and did not

have a recombination in thiS INTEIVAL . ss s bbb s e sr s s anas 82

Figure 2.8. Leaf surface chemistry measurements and resistance to Phytophthora nicotianae
(area under disease progress curve) for transgenic Beinhart 1000 (B1000) RNAi lines and
associated control lines. RNAi constructs targeted two genes involved in Z-abienol synthesis,
NtABS and NtCPS2 (two sites). ND = not detectable. CBT = cembranoid diterpenes. Standard
errors are provided for Z-abienol and total CBT entry means. For AUDPC, means with different

letters are significantly different at the P < 0.05 probability leVel......... e, 83

Figure 3.1. Scatterplot matrix, correlation matrix, and histogram of various anther-derived
doubled haploid (ADH) traits. All numbers are adjusted to parental lines (as in Table 4.1A).

FCM = flow cytometry measurements 0f DNA CONTENT......couremiereeeneeenneeseessesssssessesssesssssssssssssssesaees 105

Figure 3.2. Picture of dwarf anther-derived doubled haploid DH14-88 compared to its larger
parent, K326 va/va (GH13-569-5). DH14-88 never flowered, and showed stunted growth
throughoUt the 2015 SEASOM. ..ccucuieeeeereereesrerseeseeees s ssses s ses s s s ss s s s bbb s s s pnnas 106

Figure 4.1. Position of primers from Table 4.4 on the Ntab_HL1 candidate, Nt6549g30. The
image is a screenshot from Genome Compiler. The circular presentation is used for clarity of
the positions. The positions of the three main predicted domains (CC, NB-ARC, LRR) are
10006 § 1= 1o TP O TSP 141

Figure 4.2. Nt6549g30 genomic DNA Sequence, including 5'UTR (450 bp) and 3'UTR (338 bp)
regions. Numbering begins at the start codon. Start and stop (TGA) codons are highlighted.
Nt6549g30 codes for a nucleotide-binding site—leucine-rich repeat (NLR) protein. These
proteins include an NB-ARC domain (with the predicted domain in bold). A coiled-coil domain
represents the region upstream of the NB-ARC, while an LRR domain represents the

QOWINISTIEAIM TEGIOM..cuueureureereeureeseesseessesseessesseesseseessesses s s eesse b s e A s R s bR AR bR R E bt 142

Figure 4.3. Conserved domains on Nt6549g30 (1210 aa), predicted using alignments to NCBI's
conserved domain database (Marchler-Bauer et al,, 2015). Nt6549g30 has the structure of a

coiled-coil nucleotide-binding site—leucine-rich repeat protein. The N-terminal region consists
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of a CC-domain, which functions in downstream signaling and recruitment of plant defense
proteins; the central region consists of the NB-ARC domain and acts as a molecular switch and
hinge of the protein; and the LRR domain functions in the pathogen effector or guardee
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Figure A1.1. Diagram showing Beinhart 1000 introgressions in several Hicks near isogenic
lines (NILs). Each block in the diagram represents a linkage group (LG), starting with LG1 in the
top left, and 24 in the bottom right. Single nucleotide polymorphisms biallelic between Hicks
and Beinhart 1000 are shown and ordered according to N. tabacum 30K Infinium HD consensus
map (2015). Green = Hicks-specific SNPs; Red = Beinhart-specific SNPs; Orange = Heterozygous
SNPs; White = missing data. NILs are arranged from left to right (one Hicks + Phn7.1, three
Hicks + Phn15.1, and six Hicks + Phn7.1 + Phn15.1 NILs). The diagram shows the NILs have the
desired introgression targets (LG7 and/or LG15) with limited Beinhart 1000 alleles at loci
ouUtside Of the targetEd LG. ..ottt sssess s bbb ss bbb e s et 147

Figure A1.2. Diagram showing Beinhart 1000 introgressions in several K326 near isogenic lines
(NILs). Each block in the diagram represents a linkage group (LG), starting with LG1 in the top
left, and 24 in the bottom right. Single nucleotide polymorphisms biallelic between K326 and
Beinhart 1000 are shown and ordered according to N. tabacum 30K Infinium HD consensus
map (2015). Green = K326-specific SNPs; Red = Beinhart-specific SNPs; Orange = Heterozygous
SNPs; White = missing data. The diagram shows the NILs have the desired introgression target
(eight K326 + Phn7.1 and four K326 + Phn15.1 NILs). The limited polymorphisms displayed in
this figure for K326 + Phn7.1 NlLs are consistent with the hypothesis that K326 already

possesses the same Phn7.1 QTL as Beinhart 1000, along with some flanking sequences. .......... 148

Figure A4.1. Agarose gel screening of N. tabacum x N. africana F1 hybrids for the presence of
the Ds element in the Sulfur gene, Su. Primers used were Su_F1 and Ds3-1. NC1125-2 was used
as a positive control. K326 and N. africana were negative controls. NTC = Non-template
control. Notably, GH14-1239-57 is negative for the assay, suggesting the Ds element has been
transposed. A 100 bp ladder is shown (NEB, [pswich, MA]......ccoeennenenneeeessesssessessseessessseesns 154

Figure A4.2. Agarose gel screening of N. tabacum x N. africana F1 hybrid GH14-1239-57 for the
presence of the Ds element in the Nt HL1 candidate gene, Nt6549g30. In each grouping of three
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lanes are, from left to right, N. tabacum NC1125-2 (Su:Ds), N. africana, GH14-1239-57. Primer
combinations of the nested PCRs used are listed. Nested PCRs were used because the initial
PCR produced many non-specific amplicons (we used existing primers that had very different
Tm’s instead of redesigning primers). The successful assays are noted with an asterisk (*).
Nt_R4 + Ds5-2 was repeated in error. Nt_F2 was nested on Nt_F1, Nt_F3 on Nt_F2, Nt_F3 on
Nt_F3, Nt_R4 on Nt_RO, Nt_R5 on Nt_R4, Nt_R5 on Nt_R5, Ds3-2 on Ds3-1, and Ds5-2 on Ds5-1. A
100 bp ladder is shown (NEB, IDSWICh, MA). ....ovrenenreeneseenecessensesssisessssssssssssssssssssessssssssssssssssssssssssssnees 155

Figure A4.3. Agarose gel screening of N. tabacum x N. africana F1 hybrid GH14-1239-57 for the
presence of the Ds element in the Nt_HL1 candidate gene, Nt6549g30. In each grouping of three
lanes are, from left to right, T = N. tabacum NC1125-2 (Su:Ds), A = N. africana, F1= GH14-1239-
57. Primer combinations of the nested PCRs used are listed. The presence of Ds is suggested by
the 3.6 kbp shift between N. tabacum NC1125-2 and the F1 GH14-1239-57. The faintness of the

bands with the Ds insertions is likely due to the large amplicon size. A 1 kb ladder is shown

(NEB, IDSWICH, MA). coutirieerectreeeseenseeseesesssssssesssesssesssesssssssss s sssess s sssasssess s s sssesssessssssasssasassnass 156
Figure A4.4. Sequence of a fragment for Nafr_R1-IKe_1.....coocnenmeeneeeensersseeseesseessseessesssensees 157
Figure A4.5. Sequence of a fragment for Nafr_R1-HKe_2......ccomnmremcnernneenneeneenseenneesessseessesessessseanees 158
Figure A4.6. Sequence of a fragment for Nfor_R1-TIKe_T.....ccnenneenneeneeneersseesees e 159
Figure A4.7. Sequence of a fragment for Nfor_R1-TKe_2.......oocnennenneenecseeesseeseesseeesesessesseeanees 160
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Chapter 1: Fine mapping of Phn7.1, a major QTL conferring
resistance to Phytophthora nicotianae in Nicotiana
tabacum L.
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INorth Carolina State University, Department of Crop and Soil Science, Raleigh, NC, USA
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Abstract

Black shank, caused by the oomycete Phytophthora nicotianae, is among the most important
diseases impacting field production of tobacco (Nicotiana tabacum L.). Genetic resistance is the
most economical means of managing P. nicotianae, and genes conferring quantitative disease
resistance (QDR) are important to provide resistance that is durable over time. Previous
studies of several mapping populations have identified a significant quantitative trait locus
(QTL) locus on linkage group 7 (LG7) controlling partial resistance to the black shank disease.
The QTL, designated Phn?7.1, has been identified in the cigar tobacco lines Beinhart 1000 and
Florida 301 and is thought to be present in most modern elite U.S. flue-cured and burley
tobacco germplasm. Working towards the goal of gaining increased insight into the genetics
underlying this QTL, our current objective was to fine map this QTL using an increased number
of molecular markers in the genomic region of interest. We developed a series of near isogenic
lines (NILs) and sub-NILs in the genetic background of the susceptible variety Hicks with Phn7.1
introgressed from Beinhart 1000. Through these efforts, we successfully localized Phn7.1 to a
genetic interval within 6.1 cM. Information from this study could be used for marker-assisted

selection and the identification of Phn7.1 candidate genes.

Introduction

Black shank, caused by Phytophthora nicotianae, is among the most significant causes of
tobacco yield loss in the United States, typically resulting in 1 to 2.5% crop loss in North
Carolina every year (Gallup et al., 2006). P. nicotiana is an oomycete that causes root and stem
rot, stunting of plant growth, and usually results in ultimate plant death. Host plant resistance

is an important component of effective and cost-efficient disease control.



Both monogenic and polygenic sources of resistance have been used in breeding for P.
nicotianae resistance. The introgressed genes Php and Phl originating from N. plumbaginifolia
and N. longiflora, respectively, have been used successfully and provide complete resistance to
race 0 of P. nicotianae (Valleau et al., 1960; Chaplin, 1962). The extensive deployment of Php
has resulted in race shift in many fields, however, and race 1 now predominates (Csinos, 2005).
More recently, an introgression from N. rustica designated as Wz has been found to exhibit what
appears to be a high level of partial resistance to both race 0 and race 1 (Drake et al., 2015;
Drake-Stowe, 2016). Due to the potential of pathogen populations to overcome single-gene,
complete resistance mechanisms, the best breeding strategy for black shank resistance might
be one focused on the deployment of moderate to high levels of polygenic resistance combined

with monogenic resistance (Sullivan et al., 2005a).

Tobacco varieties vary widely in their resistance to P. nicotianae, which suggests partial
resistance is conferred by multiple genes that may have ultimately originated from different
source materials. The partial resistance of several varieties has been evaluated in detail,
including that from highly resistant flue-cured variety, K346 (Drake-Stowe, 2016); and the cigar
types Florida 301 (Xiao et al.,, 2013) and Beinhart 1000 (Vontimitta and Lewis, 2012a). K346 is
a variety commercialized in the early 1980s but still grown today, albeit on limited acreage, due
to its high levels of resistance to P. nicotianae and other pathogens. It also continues to be used
as a parental line in breeding programs. Based on pedigree data, polygenic resistance in
modern flue-cured tobacco is believed to mostly originate from the cigar-type Florida 301.
Beinhart 1000 has long been identified as the most resistant line within available tobacco
germplasm (Heggestad and Lautz, 1957). Efforts to incorporate black shank resistance from
Beinhart 1000 into burley or flue-cured tobacco, however, have been unsuccessful due to

unfavorable associations with reduced yields and/or quality (Nielsen, 1992).

To understand the genetic basis of resistance in Beinhart 1000, develop derived breeding lines,
and identify molecular tools to assist in capturing resistance alleles from this variety,
Vontimitta and Lewis (2012a) developed a doubled haploid mapping population from a cross
between Beinhart 1000 and Hicks (also known as Hicks Broadleaf), a highly susceptible old-line
flue-cured tobacco variety. This population was evaluated for P. nicotianae resistance in both

field nurseries and growth chambers, and six to nine putative QTLs affecting black shank



resistance were identified (McCachren, 2012; Vontimitta and Lewis, 2012a, 2012b). A QTL on
linkage group 7, which we have designated Phn?7.1, exhibited the largest effect, where it
explained 25% of the phenotypic variance for black shank resistance in the research of
Vontimitta and Lewis (2012a). Alternative modeling of the data, using area under the disease
progress curve (AUDPC), estimated Phn7.1 to explain as much as 36% of the phenotypic
variance (McCachren, 2012). In growth chamber evaluations, data suggest Phn7.1 to be
effective against both race 0 and race 1, improving end survival by 25 and 26%, and explaining
55 and 46% of phenotypic variance, respectively (Vontimitta and Lewis, 2012b). McCorkle et
al. (2012) further showed Phn?7.1 to be associated with increased P. nicotianae incubation

periods and decreased root rot, but to have no effect on stem resistance.

QTLs for P. nicotianae resistance have also been identified in other populations, including one
utilizing Florida 301 as a parent. The genetics underlying the resistance from Florida 301 was
studied extensively in the past using classical methods (Smith and Clayton, 1948; Chaplin,
1966). More recently, Xiao et al. (2013) evaluated a recombinant inbred line (RIL) population
derived from a Florida 301 x Hicks cross, with Hicks serving as a highly susceptible parent. In
this study, they identified a QTL affecting AUDPC on LG7 both in the field and greenhouse,
explaining 17 and 19% of phenotypic variation, respectively. The estimated genomic positions
of the LG7 QTLs in both the Beinhart 1000 and Florida 301-derived populations were similar in
both populations (e.g. close to microsatellite marker locus PT30174), suggesting Phn7.1 is

present and contributes the largest effect to resistance in both populations.

A third mapping population consisting of RILs derived from a cross between K346 and the
susceptible accession TI1068 also identified Phn7.1 as the QTL of greatest effect on black shank
resistance, explaining 38% of phenotypic variation for AUDPC (Drake-Stowe, 2016). As with
Xiao et al. (2013), the estimation of the QTL position suggests that K346 also possesses Phn7.1.
Interestingly, Drake-Stowe also found Phn7.1 to provide a favorable effect for resistance to
Ralstonia solanacearum, the causal agent of Granville Wilt (controlling 32% of the observed
phenotypic variation for AUDPC), suggesting Phn7.1 may provide multiple disease resistance

(MDR) against pathogens from different kingdoms. Further work, including fine mapping,

1 The LG 7 designation is based on Bindler et al. (2011). In the original black shank mapping publications,
including Vontimitta and Lewis (2012a) this linkage group was referred to as LG 8.
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should help resolve the whether Phn7.1 provides MDR, or if there are two QTLs in tight coupling
phase linkage.

Taken together, previous studies have strongly demonstrated the existence of a major QTL
affecting P. nicotianae resistance on LG7, which we have designated Phn7.1. Phn7.1 is likely
common among most, if not all modern flue-cured tobacco varieties. Working towards the
objective of gaining increased insight into the genetics underlying this QTL, we had the goal of
narrowing down the genomic region carrying Phn7.1 using a fine mapping approach.
Information from the fine mapping of Phn7.1 can assist breeders in marker assisted selection
for black shank resistance and is also a step forward for efforts in identifying the gene(s)

underlying this QTL.

Materials and Methods

Near Isogenic Line Development

For the purpose of fine mapping, we first had the objective of establishing nearly isogenic lines
(NILs) in which the Phn7.1 genomic region derived from Beinhart 1000 was backcrossed into
the genetic backgrounds of highly susceptible flue-cured tobacco cultivar ‘Hicks,” and
moderately susceptible flue-cured cultivar “K326.” We suspected ahead of time that K326 may
have already carried Phn7.1, derived from Florida 301, but we carried out the development of
K326 + Phn7.1 NILs to investigate the possibility that it did not. NILs are useful genetic and
breeding tools because they isolate the locus of interest in a common background. We
transferred a genomic region carrying Phn7.1 from Beinhart 1000 into a Hicks and K326
background via marker-assisted backcrossing while selecting for Beinhart 1000 alleles at
microsatellite marker loci PT60799 and PT61512 for the Hicks genetic background
(representing a 20.1 cM interval, as estimated by Vontimitta and Lewis, 2012a) and PT61472
and PT61512 for the K326 genetic background (representing a 15.7 cM interval, as estimated
by Vontimitta and Lewis, 2012a). The only other selection that was carried out was to select
against the presence of Beinhart 1000 microsatellite marker alleles associated with Phn15.1,
another major effect QTL affecting black shank resistance in Beinhart 1000 (Vontimitta and

Lewis, 2012a).



Backcrossing with selection for Phn7.1-associated microsatellite marker alleles, followed by two
generations of self-pollination to achieve homozygosity for the region of interest, was initially
carried out to the BC4F3 generation for the Hicks genetic background fixed effeefewfand the
BCsF3 generation for the K326 genetic background. One Hicks + Phn7.1 and eight K326 + Phn7.1
NILs were established and subjected to field testing to confirm that the desirable allele(s) had

been transferred.
Molecular Marker Assays for Phn7.1

DNA was isolated using the CTAB extraction procedure from Afanador et al. (1993), except the
tissue were ground using the FastPrep-96 Instrument (MP Biomedicals, Santa Ana, CA). The
markers used in the initial NIL development were SSR-based PCR assays developed by Bindler
etal. (2007, 2011). Based on earlier studies, we identified polymorphic markers broadly
flanking the confidence interval for Phn7.1 (McCachren, 2012; Vontimitta and Lewis, 2012a;
Xiao et al., 2013). The markers used for Hicks were PT60799 and PT61512, representing a 20.1
cM interval; the markers used for K326 were PT61472 and PT61512, representing a 15.7 cM

interval, as estimated by Vontimitta and Lewis (2012a).

The SSR assays were based on the procedures described by Schuelke (2000), utilizing a
fluorescently labeled M13 primer, except IRDye 700 and IRDye 800 (LI-COR Biosciences,
Lincoln, NE) fluorescent tags were used in place of FAM. The primer mix and corresponding

annealing temperatures were optimized and are presented in Table 1.1.
Phenotypic Evaluation of Initial NILs

The initial set of NILs, consisting of a single Hicks + Phn7.1 BC4F3 and eight K326 + Phn7.1 BCsF3
NILs described above, was evaluated in 2013-2015 in soil-borne disease nurseries at Kinston,
NC (Lower Coastal Plain Research Station) and Rocky Mount, NC (Upper Coastal Plain Research
Station) along with the check cultivars Hicks, K326, Beinhart 1000, and K346 (a flue-cured
cultivar with a very high level of polygenic black shank resistance). We focused on the
evaluation of lines exhibiting the most resistance, where the loss of Phn7.1 was unlikely because
our primary objective at that time was to maintain the presence of Phn7.1. Therefore, entries
were not necessarily consistent from year to year. The Hicks + Phn7.1 NIL was tested across all

three years, and two K326 + Ph7.1 NILs were tested from 2014-2015. In each year, experiments
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were planted with three replications as a randomized complete block design (RCBD) with an
inter-row spacing of 120 cm and within-row plant spacing of 56 cm. Experiments in 2013 used
plots of 22 plants (13 m). In 2014 and 2015, we used 12 plant plots (7 m), due to space
limitations. In 2013, Kinston was transplanted on April 27 and Rocky Mount on April 19. In
2014, Kinston was transplanted May 7, and Rocky Mount on April 23. In 2015, Kinston was
transplanted on May 7, and Rocky Mount on May 8. Starting approximately 40 days after
transplanting, the number of plants killed by black shank was recorded throughout the growing
season at intervals of approximately 15 days. During periods when disease progressed rapidly,

data was recorded over shorter intervals (approximately seven days).

Data were analyzed by calculating the area under the disease progress curve (AUDPC) using the
trapezoidal method described by Madden et al. (2007) and analyzed using PROC MIXED in SAS
Software Version 9.4 (SAS Institute, Cary, NC). Data were analyzed over environments. The
model used AUDPC as the response variable; genotypes were considered as fixed effects.
Replications (within environments), environment and environment x genotype interaction
were treated as random effects. A Kenward-Roger adjustment was used so that the correct
denominator degrees of freedom was used in our multilevel models (Kenward and Roger, 1997;
Schaalje et al,, 2001). The PDMIX800 macro (Saxton, 1998, updated in 2003) was used to
produce means separations based on the PROC MIXED output, using Fisher’s LSD at a=0.05.

Development of Sub-NILs for Fine Mapping of Phn7.1

Having identified NILs exhibiting black shank resistance superior to the recurrent parents, and
thus presumably carrying Phn7.1, our next objective was to fine map this QTL. This involved
development of sub-NILs with new recombination breakpoints within the introgressed region
of interest and carrying smaller introgressions proximal to the actual gene underlying Phn7.1. A
set of 1898 SNP-based markers differentiating Beinhart 1000 and Hicks were identified using a
custom 30K Infinium iSelect HD BeadChip SNP chip (Illumina Inc., San Deigo, CA) used in
developing a high-density genetic map for tobacco (N. tabacum 30K Infinium HD consensus

map 2015; https://solgenomics.net/cview/map.pl?map version id=178). For K326 vs.

Beinhart 1000, 4112 polymorphic markers were identified. The 118 DH lines from the Beinhart
1000 x Hicks cross (Vontimitta and Lewis, 2012a), in addition to the Hicks + Phn7.1 BC4F3 NIL


https://solgenomics.net/cview/map.pl?map_version_id=178

(designated as GH12-291-7), and eight selected K326 + Phn7.1 BCsF3 NILs (designated as GH13-
661-6,-661-11,-661-13,-662-5,-663-7, -665-10, -665-16, -666-4) were genotyped to improve
the Beinhart 1000 x Hicks linkage map, improve the Phn7.1 interval estimation for this
population, identify SNP markers associated with Phn7.1, and also assess the genetic
composition of the NILs in terms of the degree of Beinhart 1000 germplasm that was retained
after the backcrossing process. SSR data from Vontimitta and Lewis (2012a) was combined

with these new markers for these purposes.

Fifteen polymorphic SNP markers were identified between Hicks + Phn7.1 BC4F3 introgression
line GH12-291-7 and Hicks within the LG7 interval. Kompetitive Allele Specific PCR (KASP)
markers for these SNPs were designed and ordered from LGC Genomics (Beverly, MA), using
their KASP by Design service. The reliability and quality of each marker varied, but 14 markers
produced scoreable signals (Table 1.2). The repetitive nature of the N. tabacum genome
commonly causes PCR problems, and these were evident in some of the KASP assays. Some of
the less reliable markers (i.e. those closest to the QTL) were optimized by introducing a “pre-
KASP” amplification step and running the KASP cycle as a nested reaction. Pre-KASP primers
were designed using GSP, a web tool for genome specific primer design in polyploid species
(Wang et al., 2016). The homologs for the GSP web tool were identified by running a BLAST
search on the N. tabacum genome of Edwards et al. (2016). Table 1.2 lists all the primers,
along with their sequences, comments on their reliability (e.g. bias towards one allele), and pre-

amplification step if applicable.

It was at this point that further mapping using K326 + Phn7.1-derived materials was put on
hold. Sufficient genotypic and phenotypic evidence had been collected to suggest that K326
already carries Phn7.1. While it is still possible that the LG7 QTLs in K326 and Beinhart 1000
may represent tightly linked loci or alleles, this situation is unlikely. Even in such a scenario, it

was more prudent to first fine map Phn7.1 in a Hicks background.

To develop lines with new recombination breakpoints near Phn7.1 and reduced Beinhart 1000
introgression sizes (sub-NILs), we advanced the GH12-291-7 Hicks + Phn7.1 BC4F3 selection to
the BC¢F1 generation. This segregating BC¢F1 population was designated as GH15-235 and
included 576 plants (GH15-235-1 to -576). In order to identify recombination events within the
introgressed Phn?7.1 region from Beinhart 1000, GH15-235-1 to -96 were genotyped using SSRs
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PT61512 and PT60799 spanning 55 cM, while GH15-235-97 to -576 were genotyped using
KASP markers Nt1AC0957 and Nt1AG1714 spanning 53 cM (distances are based on Map 1
described below). The SSRs screened a larger interval, but we switched to the KASPs because of
increased simplicity for use. The Nt1AC0957 and Nt1AG1714 KASP markers were chosen
because they were the KASP markers estimated to be closest to the two SSRs. In total, 89
recombination events between the genotyped markers were identified amongst the BCsF4
individuals. These individuals were subsequently genotyped using the remaining KASP
markers identified for the Phn7.1 region. Based on the complete genotypes of the Phn7.1 region
for the original Beinhart 1000 x Hicks DH mapping population, a linkage map of the region was
constructed using JMP Genomics 7.0 (SAS Institute, Cary, NC) using default settings (Kosambi
map function). The map was also augmented by data from the recombinant lines to improve
the ordering at the Phn7.1 interval; a map for the interval was generated in JMP Genomics 7.0
based on GH15-235 data, with the assumption that any lines other than the 89 recombinants
had no recombination events. The genetic distances are, therefore, underestimates because
double-recombinants would not have been identified. The maps were combined using the
LPmerge package in R 3.3.2 (R Foundation, Vienna, Austria), which uses a linear programming
algorithm to develop a consensus map (Endelman and Plomion, 2014). The new linkage map is
presented as Map 1 throughout this thesis; Map 2 is used to refer to the 30K Infinium HD

consensus map 2015 at https://solgenomics.net/cview/map.pl?map version id=178. By

eliminating lines based upon genotypic redundancy, a subset of 25 BC¢F; families derived from
89 BCsF1 recombinants was selected for phenotypic nursery evaluation of P. nicotianae

resistance during the 2016 growing season.
Field Evaluation of Recombinant Sub-NILs for Fine Mapping Phn7.1

The recombinant Hicks + Phn7.1 BC¢F, nearly isogenic families were evaluated in 2016 in
Kinston and Rocky Mount under similar agronomic conditions as described before for P.
nicotianae resistance. Plots consisted of single, 12-plant rows with eight replications at each
location. In addition to the recombinant families, Hicks, the parental Hicks + Phn7.1 BC4F3 NIL
(GH12-291-7), its heterozygous backcross (GH12-291-7 x Hicks), K326, and two Hicks + Phn7.1
+ Phn15.1 BC4Fe double introgression NILs (GH14-241-1 and GH14-813-12) were planted. Data


https://solgenomics.net/cview/map.pl?map_version_id=178

was collected as described for previous years, but with shorter intervals (seven days) between

points of data collection, and AUDPCs were calculated.

Data were analyzed using PROC MIXED in SAS Software Version 9.4 (SAS Institute, Cary, NC).
The data were analyzed both within environments and among environments. Linear contrasts
using the CONTRAST function (one-way t-tests) were used to compare the genotypic classes for
each marker. Significance tests were reported as -logio(P) (also known as LogWorth) to more
easily compare levels of extreme significance (Sall, 2013), similar to the usage of logarithm of
odds (LOD) in QTL mapping. Traditional P-value significance thresholds of 0.05, 0.01, and
0.001 correspond to -logio(P) values of 1.3, 2, and 3, respectively.

Genotyping of a Set of Historical Flue-cured Tobacco Lines

We were also interested in the historical importance of Phn7.1 and its presence in flue-cured
tobacco germplasm. We looked to work by Drake-Stowe (2016), who evaluated a historical set
of tobacco lines for P. nicotianae resistance. These lines included Florida 301, eleven “farmer
varieties” that predate modern efforts to breed for soil-borne disease resistance, and 36
historically important flue-cured varieties dating from the 1940’s to the 1990’s. We also
included the N. tabacum reference genome lines, TN90 (burley-type) and Xanthi Basma
(Oriental-type). These lines were genotyped for the Phn7.1-associated SNP markers
Nt1AA1707 and Nt1AF0086. An ANOVA comparing genotypic classes was also performed using
PROC GLM using SAS Software Version 9.4 (SAS Institute, Cary, NC).

Results and Discussion

Evaluation of Initial Phn7.1 NILs

The Hicks + Phn7.1 BC4F3 introgression line was evaluated for field black shank resistance in
comparison with Hicks in a total of eight environments. The previously reported effect of
Phn7.1 from Beinhart 1000 (Vontimitta and Lewis 2012a; Xiao et al., 2013, Drake-Stowe, 2016)
was validated by the finding that the BC4F3 NIL exhibited a significantly lower AUDPC as
compared to Hicks (P < 0.0001; Figure 1.1 summarizes 2016 data and Table A1.1 details
2013-2016). In more practical terms, the effect is a delay in disease progression by 3-4 weeks

(weeks to 50% survival, Figure 1.3). Phn7.1 appears to have an additive gene action on black



shank resistance, based on a comparison between the Hicks, Hicks + Phn7.1 NIL (BC4F3; GH12-
291-7), and its heterozygous F1 hybrid (BCsF1; GH12-291-7 x Hicks; Figure 1.1).

Among the NILs, the same effects were not observed for introgressions of Phn7.1 from Beinhart
1000 into K326. The eight K326 + Phn7.1 BCsF3 NILs exhibited, on average, only small decreases
in AUDPC in 2013 (Table A1.2), but even after selecting the two most resistant lines and testing
them over multiple environments, we only gathered sufficient data to suggest a modest
improvement in resistance in one K326 + Phn7.1 BCsF3; NIL (GH14-666-4; Figure 1.2). Below,
we discuss that GH14-666-4 probably has Beinhart 1000 alleles contributing to resistance.
Florida 301 is in the pedigree of K326 and is likely the source of the major genetic components
of partial resistance present in K326. The Beinhart 1000 Phn7.1 introgression likely replaced
the existing Phn7.1 allele in K326 derived from Florida 301. It is possible that the QTLs in
various lines (Beinhart 1000, K326, K346, Florida 301) represent either tightly linked QTLs or
different allelic variants. Our molecular marker data, however, suggest that Phn7.1 and its
adjacent LG7 segments may be identical by descent. Beinhart 1000 and K326 possess the same
SNP marker alleles across a large segment near Phn7.1: 25 consecutive SNPs between
Nt1AA9502 (103.9 cM) and Nt1AA1651 (221.0 cM, end of LG7) are non-polymorphic between
Beinhart 1000 and K326. Some SSRs (e.g. PT61512 at 145 cM and PT61472 at 207.9 cM) are
polymorphic within this interval, but this may simply be due to the higher mutation rate of SSRs
compared to SNPs. Such a long tract of haplotype similarity between Beinhart 1000 and K326
would suggest this segment is identical by descent between these cultivars (Marquard et al.,

2007), and by inference, with Florida 301.

To further investigate this possible relationship, we considered our data in the context of that
recently produced by Drake-Stowe (2016), who evaluated a sample of historical tobacco lines
for P. nicotianae resistance. These lines included Florida 301, eleven “farmer varieties”
(landraces pre-dating 1940), and 36 flue-cured historically important varieties dating from the
1940’s to 1990’s. We genotyped these lines for Phn7.1-associated SNP markers Nt1AA1707 and
Nt1AF0086 (Table 1.3) and found that these markers could explain the majority of the
observed P. nicotianae resistance, with Nt1AF0086 completely separating the two genotypic
groups, suggesting Phn7.1 might be responsible for much of the quantitative resistance in

modern flue-cured tobacco (R% = 0.83, P<0.0001; Figure 1.4). Inferences regarding Phn7.1 from
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this statistic should be made carefully, however, as it may be biased by familial relationships,
which were not accounted for in this study because of the lack of genome-wide marker
information for this set of materials. The statistic is supported, however, by the observation
that the SNP alleles for Beinhart 1000 and Florida 301 were missing in old-line varieties that
were available prior to the initiation of science-based breeding for black shank resistance in the
United States, and the observation that all modern varieties (derived from the farmer varieties
by pedigree) carried the Beinhart 1000 and Florida 301 SNP alleles. The N. tabacum reference
genome lines, TN90 (burley-type) and Xanthi Basma (Oriental-type), were also genotyped for
these two markers. TN90 possessed the same alleles as Beinhart 1000, while Xanthi Basma
carried the same allele as Hicks. Taken together, the disease resistance and genotypic data from
these historical lines, in addition to their known pedigree histories, support the hypothesis that
the LG7 introgression of Florida 301 is an important source of quantitative and partial P.

nicotianae resistance in modern flue-cured tobacco.

A more extensive sample of markers on LG7 and across tobacco lines would be needed to
conclusively determine whether the segment bearing Phn7.1 from Beinhart 1000 and Florida
301 (and K326, by association) is identical by descent. Ideally, genome-wide markers would
also be needed to control for population structure. Still, this hypothesis is consistent with the
narrow within-population diversity of each tobacco market class (Moon et al., 2009; Fricano et
al,, 2012), although the relationship between Beinhart 1000 and Florida 301 is unclear. The
presence of the same disease resistance genes across diverse accessions has also been observed
in other species, including Arabidopsis (Bergelson et al., 2001; Mauricio et al., 2003; Aranzana et
al.,, 2005).

Beinhart 1000 Alleles in the Background of Phn7.1 Near Isogenic Lines

Some variation was observed for resistance to P. nicotianae among the lines of the same class
(e.g. K326 + Phn7.1; Figure 1.2, Table A1.1, and A1.2). Most homozygous K326 + Phn7.1 BCsF3
NILs exhibited a lower AUDPC than the recurrent parent lines, but most of these individual
differences were not statistically significant. Much of this variation is likely due to non-genetic
effects, but the possible role of background genetics (i.e. small effect QTL other than Phn7.1)
cannot be ignored. For example, one K326 + Phn7.1 BCsF3 NIL, GH13-666-4, was significantly (P
< 0.05) more resistant than K326 per se (Figure 1.2). Assuming Phn?7.1 is already present in
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K326, the observed resistance suggests other Beinhart alleles and resistance QTLs may still be
present. Data in Table 1.4, showing the estimated recovered percentage of the genome from
the recurrent parents, supports this statement as the resistant K326 + Phn7.1 NIL(GH13-666-4)
had a low recovery of K326 alleles at 87.1%; another of the more resistant K326 + Phn7.1
NILs(GH13-665-16), had the lowest recovery of K326 marker alleles (83.7%). All the other
lines, however, suggest that backcrossing was very effective at restoring the genetic
backgrounds of the recurrent parents. Notably, 98.9% of the non-linked alleles in the Hicks +
Phn7.1 BC4F3 NIL were derived from the recurrent parent (Table 1.4). A visualization of this
data is shown in Figure A1.1 (Hicks) and Figure A1.2 (K326), which display the Beinhart 1000

introgressions in our NILs based on the 30K Infinium genotyping data.
New Genetic Linkage Map for LG7

A new linkage map for LG7 was constructed combining (1) a map constructed for the Beinhart
1000 x Hicks DH population (Vontimitta and Lewis, 2012a), which included markers from the
Infinium 30K chip and previously genotyped microsatellites, and (2) a map constructed for the
Phn7.1 interval based off of the Hicks + Phn7.1 sub-NILs (GH15-235), which were genotyped
using KASP markers for the QTL interval. The map had a total of 163 SNPs and 18 SSRs and is
displayed in Table 1.5 as Map 1. The N. tabacum 30K Infinium HD consensus map 2015 is also
displayed in Table 1.5 as Map 2. A comparison of the two maps shows a high conservation of
marker order. Interestingly, Map 1 showed expanded genetic distances near Phn7.1 at the end

of the linkage group.
Fine Mapping of Phn7.1

A Hicks + Phn7.1 BC¢F1 population (GH15-235) segregating for Phn7.1 was developed for the
purpose of narrowing down the region containing the gene(s) underlying the QTL.
Recombinant Hicks + Phn7.1 BC¢F; individuals were identified, genotyped for markers in the
predicted Phn7.1 interval, and self-pollinated to produce BC¢F> families that were evaluated for
field black shank resistance during 2016. As the parental BC¢F; plants were heterozygous for
all Phn7.1-associated markers, the BC¢F, sub-NILs were still segregating for their respective
markers. Our results from this experiment suggest the Phn7.1 QTL lies in between Nt1AD1494
(157.6 cM) and Nt1AF8640 (163.7 cM; Figure 1.5). The markers in this interval were found to
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be significantly associated with black shank AUDPC using linear contrasts comparing each
genotypic class (-log(P) > 8). The Nt1AD1494-Nt1AF8640 interval represents a distance of 6.1
cM, but the effective interval is as small as 3.4 cM because the significance level peaks (-log(P) >

17) between Nt1AA1707 (158.4 cM) and Nt1AF0086 (161.8 cM).
Candidate Genes for Phn7.1

Scaffolds associated with Phn7.1, based on the genome assemblies of TN90 by Sierro et al.
(2014) and K326 (v4.5) by Edwards et al. (2016), are presented in Table 1.6. This table also
includes some SNPs (Nt1AE0319, Nt1A3645, Nt1AA0800) that were not genotyped using
KASPs, as working KASPs were not developed for these markers, but previously mapped to the
interval region. Based on gene prediction by Edwards et al. (2016), 59 ORFs are predicted to lie
on these scaffolds, which cover 4.4 Mbp (Table 1.7). The physical size (base pairs) in between
these markers is certainly larger than 4.4 Mbp, but the exact size is unknown because we were
unable to get confident positions for our SNPs on an anchored genome assembly (v5.0 of

Edwards et al., 2016).

The selection of Phn7.1 candidate genes for validation will require further refinement. Genes
conferring quantitative disease resistance (QDR) are hypothesized to have very diverse
mechanisms and structures (Poland et al., 2009; Zhang et al., 2013). This is in contrast to
qualitative or complete resistance-conferring R genes, which have been limited to seven classes
of proteins, including nucleotide-binding site—leucine-rich repeat (NLRs) or receptor-like
kinases (RLKs) proteins (Gururani et al., 2012). Cloned and validated QDR genes have
supported the hypotheses of Poland et al. (2009), with genes ranging from a mutated proline-
rich protein to an ABC transporter (reviewed in Zhang et al., 2013; Moore et al., 2015; Rawat et
al.,, 2016).

The first step to further refinement would be the comparison of known N. tabacum genome
sequences for the genomic region of interest. As of 2016, sequences have been published for
Hicks, K326, TN90, and Xanthi Basma (Sierro et al., 2013, 2014; Edwards et al., 2016). Based on
pedigree data and the new marker data gathered in this Chapter, K326 and TN90 are believed
to possess the favorable allele at Phn7.1, while this allele is highly likely to be absent in Hicks

and Xanthi Basma (Table 1.4). A comparison of gene sequences from varieties with and
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without the favorable allele at Phn7.1 could eliminate some candidates, although this approach
assumes that the causal polymorphism is in the protein coding sequences. Re-sequencing of
these genes will also be necessary because many of the assemblies have significant gaps. The
number of genes represented makes Sanger sequencing approachable, but [llumina sequencing

(e.g. using a pool of barcoded PCR products) could be more efficient and economical.

Further fine mapping approaches may also be useful to reduce the number of candidate genes.
Identification or development of additional markers within the region in combination with the
use of larger population to obtain rare recombinants would be needed for this approach,
however. Targeting specific breakpoints, particularly the 157.6-158.4 cM interval (Nt1AD1494
with Nt1AA1707 and two others) and the 158.4-161.8 cM interval (Nt1AA1707 and two others
with Nt1AF0086) would be major genotypes of interest. Second, the existing Beinhart 1000 x
Hicks, Florida 301 x Hicks, and K346 x TI1068 mapping populations (Vontimitta and Lewis,
2012a; Xiao et al., 2013; Drake-Stowe, 2016) may already have recombination breakpoints of
interest. Third, identifying lines from existing cigar and Oriental tobacco germplasm could also
be useful. Limiting genotyping of diverse germplasm to Phn?7.1-associated markers could
economize the selection of appropriate lines for association mapping. The unique TI448A
haplotype (Table 1.3) provides anecdotal data that such lines could be identified. Burley and
flue-cured lines are probably unusable because their genetic base is extremely narrow (Moon et
al,, 2009; Fricano et al., 2012), and as discussed in this Chapter, Phn7.1 for these market classes
represents a “foreign” introgression from the cigar line Florida 301. Cigar and Oriental tobacco,
in contrast, are quite diverse, and linkage disequilibrium (LD) breaks down at a reasonable rate
(r2 <0.2 within 1 cM) across diverse accessions (Fricano et al,, 2012). A problem with using
existing lines, however, is they would likely need further development into NILs or segregating
populations, and Phn7.1 may not necessarily be in LD with the same markers. Association

mapping may also be possible, but population structure might act as a significant confounder.

Gene expression data could also augment our mapping results, and might be particularly useful
if the Phn7.1 functional polymorphism is a result of promoter or regulatory sequence changes,
rather than resulting alterations in the protein coding sequence. RNASeq data could be used for
allele-specific expression (ASE) studies, which could simultaneously identify eQTLs and

candidate sequences.
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Ultimately, functional validation will require a reverse genetics approach. Fortunately, the
development of CRISPR/Cas9 technology greatly economizes and simplifies the process of
generating knockout mutants. In fact, only a limited refinement of candidate genes using the
other approaches may be necessary, as dozens of candidates can be reasonably tested using

CRISPR/Cas9.
Associations with Granville Wilt Resistance

Drake-Stowe (2016) performed studies evaluating both P. nicotianae and R. solanaceae (causal
agent of the Granville wilt disease) resistance in historical tobacco lines (reproduced in Table
1.3) as well as in a mapping population developed from a cross between K346 and TI1068. She
found a significant R. solanaceae resistance QTL to be present at or near Phn7.1, and the genetic
correlation between P. nicotianae and R. solanaceae resistance in the mapping population to be
very high (r = 0.89). Presently, it is unclear whether Phn7.1 is a multiple disease resistance
(MDR) locus, or whether multiple genes and loci are involved with resistances to both P.
nicotianae and R. solanaceae. Genotyping of the TI1068 x K346 population for Phn7.1-
associated markers and testing various Hicks + LG7 NILs and sub-NILs should help elucidate

these questions.
Long-term Durability of Quantitative Disease Resistance

Quantitative or partial disease resistance has been thought to be more durable over time in
comparison to complete or qualitative resistance mechanisms (Poland et al., 2009).
Pathologists have reasoned that the more complex underlying mechanisms, as well as reduced
selection pressure from quantitative resistance, should delay the evolution of increased
virulence and aggressiveness. Several studies have supported these hypotheses in the N.
tabacum-P. nicotianae system observing pathogen adaptation to host resistance (Dukes and
Apple, 1961; Sullivan et al,, 2005b, 2010; McCorkle, 2016). Such research suggests that, while
components of partial resistance are indeed more durable than classical R genes, proper
management (crop rotation, resistance rotation, gene stacking) may still be necessary for long

term durability.
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Conclusions

We verified that a medium level of partial resistance to P. nicotianae is conferred by a genomic
region on linkage group 7 originating from Beinhart 1000, as suggested by previous research,
which we have designated as Phn7.1. Based on molecular data, Phn7.1 and flanking segments
are likely already present and identical by descent across various germplasm lines and most
modern flue-cured and burley tobacco. Our primary objective to fine map Phn7.1 was achieved,
localizing the QTL within a 6.1 cM interval. The Phn7.1-associated markers may be useful for
future marker assisted selection or efforts to identify the causal gene or genes that underlie the

resistance provided by Phn7.1.
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Table 1.1. Annealing temperatures and recipe mix for PCR assays of the SSR-
based markers near Phn7.1. Cycling conditions were: initial denaturation at
94°C for 5 min, 29 cycles of 94°C for 30s, Initial Annealing Tm (higher melt
temperature) for 45 s; following this 7 cycles for M13 activity with 94°C for
30s, Secondary annealing Tm (3°C lower) for 45s, 72°C for 45s, and final
extension for 5°C at 72°C.

LG7 (Hicks) LG7 (K326) LG7

Marker ID PT60799 PT61472 PT61512
Annealing Tm 56°/53° 56°/53° 56°/53°
H20 5 5.1 5.1

10X Buffer 1.5 1.5 1.5
MgS04 (20 mM) 2 1 1
dNTP (1.25 mM) 0.5 0.5 0.5
F primer (10 uM) 0.1 0.2 0.2
R primer (10 uM) 0.4 0.8 0.8
M13 (1 pM) 0.4 0.8 0.8

Taq (5000U/mL) 0.1 0.1 0.1
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Table 1.2. KASP primers as designed by LGC used for fine mapping
Phn7.1. Pre-amplification primers were also designed to improve the
quality of certain markers. Map 1 positions refer to cM positions
displayed in Table 1.5. The quality of each marker is also described.
“Biased” markers may have difficulty separating heterozygotes from one
parent. “Not calibrated” represents markers that did not work properly
based on initial testing.

Map 1 Position

ID LG (cM, Kosambi) Comments
Nt1AF3932 7 103.9 Not calibrated
Nt1AA9502 7 103.9 Not calibrated
Nt1AE7166 7 104.7 Not calibrated
Nt1AC9036 7 104.7 Good marker
Nt1AC8796 7 137.2 Good marker
Nt1AD8290 7 137.2 Good marker
Nt1AC3230 7 137.2 Good marker
Nt1AB1994 7 138.0 Not calibrated
Nt1AC0957 7 149.5 Good marker
Nt1AF8007 7 154.9 Not calibrated
Nt1AD1494 7 157.6 Good marker, Pre-amp
Nt1AEO319 7 158.4 Not calibrated
Nt1AB5640 7 158.4 Hicks biased, Pre-amp
Nt1AB1658 7 158.4 Hicks biased, Pre-amp
Nt1AG1690 7 158.4 Hicks biased, Pre-amp
Nt1AA1707 7 158.4 Good marker
Nt1AA0800 7 158.4 Not calibrated
Nt1AF3645 7 158.4 Not calibrated
Nt1AF0086 7 161.8 Beinhart 1000 biased, Pre-amp
Nt1AF8640 7 163.7 Good marker
Nt1AE9329 7 1711 Not calibrated
Nt1AB6767 7 196.5 Good marker
Nt1AG1714 7 202.5 Good marker
Nt1AE9138 7 202.5 Not calibrated
Nt1AE4211 7 214.2 Hicks biased
Nt1AA1651 7 221.0 Not calibrated
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Table 1.3. Genotypes for Phn7.1-associated markers (Nt1A1707 and Nt1AF0086) and resistance to
Phytophthora nicotianae (black shank) and Ralstonia solanacearum (Granville wilt) for historical lines.
Phenotypic data (AUDPC) taken from Drake-Stowe (2016). TI1068, TN90, and Xanthi Basma genotypic
data are also included. PI numbers represent plant introduction numbers used by the USDA germplasm
(GRIN) system. “1” (Beinhart) and “0” (Hicks) represent allele calls. “.” is present where lines were not
tested. Coloring was added to aid in visualizing the trends.

Black Shank  Granville Wilt ~ Nt1A1707 Nt1AF0086

Genotype AUDPC AUDPC KASP KASP
Florida 301 (PI 552629) 6.7 16.4 1 1
Beinhart 1000 2.5 29.9 1 1
TI448A (TC 594) 38.0 25.2 1

Warne (Farmer Variety) PI 552335
Virginia Bright Leaf (Farmer Variety) PI 552385
Gold Dollar (Farmer Variety) PI 552310
Hicks Broadleaf (Farmer Variety) PI 552397
Jamaica (Farmer Variety) PI 552315
White Stem Orinoco (Farmer Variety) PI 552337
Yellow Special (1943) PI 552340
400 (1942) P1 552341

Vesta 30 (1940's) P 552769 219 19.2 1 1
Vesta 64 (1940's) P1 552772 25.2 23.2 1 1
Oxford 1 (1942) PI 552320 19.5 27 1 1
Oxford 2 (1942) PI 552321 10.7 15.4 1 1
Oxford 3 (1942) PI 552322 20.0 25.9 1 1

Yellow Special A (1943) PI 552378
Virginia Gold (1947) PI 552334

Ox. 1-181 (1948) PI 552401 20.2 20.9 1 1
Golden Wilt (1949) PI 552393 37.0 23 [
Dixie Bright 101 (1949) PI 552383 21.6 16.2 1 1
Dixie Bright 102 (1949) PI 552384 13.2 14.7 1 1
Golden Cure (1950) PI 552390 321
Vesta 5 (1952) PI 552396 28.7 30.2 1 1
Coker 139 (1954) PI 552389 18.0 14.0 1 1
Dixie Bright 244 (1955) PI 551300 14.5 12.3 1 1
Coker 187 (1956) PI 552391 15.0 125 1 1
Coker 187-Hicks (1957) PI 552392 24.8 18.8 1 1
SC 58 (1959) PI 552344 19.9 26.0 1 1
McNair 10 (1960) PI 552422 211 1 1
Coker 319 (1962) PI 552426 19.8 17.0 1 1
McNair 20 (1962) PI 552429 13.9 18.2 1 1
McNair 30 (1962) PI 552430 34.7 294 o o
Coker 298 (1964) PI 552445 10.2 10.2 1 1
Virginia 115 (1964) PI 552458 15.3 17.5 1 1
Coker 258 (1966) PI 552461 14.5 14.7 1 1
Speight G-28 (1969) PI 551318 12.4 12.3 1 1
McNair 135 (1970) PI 551304 16.1 7.7 1 1
McNair 944 (1973) PI 552494 11.8 13.0 1 1
NC 82 (1979) PI 551311 7.4 9.2 1 1
K326 (1982) Gold Leaf Seed Co. 14.1 20.6 1 1
K 394 (1984) PI 552525 9.0 16.9 1 1
K149 (1990) PI 549109 27.2 13.4 1 1
K346 (1990) Gold Leaf Seed Co. 7.5 5.9 1 1
NC55 (1996) Gold Leaf Seed Co. 22,9 18.7 1 1
Oxford 207 (1996) Gold Leaf Seed Co. 11.0 7.8 1 1
NC606 (1999) Raynor Seeds 7.7 8.0 1 1
NC810 (2001) Cross Creek Seeds 12.4 9.2 1 1
T11068 00
TN 90 1 1

Xanthi Basma NC



Table 1.4. Percent of non-LG7 alleles matching the recurrent parent in Hicks
and K326 NILs with Phn7.1 introgressions from Beinhart 1000. Data show that
backcrossing was very effective at restoring the genetic backgrounds of the
recurrent parents

Non-linked (non-LG7)

Genotype Seed Source Recurrent parent alleles
Hicks + Phn7.1 BC4F3 NIL GH12-291-7 98.2%
K326 + Phn7.1 BC5F3 NIL  GH13-661-6 99.3%
K326 + Phn7.1 BC5F3 NIL  GH13-661-11 99.5%
K326 + Phn7.1 BC5F3 NIL  GH13-661-13 99.5%
K326 + Phn7.1 BC5F3 NIL  GH13-662-5 98.8%
K326 + Phn7.1 BC5F3 NIL  GH13-663-7 99.4%
K326 + Phn7.1 BC5F3 NIL  GH13-665-10 96.1%
K326 + Phn7.1 BC5F3 NIL  GH13-665-16 83.7%
K326 + Phn7.1 BC5F3 NIL  GH13-666-4 87.1%
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Table 1.5. Linkage maps and markers available for linkage group 7. Markers represent SNPs (Nt1A) and
SSRs (PT). Positions for two maps are listed. Map 1 is based on the Beinhart 1000 x Hicks population and
augmented for the Phn7.1 interval by data from the recombinant GH15-235 near isogenic lines (sub-
NILs). Map 2 is based on the N. tabacum 30K Infinium HD consensus map 2015 of Edwards et al.,, 2016
(https://solgenomics.net/cview/map.pl?map version id=178). The scaffold IDs and location on the
scaffolds are also noted, based on the genome (v4.5) published by Edwards et al., 2016. Some missing
data are due to proprietary censoring. SNPs for which working KASP markers have been developed are
noted in Comments.

Map 2 Position

Map 1 Position (cM, Kosambi Location

(cM, Kosambi Edwards Genome Scaffold on
Marker PMI LG Ma B x H) Consensus) Edwards scaffold Comments
Nt1AB4031 7 0.0
Nt1AF2614 7 7.8 3.2
Nt1ADO165 7 103
Nt1AG0923 7 11.2 5.3 Nitab4.5_0013387 2727
Nt1AE2697 7 11.2 5.6 Nitab4.5_0005837 25855
PT30165 7 129
Nt1AB8282 7 14.7 9.5 Nitab4.5_.0000980 461788
Nt1AC5143 7 19.9 13.0 Nitab4.5_.0010575 31322
PT40009 7 25.2
Nt1AB0134 7 33.2 20.7
Nt1AF2479 7 33.2 209 Nitab4.5_.0004287 = 98793
Nt1AC9278 7 349 22.6 Nitab4.5_.0004946 157735
Nt1AC9095 7 349 23.1 Nitab4.5_.0003726 = 228074
Nt1AB2220 7 349
Nt1AC0921 7 35.8 26.6 Nitab4.5_0009578 61511
Nt1AC6910 7 36.6 27.0 Nitab4.5_0007431 21157
PT30248 7 41.0
Nt1AD5161 7 45.3
Nt1AC4850 7 479 40.2 Nitab4.5_ 0011278 = 41670
Nt1AD8110 7 479 40.2 Nitab4.5.0012722 17424
Nt1AE6733 7 479 40.2 Nitab4.5_0008963 17991
Nt1AG1390 7 479 40.2
PT30005 7 50.6
Nt1AE7183 7 51.5 418 Nitab4.5_0005372 66325
Nt1AD7206 7 53.2
Nt1AF5589 7 55.0
Nt1AD3297 7 58.4 57.1 Nitab4.5_0005989 69074
Nt1AB8165 7 58.4 57.6 Nitab4.5_.0007244 108328
Nt1AC9692 7 59.2 56.8 Nitab4.5_.0006602 146244
Nt1AD4720 7 59.2 58.4 Nitab4.5_0004955 182340
Nt1AB5868 7 59.2 59.4 Nitab4.5_0030825 3670
Nt1AE7934 7 59.2 60.3 Nitab4.5_.0006420 117700
Nt1AB4238 7 60.1 59.6 Nitab4.5_.0004997 98304
Nt1AE8253 7 60.1 59.7 Nitab4.5.0014012 3167
Nt1AB4236 7 60.1
Nt1AD9173 7 61.8
Nt1AB9518 7 62.7 65.4 Nitab4.5_0006928 19573
Nt1AG0837 7 62.7 65.4 Nitab4.5_.0002031 233737
Nt1AB9097 7 62.7 66.3 Nitab4.5_.0003227 96166
Nt1AA3738 7 62.7
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Table 1.5 continued.

Marker

Nt1AB8459
Nt1AC2253
Nt1AC8641
Nt1AB8542
Nt1AG1270
Nt1AB5530
Nt1AC4237
Nt1AF4601
Nt1AA8649
Nt1AB2139
Nt1AA9457
Nt1AA9456
Nt1AB7980
Nt1AB6203
Nt1AC7417
Nt1AE9080
Nt1AC3068
Nt1AD6231
Nt1AC7296
Nt1AE3802
Nt1AB4378
Nt1AA9777
Nt1AA1018
Nt1AE1792
Nt1AA3553
Nt1AC0986
Nt1AC2827
Nt1AD6153
Nt1AE9935
Nt1AC6118
Nt1AC7786
Nt1AD8749
Nt1AD6097
Nt1AE6825
Nt1AB3132
Nt1AB2406
Nt1AC5707
Nt1AA8998
Nt1AE8049
Nt1AA2690
Nt1AG0084
Nt1AE9346
Nt1AA9094
Nt1AB0995
Nt1AB1024
Nt1AA0209
Nt1AB7736
Nt1AA3602
Nt1AB0270
Nt1AF5893

PMI LG

NN NN NN NN NN NN NN NN NN NN NN NN NN NN N NN NN NN N NN NN N N N NN N NN N

Map 1 Position
(cM, Kosambi
Ma B x H)

63.5
63.5
644
64.4
64.4
64.4
65.2
65.2
65.2
69.5
76.4
76.4
78.1
78.1
80.7
815
85.9
86.7
86.7
87.6
88.4
89.3
90.1
91.0
91.0
91.0
91.0
91.0
91.0
91.0
91.0
91.0
91.0
91.9
91.9
92.7
92.7
92.7
92.7
92.7
94 .4
944
94 .4
94 .4
944
944
944
94 .4
944
944

Map 2 Position
(cM, Kosambi
Edwards
Consensus)

64.8
70.0
71.1
71.2
71.3

76.0
76.1
76.3

99.1
99.5

94.8

105.2

110.2
112.7

1239
124.8
131.3
1319
1319
132.2
133.0
1333
133.3
133.3
1334
128.9
130.7
133.6
133.7
134.0
134.0
1349
133.6
133.7
1343
134.7
134.8
135.1
135.1
136.0
136.0
136.6
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Genome Scaffold
Edwards

Nitab4.5_0006355
Nitab4.5_0006072
Nitab4.5.0009033
Nitab4.5_0005883

Nitab4.5.0006947
Nitab4.5_0000399
Nitab4.5_0006159

Nitab4.5.0002401

Nitab4.5.0002833

Nitab4.5_0002650

Nitab4.5_0007730

Nitab4.5_0005064
Nitab4.5_0008679

Nitab4.5_0001788
Nitab4.5_0003964
Nitab4.5.0002541
Nitab4.5_0004175
Nitab4.5_0004175

Nitab4.5_0000361
Nitab4.5_0001795
Nitab4.5_0000361

Nitab4.5_0002976
Nitab4.5_0001713
Nitab4.5.0008404
Nitab4.5_0000316
Nitab4.5_0002834

Nitab4.5_0004062
Nitab4.5_0004062
Nitab4.5_0001560
Nitab4.5.0006496
Nitab4.5_0000144
Nitab4.5_0001389
Nitab4.5.0001389
Nitab4.5.0001545
Nitab4.5_0007252
Nitab4.5_0007708
Nitab4.5_0003702

Location
on
scaffold

109384

130819
51460
45903

27415
941567
122745

53517

341340

256346

102463

169060
74409

180861
6923
43087
17722
188097

652779
456023
607442

14548
411090

19806

5676
212735

126912
181622
63099
134854
348977
361974
239201
424564
133019
88222
161054

Comments



Table 1.5 continued.

Marker
Nt1AC9747
Nt1AD8150
Nt1AB5209
Nt1AB7021
Nt1AB4569
Nt1AB3820
Nt1AG0389
Nt1AB3013
Nt1AE8891
Nt1AG0385
Nt1AA5943
Nt1AA6761
Nt1AB3755
Nt1AB5630
PT52986
Nt1AA5272
PT61311
PT30395
PT30218
Nt1AC8102
Nt1AF4117
Nt1AF0379
Nt1AB8337
Nt1AA7010
Nt1AC4019
Nt1AC0337
Nt1AD2541
Nt1AD5169
Nt1AE0956
Nt1AA5734
Nt1AE6562
Nt1AD1911
Nt1AD4177
Nt1AC2501
Nt1AC2990
Nt1AD3863
Nt1AE4278
Nt1AE1688
Nt1AE8415
Nt1AF5248
Nt1AC5503
Nt1AA3024
Nt1AA3901
Nt1AD8184
Nt1AE0959
Nt1AC7953
Nt1AF7775
Nt1AA2925

PMI LG

N B B B B B B B B B B B B e e B B B B B B B B N B I B e B B B A BN RN\ N N N BN N RN |

Map 1 Position
(cM, Kosambi
Ma B x H)

95.3
95.3
95.3
95.3
95.3
95.3
95.3
95.3
953
95.3
95.3
95.3
953
95.3
95.3
953
96.1
979
979
99.6
99.6
99.6
99.6
99.6
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
101.3
101.3
101.3
101.3
101.3
101.3
101.3
102.2
102.2

Map 2 Position
(cM, Kosambi
Edwards
Consensus)

1352
135.6
136.0
136.6
136.7
137.0
1374
137.7
1379
1385
139.2
141.5
142.3

135.7
137.1
137.2
1374
138.6
136.6
136.9
137.1
137.3
1374
1379
1379
138.1
138.3
138.4
138.5
1385
138.5
138.7
139.1
136.6
138.1
138.2
138.3
138.6
139.6
141.7
140.8
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Genome Scaffold
Edwards
Nitab4.5_0001067
Nitab4.5_0002731
Nitab4.5_0000644
Nitab4.5_0003070
Nitab4.5_0001120
Nitab4.5_0006569
Nitab4.5_0000191

Nitab4.5_0007188
Nitab4.5_0000191
Nitab4.5_0000644
Nitab4.5_0001067
Nitab4.5_0000968

Nitab4.5_0001149
Nitab4.5_0002884
Nitab4.5_0000191
Nitab4.5_0003256
Nitab4.5_0001527
Nitab4.5_0003083
Nitab4.5_0005905
Nitab4.5_0013689
Nitab4.5.0005223
Nitab4.5_0001527
Nitab4.5_0006910
Nitab4.5_0002920
Nitab4.5_0006814
Nitab4.5_0002205

Nitab4.5_0003147
Nitab4.5_0009117
Nitab4.5_0005076
Nitab4.5_0003136
Nitab4.5_0006812
Nitab4.5_0003136
Nitab4.5_0000867
Nitab4.5_0003136
Nitab4.5_0005951
Nitab4.5_0002937
Nitab4.5_0006111

Location
on
scaffold
254310
359335
191407
115211
368989
63348
734400

22172
823256
131448

70123
297600

347593
246185
245275
198940
469730
164945
154302
15556
97850
418506
74267
93424
78684
18920

285837
55084
46564
55991
86394
143111
135151
267617
35324
328835
72587

Comments



Table 1.5 continued.

Marker
Nt1AB3493
Nt1AE4684
Nt1AE9604
Nt1AF3932
Nt1AA9502
Nt1AE7166
Nt1AC9036
PT52753
PT53518
PT53795
PT54305
PT51405
Nt1AC8796
Nt1AD8290
Nt1AC3230
Nt1AB1994
PT50001
PT61512
Nt1AC0957
Nt1AF8007
Nt1AD1494
Nt1AE0319
Nt1AB5640
Nt1AB6675
Nt1AB1658
Nt1AG1690
Nt1AA1707
Nt1AF4105
Nt1AD2164
Nt1AF7596
Nt1AF3645
Nt1AA0800
PT30174
Nt1AF0086
Nt1AF8640
Nt1AE9329
Nt1AB6767
PT60799
Nt1AG1714
Nt1AE9138
PT61472
Nt1AE4211
Nt1AA1651

PMI LG

NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN

Map 1 Position
(cM, Kosambi
Ma B x H)

103.0
103.0
103.0
103.9
103.9
104.7
104.7
106.5
107.4
112.6
120.3
132.8
137.2
137.2
137.2
138.0
139.7
145.0
149.5
1549
157.6
158.4
158.4

158.4
158.4
1584

158.4
158.4
160.1
161.8
163.7
1711
196.5
199.9
202.5
202.5
2079
214.2
221.0

Map 2 Position
(cM, Kosambi
Edwards
Consensus)

138.3
140.2
140.2
140.5

145.6
1484

142.6
143.1
143.6

151.6

143.6
142.5
1443
150.7
150.7
151.0

1511

151.2
153.3

1529

155.2

29

Genome Scaffold
Edwards
Nitab4.5_0004662
Nitab4.5_0001005
Nitab4.5_.0001005
Nitab4.5_0014359

Nitab4.5_.0001418
Nitab4.5_.0015272

Nitab4.5_0004798
Nitab4.5_.0004203
Nitab4.5_0007738

Nitab4.5_0006210

Nitab4.5_.0012321
Nitab4.5_.0008903
Nitab4.5_0000309
Nitab4.5_0001416
Nitab4.5_.0000037
Nitab4.5_.0000037
Nitab4.5_.0000037
Nitab4.5_0001689
Nitab4.5_0006297
Nitab4.5_0009315
Nitab4.5_0000451
Nitab4.5_.0000924

Nitab4.5_.0000924

Nitab4.5_.0001693

Nitab4.5_0071785

Location
on
scaffold
109275
305368
287361
5778

246738
12183

186719
152057
46718

41421

14222
60999
883796
94787
87712
691668
692525
13789
107991
11316

29486

292110

723

Comments

KASP

KASP
KASP
KASP

KASP

KASP

KASP
KASP
KASP

KASP
KASP

KASP

KASP

KASP



Table 1.6. Summary of Phn7.1-linked SNP loci and their assembled scaffolds. Map 1 positions are based off data from this Chapter (Bindler
and Lewis, 2012a; GH15-235 recombinant lines). The associated scaffold from the TN9O0 (Sierro et al.,, 2014) and K326 (Edwards et al. 2016)
assemblies are listed, along with their sizes. The number of predicted genes suggested by Edwards et al., 2016 are listed. The predicted
genes are shown in Table 1.7.

Map 1 Position TN9O0 scaffold K326 scaffold # of predicted

Locus Name PMILG (cM, Kosambi) (Sierro etal,2014) bps (Sierro) (Edwards etal, 2016) bps (Edwards) genes (Edwards)

Nt1AD1494 7 157.6 NW_015807569.1 23,541 Nitab4.5.0012321 41,884 0
Nt1AE0319 7 158.4 NW_015807569.1 23,541 Nitab4.5_.0008903 60,999 0
Nt1AA1707 7 158.4 NW_015903797.1 178,259 Nitab4.5_0000037 2,585,899 37
Nt1AG1690 7 158.4 NW_015903797.1 178,259 Nitab4.5_0000037 2,585,899 37
Nt1AB1658 7 158.4 NW_015847085.1 99,800 Nitab4.5_0000037 2,585,899 37
Nt1AF3645 7 158.4 NW_015812178.1 104,107 Nitab4.5_.0000451 1,002,297 19
Nt1AA0800 7 158.4 NW_015885992.1 172,878 Nitab4.5_0000924 702,080 3
Nt1AF0086 7 161.8 NW_015885992.1 172,878 Nitab4.5_0000924 702,080 3

30



Table 1.7. The predicted genes on Phn7.1-linked scaffolds, as determined by Edwards et al,, 2016. Predicted genes were evaluated

across several databases. COG: Clusters of orthologous groups ID.

Corresponding SNP(s)

Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707,Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086

gene_name

Nitab4.5_0000037g0010.1
Nitab4.5_.0000037g0020.1
Nitab4.5_0000037g0030.1
Nitab4.5_.0000037g0040.1
Nitab4.5_0000037g0050.1
Nitab4.5_.0000037g0060.1
Nitab4.5_0000037g0070.1
Nitab4.5_.0000037g0080.1
Nitab4.5_0000037g0090.1
Nitab4.5_0000037g0100.1
Nitab4.5_0000037g0110.1
Nitab4.5_0000037g0120.1
Nitab4.5_0000037g0130.1
Nitab4.5_0000037g0140.1
Nitab4.5_0000037g0150.1
Nitab4.5_0000037g0160.1
Nitab4.5_.0000037g0170.1
Nitab4.5_0000037g0180.1
Nitab4.5_.0000037g0190.1
Nitab4.5_0000037g0200.1
Nitab4.5_.0000037g0210.1
Nitab4.5_0000037g0220.1
Nitab4.5_.0000037g0230.1
Nitab4.5_0000037g0240.1
Nitab4.5_0000037g0250.1
Nitab4.5_0000037g0260.1
Nitab4.5_0000037g0270.1
Nitab4.5_0000037g0280.1

prot_length
61
93
70
24
256
221
198
74
120
7
130
22
176
94
17
953
87
27
27
49
48
271
92
110
79
194
17
117

a N o o

N

=)

w o

S o W W O

=}

COG

NtGF_12071
NtGF_00169
NtGF_06441
NtGF_09530

NtGF_23905
NtGF_23906
NtGF_23906

NtGF_00263
NtGF_16325
NtGF_00477
NtGF_23907
NtGF_17800
NtGF_21749
NtGF_05369
NtGF_10038
NtGF_00233
NtGF_00233

NtGF_16326

NtGF_00531

tomato_desc

Pentatricopeptide repeat-containing protein IPR002885 Pentatricopeptide repeat
Receptor like kinase, RLK

Long-chain-fatty-acid CoA ligase IPR0O00873 AMP-dependent synthetase and ligase
30S ribosomal protein S18 family IPR001648 Ribosomal protein S18
Alpha-humulene_(-)-(E)-beta-caryophyllene synthase IPR005630 Terpene synthase, metal-binding domain
Alpha-humulene_(-)-(E)-beta-caryophyllene synthase IPR005630 Terpene synthase, metal-binding domain
Alpha-humulene_(-)-(E)-beta-caryophyllene synthase IPR005630 Terpene synthase, metal-binding domain
Alpha-humulene_(-)-(E)-beta-caryophyllene synthase IPR005630 Terpene synthase, metal-binding domain
Sesquiterpene synthase 1
Alpha-humulene_(-)-(E)-beta-caryophyllene synthase IPR005630 Terpene synthase, metal-binding domain
Alpha-humulene_(-)-(E)-beta-caryophyllene synthase
ABC transporter C family member 14 [PR012340 Nucleic acid-binding, OB-fold

ABC transporter C family member 14 IPR012340 Nucleic acid-binding, OB-fold

IPR005630 Terpene synthase, metal-binding domain

UDP-glucosyltransferase family 1 protein IPR002213 UDP-glucuronosyl_UDP-glucosyltransferase
Helicase-like protein IPR010285 Protein of unknown function DUF889, eukaryote

Hypothetical salt-inducible protein (Fragment)

Unknown Protein

Xyloglucan endotransglucosylase_hydrolase 8 IPR016455 Xyloglucan endotransglucosylase_hydrolase
Tic22 IPR007378 Tic22-like

Cytochrome P450

Cytochrome P450

Unknown Protein IPR010800 Glycine rich

Unknown Protein IPR010800 Glycine rich

Laccase 1a IPR017761 Laccase
Unknown Protein
Unknown Protein IPR010800 Glycine rich
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Table 1.7 (continued).

Corresponding SNP(s)

Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AA1707, Nt1AB1658, Nt1AF0086
Nt1AF3645

Nt1AF3645

Nt1AF3645

Nt1AF3645

Nt1AF3645

Nt1AF3645

Nt1AF3645

Nt1AF3645

Nt1AF3645

Nt1AF3645
Nt1AF3645
Nt1AF3645

Nt1AF3645
Nt1AF3645
Nt1AF3645
Nt1AF3645
Nt1AF3645
Nt1AF3645
Nt1AA0800, Nt1AF0086
Nt1AA0800, Nt1AF0086
Nt1AA0800, Nt1AF0086

gene_name

Nitab4.5_0000037g0290.1
Nitab4.5_0000037g0300.1
Nitab4.5_0000037g0310.1
Nitab4.5_0000037g0320.1
Nitab4.5_0000037g0330.1
Nitab4.5_0000037g0340.1
Nitab4.5_0000037g0350.1
Nitab4.5_0000037g0360.1
Nitab4.5_0000037g0370.1
Nitab4.5_0000451g0010.1
Nitab4.5_0000451g0020.1
Nitab4.5_0000451g0030.1
Nitab4.5_0000451g0040.1
Nitab4.5_0000451g0050.1
Nitab4.5_0000451g0060.1
Nitab4.5_0000451g0070.1
Nitab4.5_0000451g0080.1
Nitab4.5_0000451g0090.1

Nitab4.5_0000451g0100.1
Nitab4.5_0000451g0110.1
Nitab4.5_0000451g0120.1

Nitab4.5_0000451g0130.1
Nitab4.5_0000451g0140.1
Nitab4.5_0000451g0150.1
Nitab4.5_0000451g0160.1
Nitab4.5_0000451g0170.1
Nitab4.5_0000451g0180.1
Nitab4.5_0000924g0010.1
Nitab4.5_0000924g0020.1
Nitab4.5_0000924g0030.1

prot_length

111
198
153
160
340
95
137
86
62
245
288
809
289
608
868
148
434
1677

435
429
778

327

COoG

NtGF_23908

NtGF_18202

NtGF_18202
NtGF_18202
NtGF_13463
NtGF_13464
NtGF_02240

NtGF_ 00644
NtGF_ 07483
NtGF_16682
NtGF_ 03867
NtGF_00058

NtGF_02442
NtGF_00177
NtGF_03655

NtGF_18979
NtGF_11848

NtGF_00751
NtGF_05220
NtGF_12781
NtGF_00081
NtGF_00423

tomato_desc

Fgenesh protein 60 IPR004158 Protein of unknown function DUF247, plant
Unknown Protein IPR010800 Glycine rich

Acyl-ACP thioesterase IPR002864 Acyl-ACP thioesterase

SAR8.2 protein IPR004297 Systemic acquired resistance protein SAR
Unknown Protein IPR010800 Glycine rich

SAR8.2 protein IPR004297 Systemic acquired resistance protein SAR

Unknown Protein

WD-repeat protein IPR017986 WD40 repeat, region

26S proteasome regulatory subunit IPR000717 Proteasome component region PCI
Beta-amylase IPR013781 Glycoside hydrolase, subgroup, catalytic core

Lipase IPR002921 Lipase, class 3

Unknown Protein

Selenium binding protein IPR008826 Selenium-binding protein

Myosin XI-F IPR001609 Myosin head, motor region
Malate dehydrogenase IPR010097 Malate dehydrogenase, NAD-dependent,
eukaryotes and gamma proteobacteria

Monooxygenase IPR000103 Pyridine nucleotide-disulphide oxidoreductase, class-II

Genomic DNA chromosome 3 BAC clone F14013
Coenzyme F420 hydrogenase_dehydrogenase beta subunit-like IPR007525
Coenzyme F420 hydrogenase_dehydrogenase beta subunit, C-terminal

Glutathione S-transferase IPR004046 Glutathione S-transferase, C-terminal

F-box family protein

chaperonin IPR001844 Chaperonin Cpn60
NADH dehydrogenase 1 alpha subcomplex subunit 13 IPR009346 GRIM-19
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K326 (D)

Hicks + Phn7.1 BC4F3 (C)
GH12-291-7

Hicks + Phn7.1 F1 (B)
GH12-291-7 x Hicks

Hicks (A)

o
ol
[
o

15 20 25 30
AUDPC

Figure 1.1. Ratings showing P. nicotianae resistance of Hicks near isogenic lines (NILs) for the QTL
Phn7.11in 2016 in two locations (Kinston and Rocky Mount, NC). Measurements represent area under the
disease progress curve (lower numbers are more resistant). Letters represent means separations using a
Fisher’s LSD (ax=0.05). Data show Phn7.1 improves resistance in Hicks and has an additive gene action.



K346 (D)

Beinhart 1000 (D)

K326 + Phn7.1 BC5F3 (BC)
GH12-666-4

K326 + Phn7.1 BC5F3 (AB)
GH12-662-5

K326 (A)

jaw]
wu

10 15 20
AUDPC

Figure 1.2. Ratings showing P. nicotianae resistance of K326 near isogenic lines (NILs) for QTLs Phn7.1
from 2013-2015 in two locations (Kinston and Rocky Mount, NC). Measurements represent area under
the disease progress curve (lower numbers are more resistant). Letters represent means separations
using a Fisher’s LSD (a=0.05). The K326 + LG7 lines do not show a large difference from K326, which is
consistent with the hypothesis that Phn7.1 is already present in K326. The improved resistance in GH12-
666-4 is possibly due to another Beinhart 1000 QTL(s).
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Figure 1.3. Survival curves of Hicks + Phn7.1 near isogenic line (NILs) and check varieties over time in a
Phytophthora nicotianae nursery at Rocky Mount in 2015. The percentage of surviving plants was
recorded over time.
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Figure 1.4. Boxplot for black shank resistance of historical lines tested by Stowe (2016), grouped by
genotypes for Nt1AF0086, a marker tightly linked with Phn7.1. B/B represents the same allele call as
Beinhart, while H/H represents the same allele call as Hicks. An ANOVA of these lines has an R2 = 83%.).
Boxplot elements are as follows: Box = interquartile range (IQR), values between 25th and 75th
percentiles; Ends of whiskers = Maximum or minimum value within fences (1.5x IQR beyond 25th and
75th percentiles); Line in box = Median; Diamond = Mean; Circle = Values outside of fences.
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AUDPC SNP Nt1AC9036 = Nt1AC8796 Nt1AD8290 Nt1AC3230 Nt1AC0957 Nt1AD1494 Nt1AA1707 Nt1AB1658 Nt1AG1690 Nt1AF0086 Nt1AF8640 Nt1AB6767 Nt1AG1714 Nt1AE4211

Rock Map 1

Genotype SeedSource MOU'\yt Kinston Average Pos?(ion (cM) 104.7 137.2 137.2 137.2 149.5 157.6 158.4 158.4 158.4 161.8 163.7 196.5 202.5 214.2
Hicks + Phn7.1+ Phn15.1 BC4F6 NIL  GH14-813-12 9.5 4.1 6.8
K326 K326 10.2 4.0 7.1
Hicks + Phn7.1+Phn15.1 BC4F6 NIL  GH14-241-1 15.2 50 10.6
Hicks + Phn7.1 BC4F3 NIL GH12-291-7 15.6 10.4 13.0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-232 21.0 17.0 19.0 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn7.1 BC5F1 NIL (het) GH12-291-7 x Hicks 20.8 17.5 19.1 05 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 05
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-176 215 17.9 19.7 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0
Hicks + Phn7.1 sub-NIL BC6F2 (seg) GH15-235-71 24.6 16.3 205 05 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-82 25.4 16.3 20.9 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 05
Hicks + Phn7.1 sub-NIL BC6F2 (seg) GH15-235-52 243 17.8 211 0.5 05 05 05 05 05 05 05 0.5 0.5 0.5 05 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-287 223 212 05 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-115 22.7 219 05 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-152 .. 221 0 o 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-27 0 [ 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 05
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-169 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-553 [ 0 0 0 0 0 0 0 [ 0 0 0 0 0.5
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-495 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-497 0.5 0.5 0.5 0.5 0.5 ] 0 0 0 0 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-23 05 0.5 0.5 0.5 0.5 0 0 0 [ 0 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-269 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0.5 05
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-50 0.5 0.5 0.5 0.5 0 o 0 0 0 0 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-285 05 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0
Hicks Hicks 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-384 0 0 0 0 0 0 0 0 [ 0 0 0.5 0.5 0.5
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-308 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5 05
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-2 0.5 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-40 0 [ 0 0 0 0 0 0 0 0 0 0.5 0.5 05
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-441 0 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5
Hicks + Phn7.1sub-NILBC6F2 (seg) GH15-235-533 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-92 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0
Hicks + Phn7.1sub-NIL BC6F2 (seg) GH15-235-49 0.5 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0 0

-log(P) 1.0 1.0 1.0 1.0 1.2 11.0 17.4 17.4 17.4 17.4 8.8 2.6 0.8 0.3

Figure 1.5. Black shank resistance and genotypes of LG7 recombinant near isogenic lines (sub-NILs; GH15-235) and checks. Resistance was recorded
as area under the disease progress curve (AUDPC; lower is more resistant) from disease nurseries in Rocky Mount and Kinston, NC. Segregating F2
(“seg”) and heterozygous F1 (“het”) lines are noted. Marker genotypes are as follows 0 (Hicks), 0.5 (heterozygous), and 1 (Beinhart). One-sided linear
contrasts (t-tests) based on genotypes were run and reported as -logio(P) values. The data suggest the Phn7.1 QTL lies in between Nt1AD1494 and
Nt1AF8640, which represents a 6.1 cM interval. The -logio(P) values peak between Nt1AA1707 and Nt1AF0086, a 3.4 cM interval.
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Chapter 2: Fine mapping of Phn15.1, a tobacco QTL
conferring novel resistance to Phytophthora nicotianae
from Beinhart 1000, and its association with leaf surface
chemistry genes

Ma ].M.,! Edwards K.D.,2 Humphrey, M.E.,2 Eickholt, D.P.,! Kernodle, S.P.,! Nifong, ].M.,! Steede,
W.T.,! and Lewis, R.S.1

INorth Carolina State University, Department of Crop and Soil Science, Raleigh, NC

zPlant Biotechnology Division, British American Tobacco, Cambridge, United Kingdom

Abstract

Black shank is among the most important diseases impacting tobacco (Nicotiana tabacum)
production worldwide and is caused by the oomycete Phytophthora nicotianae. Host resistance
is the most economical means of managing P. nicotianae, and quantitative disease resistance
(QDR) is an important component of disease management, particularly because of its durability.
The cigar tobacco line Beinhart 1000 is among the most black shank-resistant lines available
within the species, but incorporating resistance derived from this variety into flue-cured and
burley tobacco has been hindered by undesirable associations with cigar-type characteristics,
including flavor components heavily influenced by genes controlling leaf surface chemistry.
The application of DNA marker-assisted selection may provide a means to effectively and
efficiently incorporate quantitative trait loci (QTLs) affecting black shank resistance from
Beinhart 1000 into tobacco of varieties of alternative market classes. A unique QTL from
Beinhart 1000, designated Phn15.1, was fine mapped to a genetic interval of 2.7 cM through the
use of near-isogenic lines. We identified individual plants where the favorable black shank
resistance allele at Phn15.1 was disassociated from genes controlling the accumulation of two
cigar-type leaf surface chemicals (NtCPS2 controlling the accumulation of Z-abienol and BMVSE
controlling the accumulation of a major family of sucrose esters). This chapter demonstrates
that molecular tools can be successfully used to introgress the QTL Phn15.1 into flue-cured
tobacco to provide novel resistance against P. nicotianae. The results may also ultimately aid in

the identification of the gene underlying Phn15.1.
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Introduction

Black shank is a disease of tobacco (Nicotiana tabacum) caused by the oomycete Phytophthora
nicotianae, and is among the most significant causes of yield losses in the United States,
resulting in 1 to 2.5% crop loss in North Carolina each year (Gallup et al.,, 2006). Black shank
symptoms include root and stem rot, stunted plant development, and plant death. Breeding for
host plant resistance is an important and cost-efficient means of reducing economic loss from P.

nicotianae.

Breeding for resistance to P. nicotiana in tobacco has included the use of both monogenic and
polygenic sources. The single genes, Php and Phl, originating from N. plumbaginifolia and N.
longiflora, respectively, provide complete resistance to race 0, but no resistance to race 1
(Valleau et al., 1960; Chaplin, 1962; Apple, 1967). Php has been used extensively in flue-cured
tobacco breeding, leading to pathogen population shifts, a current predominance of race 1, and
a reduced effectiveness of these genes (Csinos, 2005). Recently, the Wz introgression from N.
rustica has also been characterized, which appears to confer a very high level of partial
resistance to both race 0 and 1 (Drake et al., 2015). In order to maintain the durability of
resistance in tobacco cultivars, the deployment of monogenic resistance combined with
moderate to high levels of polygenic resistance likely represents the best breeding strategy

(Sullivan et al., 2005a).

There is substantial variation in resistance to P. nicotianae among tobacco varieties, suggesting
that partial resistance is conferred by multiple genes. Partial resistance from different varieties
has been studied, including K346, Florida 301, and Beinhart 1000. K346 is flue-cured variety
released in the early 1980s that exhibits a very high level of partial resistance and is still grown
on limited acreage. Florida 301 and Beinhart 1000 are cigar-type varieties. Florida 301 is
thought to be the primary source of partial resistance to P. nicotianae in modern U.S. tobacco
germplasm, based on pedigree data. Beinhart 1000 has long been characterized as perhaps the
most black shank-resistant line within the U.S. Nicotiana germplasm collection (Heggestad and
Lautz, 1957), but negative associations between resistance and cigar-type characteristics
including flavor components have hindered the incorporation of the high level of resistance into

flue-cured or burley varieties (Nielsen, 1992).
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In the interests of understanding the genetics of P. nicotianae resistance in Beinhart 1000 and
developing molecular tools to assist in successfully utilizing the resistance derived from this
cigar tobacco variety, our lab previously developed a doubled haploid mapping population from
a cross between Beinhart 1000 and Hicks (also known as Hicks Broadleaf), a highly susceptible
check variety. This population has been evaluated for P. nicotianae resistance in various
conditions, and six to nine QTL have been identified to influence resistance (McCachren, 2012;
Vontimitta and Lewis, 2012a, 2012b). The largest effect QTLs were found on linkage group 7
(LG7) and LG15,2 which have been designated as Phn7.1 and Phn15.1, respectively. Phn7.1 has
been consistently estimated to have a moderate effect in the field (Vontimitta and Lewis,
2012a) and greenhouse (McCorkle et al., 2012; Vontimitta and Lewis, 2012b). A summary
comparing these QTLs in previous literature is provided in Table 2.1. Importantly, lines

carrying both Phn7.1 and Phn15.1 exhibited greater resistance than lines with either QTL alone.

In several other populations, QTLs for P. nicotianae have also been identified on LG7,
originating from Florida 301 (Xiao et al., 2013) and K346 (Drake-Stowe, 2016). The estimated
QTL intervals in all three populations are similarly positioned, suggesting Phn7.1 is the same
QTLin all three lines, or that this genomic region represents a hotspot for resistance loci. In
contrast, Phn15.1 has not been identified in any other populations and represents novel genetic
variability that could be used to affect black shank resistance in U.S. flue-cured tobacco

breeding.

In Beinhart 1000, two genes controlling leaf surface chemistry traits, NtCPSZ2 (controlling the
biosynthesis of Z-abienol)3 and BMVSE (involved in the accumulation of groups III through VI
sucrose esters) also reside on LG15 (Vontimitta et al., 2010). BMVSE was estimated to lie about
8.5 cM away from Phn15.1, but Phn15.1 and NtCPSZ2 were found to exhibit complete co-
segregation (Vontimitta and Lewis, 2012a). These trichome exudates and their breakdown
products contribute to flavor and aroma characteristics in Oriental and some cigar tobacco
varieties. Such chemical constituents are generally not tolerated in burley or flue-cured tobacco

because they disrupt the normal character of cured leaves of these market types. Any linkage

Z As mentioned in Chapter 1, the LG7 designation is based on Bindler et al. (2011), which is becoming the
most common label. In older publications, including Vontimitta and Lewis (2012a) this linkage group is
referred to as LG8. LG15 (Bindler et al, 2011) corresponds to LG4 in older publications.

3 NtCPS2 was previously designated Abl. Z-abienol is also known as cis-abienol.
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between Phn15.1 and NtCPS2 would have to be broken to use Phn15.1 in flue-cured tobacco.
The gene conferring NtCPS2 has been cloned (Sallaud et al.,, 2012). It is possible that Phn15.1
and NtCPS2 may be the same gene and that Z-abienol, or a closely related molecule, actually has
arole in affecting field black shank resistance. Indeed, under laboratory conditions, Z-abienol
has been shown to inhibit P. nicotianae growth (Gonzalez-Lamothe et al., 2009; King, 2011;
Steede et al,, 2017, submitted), The objectives of this research were: first, to fine map the
position of the gene underlying Phn15.1 in order to develop tools for introgressing this novel
genetic variability into flue-cured and burley tobacco; second, to use genetic approaches to
determine if Z-abienol per se affects field black shank resistance; and third, if possible,

disassociate NtCPS2 from Phn15.1.

Materials and Methods

Initial Development of Near Isogenic Lines with Phn15.1

Near-isogenic lines (NILs) were developed in the mostly uniform genetic backgrounds of the
black shank-susceptible variety “Hicks,” and the moderately resistant flue-cured tobacco
cultivar “K326” to evaluate the phenotypic effect of Phn15.1, as well as Phn7.1. Phn7.1 is
another major P. nicotianae resistance QTL present in Beinhart 1000 located on LG7
(Vontimitta and Lewis, 2012a), and Phn7.1 or a similar QTL may already be present at this locus
in K326 (Ma Chapter 1, 2017). Previous research suggested that Phn7.1 and Phn15.1 could be
combined for an additive effect, so both of these QTLs were also evaluated in combination.
Materials representing Hicks + Phn15.1, Hicks + Phn7.1 + Phn15.1, and K326 + Phn15.1 were

developed to establish starting points for fine mapping.*

The genomic region carrying Phn15.1 from Beinhart 1000 was backcrossed into the genetic
backgrounds of Hicks and K326 using microsatellite markers PT30354 and PT61373 to select
for a 13.0 cM region (as estimated by Vontimitta and Lewis, 2012a) derived from Beinhart 1000
at each backcross generation. Multiple independent lineages were developed to reduce the

chance of losing Phn15.1 due to a double crossover event. Selection was also carried out against

4 For simplicity, the near isogenic lines are referred to as Hicks/K326 + Phn7.1/Phn15.1, even though
Phn?7.1 is likely already present in K326 and Phn15.1 may not be present in some of the NILs. The initial
NILs are referred to as “NILs,” while the lines with new recombination breakpoints for fine mapping are
designated “sub-NILs.”
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the favorable Beinhart 1000 allele at Phn7.1 during the backcrossing process for Hicks +
Phn15.1. Backcrossing was carried out to the BCsF; generation for Hicks and the BC¢F1
generation for K326. At that time, lines were self-pollinated, and selection for homozygosity at
the marker alleles of interest was carried out to develop ten Hicks + Phn15.1 BCsF3 lines and six
K326 + Phn15.1 BC¢F3 lines. In addition, five double introgression Hicks + Phn7.1 + Phn15.1

BC4Fs lines were established.

DNA was isolated using a CTAB extract procedure based on the method from Afanador et al.
(1993), except the tissue were ground using the FastPrep-96 Instrument (MP Biomedicals,
Santa Ana, CA). Markers polymorphic between Beinhart 1000 and Hicks, and Beinhart 1000
and K326 were identified in the earlier studies that had mapped these QTLs (McCachren, 2012;
Vontimitta and Lewis, 2012a; Xiao et al., 2013). Microsatellite marker amplifications and
analyses were according to Schuelke (2000), using a fluorescently labeled M13 primer. In place
of FAM, IRDye 700 and IRDye 800 (LI-COR Biosciences, Lincoln, NE) were used. The primer mix

and cycling conditions were optimized, and conditions are displayed in Table 2.2.
Phenotypic evaluation of NILs (2013-2015)

The initial NILs included ten Hicks + Phn15.1 BCsF3 and six K326 + Phn15.1 BC¢F3 NILs. Our
primary objective at this stage was to validate the effect of Phn15.1 and identify lines in which
Phn15.1 was likely present. Therefore, only the most resistant lines from each class were
selected for testing in subsequent years. It took several generations to develop the completely
homozygous Hicks + Phn7.1 + Phn15.1 BC4Fs double introgression NILs, so these materials were
only tested in 2015. Three double-introgression BC4F4 NILs were tested in 2014, and a single
BC4F; NIL was tested in 2013 and 2014. Two selected Hicks + Phn15.1 NILs and two K326 +
Phn15.1 NILs were tested across all three years. The Hicks + Phn7.1 BC4F3 NIL (Ma Chapter 1,
2017) was also tested in all years. Materials were evaluated for black shank field resistance in
naturally infested soil-borne disease nurseries located in Kinston, NC (Lower Coastal Plain
Research Station) and Rocky Mount, NC (Upper Coastal Plain Research Station). In each
environment, experiments were planted using a randomized complete block design (RCBD)
with three replications. Tests in 2013 used single row plots consisting of 22 plants, 13 m long.
Inter-row spacing was 120 cm, and within-row plant spacing was 56 cm. Twelve plant plots, 7

m long, were used in 2014 due to space limitations. Planting dates were as follows for Kinston:
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April 27,2013; May 7, 2014; and May 7, 2015. Dates for Rocky Mount were: April 19, 2013;
April 23,2014; and May 8, 2015. Approximately 40 days after transplanting, an initial stand of
plants was recorded, and after that, the number of plants killed by black shank was recorded at
intervals of about 15 days, until the end of the growing season or when most of the plants were
dead. When disease progressed more rapidly, stand counts were taken more regularly
(approximately every seven days). Selected materials where significant improvements in
resistance were observed were used as starting points for the fine mapping projects described

below.

Data were analyzed by calculating the area under the disease progress curve (AUDPC) using the
trapezoidal method described by Madden et al. (2007) and analyzed using PROC MIXED in SAS
Software Version 9.4 (SAS Institute, Cary, NC). Both within and among environment analyses
were performed, with the among-environment analyses being used to simplify the presentation
of summary results. Within-environment analyses treated genotypes as fixed effects and
replications/blocks as random effects. Among-environment analyses further included
environment and environment x genotype interactions as random effects. A Kenward-Roger
adjustment was used so that the correct denominator degrees of freedom was used in our
multilevel models (Kenward and Roger, 1997; Schaalje et al., 2001). Fisher’s LSD mean
separations (a=0.05) based on the PROC MIXED output was performed using the PDMIX800
macro (Saxton, 1998, updated in 2003).

Characterizing the Genetics of Z-abienol and Sucrose Ester Accumulation

Two genes controlling the accumulation of two leaf surface exudates, Z-abienol and sucrose
esters, also reside on LG15. The gene that is believed to control most of the variation for Z-
abienol accumulation in N. tabacum, NtCPSZ2, has been isolated and described (Sallaud et al.,
2012). NtCPS2 encodes for a class-1I terpene synthase that synthesizes 8-hydroxy-copalyl
diphosphate from geranylgeranyl diphosphate, a precursor for the biosynthesis of diterpenes in
most plants, and therefore also a precursor to Z-abienol. Another gene, NtABS, encodes a
kaurene synthase-like protein produces Z-abienol from 8-hydroxyl-copalyl diphosphate and
resides at another locus (Sallaud et al,, 2012). The gene controlling sucrose ester accumulation,
BMUVSE, is currently unknown but co-segregated completely with the microsatellite PT30354 in
the Beinhart 1000 x Hicks DH population (Vontimitta et al.,, 2010). An evaluation of these leaf
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surface chemistry compounds was performed to (1) confirm associations between leaf surface

chemistry and plant genetics, and (2) better understand the gene action of these traits.

In 2014, we evaluated 148 progeny from a BCsF2 NIL segregating for these leaf surface traits
controlled by genes on LG15 (designated as GH14-300-1 through -148). This family was
expected to segregate in a 1:2:1 manner for NtCPS2 and BMVSE. Plants were grown in a
disease-free field nursery located at the Central Crops Research Station near Clayton, NC. Each
plant was an experimental unit, with a 114 cm inter-row spacing and 56 cm within-row spacing.
All of these lines were genotyped using an NtCPS2 TagMan SNP marker developed by Sallaud et
al. (2012), though with changes to the suppliers. This TagMan assay is a codominant assay and
genotypes for the functional G->T SNP polymorphism of NtCPS2. The G allele is representative
of the functional allele present in Beinhart 1000, while the T allele results in a premature stop
codon representative of the allele in Hicks. We used the same primer and probe sequences as
Sallaud et al. (2012; 5’-3’, F-primer: GCGGAATTGTTTGTCTCAATAGG; R-primer:
CTCCATCGAATTCAACATGTGTTT; T-probe: 6-FAM-AGATGAAAGGTTTGACATAA-MGBNFQ; G-
probe: VIC-ATGAAAGGTTTGACAGAAG-MGBNFQ). TagMan probes were ordered from Applied
Biosystems (Foster City, CA) and forward and reverse primers from Invitrogen (Carlsbad, CA).
Reactions were amplified using iTaq Universal Probes Supermix (Bio-Rad Laboratories,
Hercules, CA) and run on the CFX Connect Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA). Reaction volumes were 8 pL, with 4 pL iTaq Supermix (2X stock), 2
pL primer mix (1800 nM F-primer, 1800 nM R-primer, 400 nM T probe, 400 nM G probe stock),
and 2 pL DNA (5 ng/pL stock). Cycling conditions were as follows: initial denaturation 95°C for
3 min; followed by 45 cycles of amplification/extension: 95°C for 3 s, 60°C for 30 s. While the
BMVSE gene is unknown, the SSR marker described previously, PT30354, is tightly linked and
was used to infer the allelic state of BMVSE. The quantification of Z-abienol and sucrose esters
followed the gas chromatographic procedures detailed in Vontimitta et al. (2010), with leaf
discs being collected from individual plants and and corresponding extracts being analyzed to

quantify the accumulation of Z-abienol and Groups III to VI sucrose esters in pg/cm?2.

The leaf surface chemistry and genotypic data were analyzed using PROC GLM in SAS Software

Version 9.4 (SAS Institute, Cary, NC). Linear contrasts (ESTIMATE statements) were used to
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estimate the additive and dominance gene action of NtCPS2 and BMVSE (Falconer and Mackay,
1996; Holland, 2016).

Development of Further Refined Sub-NILs for Fine Mapping of Phn15.1

Based on data from the preliminary testing of initial Hicks + Phn15.1 and K326 + Phn15.1 NILs,
the lines GH12-375-8 (Hicks + Phn15.1 BCsF3) and GH12-386-6 (K326 + Phn15.1 BCeF3) were
chosen as starting points for further backcrossing and fine mapping, as these lines exhibited
consistently superior field black shank resistance as compared to their recurrent parent checks.
These lines were backcrossed for two additional generations to their respective parents to
produce Hicks + Phn15.1 BC7F1 and K326 + Phn15.1 BCgF1 families that were expected to
segregate for the favorable black shank resistance allele at Phn15.1. These families were
screened for recombination events within the genomic region expected to carry Phn15.1. To
facilitate this task, additional polymorphisms were identified based on a custom 30K Infinium
iSelect HD BeadChipSNP chip (Illumina Inc., San Diego, CA), which has been used to develop a
high-density genetic map (N. tabacum 30K Infinium HD consensus map 2015;

https://solgenomics.net/cview/map.pl?map version id=178). We identified 1898 polymorphic

markers between Hicks and Beinhart 1000, and 4112 polymorphic markers between K326 and
Beinhart 1000. The Beinhart 1000 x Hicks DH population of Vontimitta and Lewis (2012a),
along with Beinhart 1000 and Hicks, were genotyped to saturate the linkage map and improve
the estimation of the QTL interval. Additionally, five Hicks + Phn15.1 BC4F3 NILs (GH12-200-
N2,-375-8,-377-5,-379-7,-381-9), nine Hicks + Phn7.1 + Phn15.1 NILs (BC4+F, GH13-293-2;
BC4F4+ GH13-875-4, -875-8; BC4Fs GH14-1-26, -1-30, -241-1, -241-9, -241-12, -241-18) and four
K326 + Phn15.1 BC¢F3 NILs (GH12-385-1, -385-5, -386-6, -388-3) were genotyped to
characterize their genome-wide marker composition, and to further define the genomic region
of interest on LG15. The proportion of the genome originating from the recurrent parent (Hicks

or K326) was estimated by simple counting of alleles matching to the parents.

By comparing the Phn15.1 NILs to their parents, Hicks and K326, nearly 150 polymorphic SNPs
were identified on LG15, with the exact number varying among the NILs. Further usage of all
SNPs would have been cost prohibitive and the majority of SNPs co-segregated with nearby

markers, based on the previously mentioned 30K Infinium HD consensus map, as well as in the
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Beinhart 1000 x Hicks DH population. A subset 17 well-spaced SNPs near the Phn15.1 interval
was chosen for fine mapping, and corresponding Kompetitive Allele Specific PCR (KASP)
markers were designed by and ordered from LGC Genomics (Teddington, United Kingdom)
using their KASP by Design service. The reliability and quality of the markers varied
considerably, but 12 markers were readily scoreable. A common problem with running PCR
assays on N. tabacum is the presence of many homologs, which we believe interfered with the
separation of genotypes in the KASP assays. After further refinement of the Phn15.1 QTL
position was established, we optimized the most important of these markers (those closest to
the QTL) by introducing a “pre-KASP” amplification and running the KASP cycle as a nested
reaction. The pre-KASP primers were designed by using GSP, a web tool for genome specific
primer design in polyploid species (Wang et al,, 2016). To use this tool, homologs similar to our
SNP-bearing target were identified by running BLAST on the N. tabacum genome of Edwards et
al. (2017). Table 2.3 lists all the primers, along with their sequences, comments on their
quality and reliability (e.g. separation among genotypes, bias towards one allele), and the pre-

amplification primers, if applicable.

The Hicks + Phn15.1 BC;F; (designated as GH15-236) and K326 + Phn15.1 BCgF1 populations
(designated GH15-237) each consisted of 480 plants. In order to identify recombination events
within the genomic region carrying Phn15.1, these plants were initially genotyped using the
TagMan marker for NtCPS2 (originally designed by Sallaud et al., 2012) and the KASP marker
for Nt1AA7078 (a 29.9 cM interval based on Map 1, described later). These markers were
chosen because they closely segregated with the SSRs originally used to develop these
populations (PT30354 and PT61373) and were reliable and easy to score. For the first 96
plants that were genotyped in the series, additional genotyping using markers Nt1AD4594
(KASP) and PT30354 (SSR) was also performed, which represented a slightly larger 36.8 cM

interval (as estimated by Map 1).

In total, 72 Hicks + Phn15.1 BC;F; and 67 K326 + Phn15.1 BCgF; individuals were identified as
possessing recombinant events within the region of interest. We subsequently genotyped these
139 individuals (sub-NILs) with the remaining KASP markers in the region. A new linkage map
was constructed using JMP Genomics 7 software (SAS Institute, Cary, NC) using default settings

(Kosambi map function). The Beinhart 1000 x Hicks DH population formed the basis of the
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map, using data combining the new Infinium SNP data and SSR data from Vontimitta and Lewis
(2012a), and augmented by data from the recombinant sub-NILs to improve the ordering at the
Phn15.1 interval. A map for the Phn15.1 interval was generated in JMP Genomics 7.0 based on
the Hicks + Phn15.1 and K326 + Phn15.1 (GH15-236 and -237, respectively) sub-NILs, with the
assumption that any lines other than the 139 recombinants had no recombination events, and
the assumption that the K326 and Hicks maps were the same. Therefore, the genetic distances
in the Phn15.1 interval are underestimated, because double-recombinants would not have been
identified. The maps were combined using the LPmerge package in R, which uses a linear
programming algorithm to develop a consensus map (Endelman and Plomion, 2014). The new
map is presented as Map 1 throughout this thesis, and Map 2 is used to refer to the 30K

Infinium HD consensus map 2015.

Recombinant plants were self-pollinated to produce Hicks + Phn15.1 BC7F, and K326 + Phn15.1

BCsF2 sub-NIL families. In order to reduce the number of families to be evaluated for field black
shank resistance to a more reasonable number, genetically redundant families were eliminated,
and a subset of 23 Hicks + Phn15.1 BC;F; and 21 K326 + Phn15.1 BCgF2 sub-NIL families were

chosen for field testing of black shank resistance.
Field Evaluations of Recombinant Sub-NILs for Fine Mapping Phn15.1

The selected recombinant sub-NILs and corresponding checks were evaluated for P. nicotianae
resistance in 2016 in Kinston and Rocky Mount under similar agronomic conditions as
described for previous years. The Kinston and Rocky Mount locations were transplanted on
April 26 and April 21, respectively. The Hicks + Phn15.1 BC7F, and K326 + Phn15.1 BCgF; sub-
NIL populations and their corresponding control genotypes were planted in separate
experiments and analyzed separately. The experimental design was a randomized complete
block design in each environment with eight replications. As with the NILs, plots consisted of 7
m single-row plots of 12 plants each at a spacing of 120 cm between rows and 56 cm within
rows. Data were collected in the manner described previously, but with shorter intervals

(seven days) between points of data collection.

Data were analyzed using PROC MIXED of SAS Software Version 9.4 (SAS Institute, Cary, NC).

The data were analyzed both within environments (to generate means) and among
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environments. Linear CONTRAST statements were utilized to compare genotypic classes for
each marker and individual lines of interest. Significance tests for each marker were reported
as one-sided -logio(P) values (also known as LogWorth) to more easily compare levels of
extreme significance (Sall, 2013), similar to the usage of logarithm of odds (LOD) in QTL
mapping. Traditional P-value significance thresholds of 0.05, 0.01, and 0.001 correspond

to -log10(P) values of 1.3, 2, and 3, respectively.
Evaluation of Transgenic Beinhart 1000 RNAi Lines with Reduced NtCPS2 Expression

As previously described, Phn15.1 cosegregates very closely with an active NtCPSZ gene that
works to convert geranylgeranyl diphosphate to 8-hydroxyl-copalyl diphosphate in the
biosynthesis of Z-abienol (Sallaud et al., 2012). A second gene, NtABS, encodes for Z-abienol
synthase that catalyzes the conversion of 8-hydroxyl-copalyl diphosphate to Z-abienol (Sallaud
etal, 2012). In order to investigate the possibility that Z-abienol, or a closely related molecule,
may actually affect field black shank resistance, genetic engineering was previously used by
former graduate student David Eickholt to produce transgenic versions of Beinhart 1000

carrying RNAi constructs designed to downregulate the expression of either NtCPS2 or NtABS.

To produce the RNAi constructs, the pKYLX71 vector was used to develop RNAi-based
antisense constructs for the targeted genes, following procedures modified from Siminzsky et
al. (2005). Two constructs targeting the 3’ region, NtCPS2 2-1 and NtCPS2 4-6, were produced
to silence NtCPSZ2. For NtCPS2 2-1, the sense and antisense fragments were amplified by PCR.
The restriction sites, Hindlll and Xhol were added to ends of the sense arm
(5'-AGAAGCTTCCTCAAGCAACATCAACCAAGACATTAAGCAAAC-3" and
3'-AAGTGTATAGGTTTCACGAAAAAGTCGTTCAGATCGAGCTCTG-5") and Xbal and Sacl to the
ends of the antisense arm (5'-AGTCTAGACCTCAAGCAACATCAACCAAGACATTAAGCAAAC-3' and
3'-AAGTGTATAGGTTTCACGAAAAAGTCGTTCAGATCCTCGAGTC-5"). The fragments were
digested with the appropriate restriction enzymes and subcloned into the pKYLX80 vector.

This intermediate vector allows for the addition of a 151 bp soybean intron, which enhances the
stability of the construct as well as the efficiency of silencing. The larger insertion was then
formed by the digestion with HindIIl and Sacl and ligated to pKYLX71. The anti-NtCPS2 2-1
cassette is driven by a CaMV 35s promoter and uses nptZ2 for selection in kanamycin. The other

constructs followed the same methodology, with the appropriate changes to the PCR primers.
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The primers for NtCPS2 4-6 were 5'-GCAAGCTTTGCAACTTTCAACAATTTGG-3' and
3'-ACTACTTCGGTGTTGAACCTGAGCTCAG-5' for the sense arm, and
5'-CATCTAGATGCAACTTTCAACAATTTGG-3"' and 3'-ACTACTTCGGTGTTGAACCTCTCGAGTC-5'
for the antisense arm. The primers used to produce similar RNAi constructs corresponding to
NtABS were 5-GCAAGCTTGTGATATTATTAGATGCATGGACGAA-3' and
3'-GATACCCTTTTTGAATGAATGTGACGAGAGCTCAG-5' for the sense arm, and
5-CATCTAGAGTGATATTATTAGATGCATGGACGAA-3' and
3'-GATACCCTTTTTGAATGAATGTGACGACTCGAGTC-5' for the anti-sense arm.

The pKYLX71 RNAi constructs were transformed into the Agrobacterium tumafaciens strain
LBA4404. Haploid Beinhart 1000 was produced using the N. africana hybridization method of
Burk et al. (1979), and subsequently transformed using the respective A. tumafaciens strains
following the procedures of An et al. (1986). Doubled haploids of regenerated transgenic
haploids were produced using the midvein culture method of Kasperbauer and Collins (1972),
resulting in lines homozygous for the RNAI insertions. R; seeds were produced by self-

pollinating Ry single primary transformants.

In 2015, Z-abienol accumulation of nine transformed lines was evaluated using analytical
methods described previously. Three RNAi DH lines exhibiting little or no Z-abienol
accumulation from each of the constructs (NtCPS2 2-1, NtCPS2 4-6, and NtABS) were selected
for evaluation of field P. nicotianae resistance in 2016. The leaf surface chemistry for these
plants was validated in 2016, testing 12 plants for each RNAi line. Transgenic lines plus control
lines (non-transformed Beinhart 1000, K326, K346, and Hicks) were evaluated for P. nicotianae
at the Rocky Mount and Kinston locations. The experimental design at each location was a
randomized complete block design with eight replications, and plots consisting of single 12-

plant rows with row and plant spacings of 120 cm and 56 cm, respectively.

Results and Discussion

Evaluation of Initial Phn15.1 NILs

Ten Hicks + Phn15.1 BCsF3 NILs and six K326 + Phn15.1 BC¢F3 NILs were selected for initial field
evaluation for black shank resistance. These NILs were confirmed to be homozygous for the

wild-type allele at NtCPSZ via gene-specific SNP genotyping. The Hicks + Phn7.1 BC4F3 (Ma
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Chapter 1, 2017) and Hicks + Phn7.1 + Phn15.1 (two BC4F4 and five BC4Fs) double introgression
NILs were also included in the field study. We selected and only re-planted the most resistant
NILs in multiple years because the primary objective was to phenotypically verify the presence
of Phn15.1 in a NIL. Hicks + Phn7.1 + Phn15.1 NlLs also changed over years, because
generations were advanced to obtain completely homozygous lines. Figure 2.1 and Figure 2.2
indicate the representative trends of the Hicks and K326 NILs, respectively, from 2013 to 2015.
The data in this figure represent means averaged over all three years, but only means for
genotypes that were tested in 2015 are shown. A complete dataset is displayed in Table A1.1
(for the Hicks genetic background) and Table A1.2 (for the K326 genetic background). The
selected Hicks and K326 NILs that were tested across multiple years exhibited consistent and
statistically significant (P < 0.05) improved P. nicotianae resistance relative to their recurrent
parents when analyzed over environments (Figures 2.1 and 2.2; Tables A1.1 and A1.2).
These findings validated the results of previously published QTL mapping results,
demonstrating the phenotypic effect of Phn15.1 to be smaller than that of Phn7.1 (McCorkle et
al,, 2012; Vontimitta and Lewis, 2012a, 2012b). The effect size of Phn15.1 in Hicks (GH12-375-8
NIL) was estimated as a reduction in AUDPC of 6.9 as compared to a reduction in AUDPC of 12.5
for Phn7.1 (GH12-291-7 NIL); in more practical terms, Phn15.1 delays disease progression by 1-
2 weeks as shown in Figure 2.3. Because of the superior performance of Hicks + Phn15.1 BCsF3
NIL designated as GH12-379-7, this NIL was selected as a starting point to develop BCF;
families (BC-F3 for 2017) for the purpose of fine mapping Phn15.1 in a Hicks genetic
background.

As discussed in Chapter 1, Phn7.1 was evaluated concurrently in these experiments with the
Phn15.1 NILs. We were interested in Phn7.1 because any usage of Phn15.1 would likely be in a
genetic background already possessing Phn7.1. In Chapter 1, we showed evidence suggesting
that modern lines, including K326, possess Phn7.1. Importantly, Phn7.1 and Phn15.1 can be
combined to improve disease resistance (Figure 2.1 and Table A1.1). For example, the Hicks +
Phn7.1 + Phn15.1 BC4F¢ NIL GH14-813-12 exhibited a reduction in AUDPC by 24.5 relative to
Hicks (Figure 2.1). Under an AUDPC response model, this is a synergistic effect (an additional
reduction of 5.1 over the main effects), though from a delayed time response model, the effect
can be considered additive, providing a 4- to 6-week delay. Similar results were observed in the

K326 background, where K326 + Phn15.1 BC¢F3 (GH12-386-6) exhibited a reduction in AUDPC
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of 15.6 compared to K326 (Figure 2.2), representing about a 4- to 8-week delay in disease
progression (Figure 2.3). This line was also selected as a starting point for fine mapping of

Phn15.1 in a K326 genetic background.
NILs Genotypes - Variation among NILs and Background Effects

Among the lines evaluated, resistance to P. nicotianae exhibited some variation within each
class (Tables A1.1 and A1.2). Most homozygous NILs were more resistant than their parental
lines, although a few were found to exhibit a numerically greater (but not statistically
significant) level of susceptibility. The variation and susceptibility could be due to various
factors, such as background effects (small effect QTL other than Phn15.1), errors in genotyping
(e.g. segregation on LG15), the loss of Phn15.1, and impact of environmental variation. Though
posthoc LSD tests fail to separate most NIL means, overall ANOVA tests by genotypic class
suggested some differences were not simply from environmental error (P<0.01). An unbiased

estimate of the effects of Phn15.1 will be available from the sub-NILs in 2017.

Nevertheless, the effects of additional QTLs are likely limited in most of the NILs. Figure A1.1
(Hicks) and Figure A1.2 (K326) illustrate the genome-wide genetic composition of the NILs
based upon the 30K Infinium genotyping data. The data show that, among the genotyped lines,
the desired introgressions on LG7 and LG15 were obtained, with limited introgressions
elsewhere. An estimate of the percentage of the non-linked genome derived from the recurrent
parent present in these is shown in Table 2.4. Based on simple counting of matching Infinium
30K SNP markers to the recurrent parent on non-linked LGs, 98.9% of the Hicks genome was
restored in Hicks + Phn15.1 BCsF3 NIL GH12-375-8, and 98.7% of the K326 genome was
restored in the K326 + Phn15.1 BCsF3 NIL GH12-386-6. These numbers are close to
expectations based on theory (98.4% and 99.2% genome restoration for BCs and BCs
individuals, respectively. Similar genome recovery was noted for other NILs, with average
recoveries of 98.9% for Hicks + Phn15.1 BCsF3 NILSs, 91.7% for Hicks + Phn7.1 + Phn15.1 BC4Fs
double introgression NILs, and 95.9% recovery for K326 + Phn15.1 BC¢F3 NILs (Table 2.4).

Gene Action Controlling Z-abienol and Sucrose Ester Accumulation

An experiment studying the genetics of Z-abienol and sucrose ester accumulation was

performed in 2014 using a Hicks + Phn15.1 BC¢F, population (GH14-300) segregating for
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NtCPS2 and BMVSE. The TagMan assay sampling the NtCPSZ2 polymorphism was perfectly
associated with the presence/absence of Z-abienol. In an ANOVA, the marker explained 82% of
the observed phenotypic variation (Figure 2.4). The BMVSE gene is unknown, so the closely
linked SSR marker PT30354 was used for genotyping and was found to be associated with the
presence of Groups III through VI sucrose esters in 94.3% of individuals, suggesting a 5.7 cM
interval between the SSR and the causal gene (Figure 2.5). PT30354 explained only 21% of the
observed phenotypic variation, however. Figure 2.4 suggests the gene action of NtCPSZ to be
additive (a=2.76,d = 0.43, d/a = 0.16). Figure 2.5 suggests the gene action of BMVSE to be
mostly dominant (a = 0.78, d = 0.60, d/a = 0.77), although this estimate is biased downwards
due to the genetic distance between PT30354 and BMVSE.

New Genetic Linkage Map for LG15

A new linkage map was constructed combining (1) a map constructed for the Beinhart 1000 x
Hicks DH population (Vontimitta and Lewis, 2012a), which included markers from the Infinium
30K chip and previously genotyped microsatellites, and (2) a map constructed for the Phn15.1
interval based on the Hicks + Phn15.1 BC;F1 (GH15-236) and K326 + Phn15.1 BCgF, (GH15-237)
sub-NILs, which were genotyped using KASP markers for the QTL interval. The map had a total
of 194 SNPs and 15 SSRs and is displayed in Table 2.5 as Map 1. The table also includes the
genes controlling the two leaf surface chemistry traits (based on phenotypic data), NtCPS2 and
BMVSE. The N. tabacum 30K Infinium HD consensus map 2015 is also shown in Table 2.5 as
Map 2. Synteny between the two maps was very good, with the marker positions being

correlated linearly and even sharing similar absolute values.
Fine mapping of Phn15.1 Using Sub-NILs

A Hicks + Phn15.1 BC;F; and a K326 + Phn15.1 BCgF; sub-NIL population (GH15-236 and -237,
respectively) were selected for fine mapping of Phn15.1. We believed a priori that evaluations
in the Hicks background may have been of greater use for fine mapping because of the level of
black susceptibility conferred by this genetic background, even though there is a greater
practical interest for introgressing Phn15.1 into the K326 background because of potential
direct commercial utility. Multiyear analyses from 2013 to 2015 suggested that Phn15.1
exhibits a more distinct effect in a K326 background than a Hicks background, but the opposite
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trend occurred in 2016. A hotter than average 2016 midseason (June and July) resulted in a
rapid progression of disease where the differences between K326 and K326 + Phn15.1 were
usually more obvious. These observations suggest QTL mapping in multiple backgrounds,

rather than a single background, can be a prudent strategy.

Fine mapping efforts for both the Hicks + Phn15.1 (Figure 2.6) and K326 Phn15.1 (Figure 2.7)
sub-NIL populations suggest that Phn15.1 lies between Nt1AD1096 and NtCPSZ2. -Log(P) values
are greater than 4 inside within 5.2 cM interval, but rapidly decrease outside of it. While the
current data are based on limited testing that will be expanded in 2017, the -log(P) values peak
between Nt1AD1096 and Nt1AA5923 in Figure 2.6 (Hicks experiment), suggesting Phn15.1 can
be narrowed further to a 2.7 cM interval. Our initial choice of flanking markers for selecting the
recombinant lines did not cover the genomic interval carrying Phn15.1. Fortunately,
serendipitous recombinations and data from two Hicks + Phn15.1 BC7F; sub-NILs (GH15-236-
292 and -356) and one BCsF4 NIL (N13-492-4) suggest Phn15.1 lies in between NtAD1096 and
Nt1AA5923. The NIL was added because it appeared susceptible in 2013 evaluations (as the
NIL BCsF3z GH12-381-9 in Table A1.1) and was genotyped on the Infinium 30K chip (underlying
data for Figure A1.1). Of the lines discussed with recombinations in the narrow interval, only
N13-492-4 (Hicks + Phn15.1 BCsF4 NIL) showed significant effects (vs. Hicks + Phn15.1 BCeF1
heterozygote; P = 0.002).

We did not have the same luck in localizing Phn15.1 when looking solely at the K326 + Phn15.1
BCsF> sub-NILs data, but the data from this population still provide additional evidence that
Phn15.1 lies between Nt1AD1096 and NtCPS2 (Figure 2.7). Further evaluations will be needed
because statistical testing does not clearly separate the proposed peak between Nt1AD1096
and Nt1AA5923 from the broader Nt1AD1096 and NtCPS2 interval. The development of new
recombinant sub-NILs, in addition to phenotyping GH15-236- and GH15-237-derived
homozygous lines (Hicks + Phn15.1 BC;F3 and K326 + Phn15.1 BCgF3, respectively) in 2017

should provide a more confident conclusion.
Beinhart 1000 RNAi lines

Nine RNAi knockout lines of Beinhart 1000 were also developed to evaluate the role of Z-

abienol in P. nicotianae resistance under field conditions. RNAi lines exhibited strong
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suppression of Z-abienol accumulation but did not exhibit any change in resistance compared to
non-transformed Beinhart 1000 (Figure 2.8). These data provide further evidence that
Phn15.1 is independent of NtCPS2 and Z-abienol does not contribute to P. nicotianae resistance

under field conditions.
NtCPS2 and BMVSE are not Phn15.1

An important objective of this Chapter was to determine if either NtCPS2 or BMVSE, controlling
the accumulation of Z-abienol and groups III through VI sucrose esters on LG15, respectively, is
the same gene as Phn15.1. Both molecules belong to classes of secondary metabolites where
related molecules have been demonstrated to have antimicrobial, insecticidal, or herbicidal
properties (Holley et al., 1987; Neal et al., 1994; Xia et al., 1997; Cheng et al., 2007; Gonzalez-
Lamothe et al., 2009; Ahuja et al., 2012). The usage of Phn15.1 in flue-cured and burley tobacco,
however, would require the elimination of these leaf surface chemistry traits because of the

undesirable flavor components they might contribute.

Sucrose esters have been shown to have anti-aphid activity in Nicotiana (Neal et al., 1994; Xia et
al,, 1997), while Solanum sucrose esters have been suggested to inhibit Phytophthora infestans
of potato (Holley et al., 1987). Our mapping data (Figures 2.6 and 2.7), however, conclusively
show BMVSE (unlabeled position = 74.7 cM) does not provide additional P. nicotianae
resistance, as the KASP markers nearest BMVSE were not associated with any decrease in

AUDPC (-log(P) < 0.0001).

Z-abienol is a member of the diterpene family that contains diverse secondary metabolites,
some of which have been demonstrated to play roles in host defense against a range of
pathogens (Ahuja et al,, 2012; Cheng et al,, 2007; Gonzdalez-Lamothe et al., 2009). Z-abienol
itself has been shown to affect Myzus nicotianae (tobacco aphids; Severson et al., 1994),
Ralstonia solanacearum (cause of bacterial wilt; Seo et al.,, 2012), Alternaria alternata
(ascomycete and cause of brown spot; Menetrez et al., 1990), and Peronospora hyoscyami
(oomycete and cause of blue mold; Kennedy et al., 1992; Menetrez et al., 1990) under controlled
conditions. It has also been demonstrated to reduce P. nicotianae growth under laboratory
tests when applied in high concentrations (King, 2011; Kroumova et al., 2016; Steede et al,,
2017, submitted).

54



Limited data in Figure 2.6, however, suggest Phn15.1 and NtCPSZ2 are separate genes. The
Hicks + Phn15.1 BCe¢F; family GH15-236-292 carries a NtCPSZ allele encoding for a non-
functional gene product, yet exhibits greater black shank resistance than Hicks per se.
N13-492-4, a Hicks + Phn15.1 BCsF4 NIL that carries a functional NtCPSZ2 allele, did not exhibit
significantly greater black shank resistance than Hicks (P = 0.415). Our Beinhart 1000 RNAi
lines where NtCPS2 and NtABS were silenced also suggest NtCPS2 and Phn15.1 are separate
genes, because while Z-abienol accumulation was successfully silenced in these lines, no
changes in P. nicotianae resistance were observed (Figure 2.8). Z-abienol accumulation also
occurs in tobacco accession TI1068, but in a mapping population developed from a cross
between TI1068 and the non-Z-abienol accumulating variety K346 by Drake-Stowe (2016), no
QTL was identified on LG15. These independent experiments, taken together, suggest NtCPS2
and Phn15.1 are tightly linked but are separate genes.

Phn15.1 Candidate Genes

The likely position of Phn15.1 was narrowed down to a 2.7 cM region between two SNPs,
NtAD1096 and Nt1AA5923. The associated scaffolds based on the assemblies of TN90 by Sierro
etal. (2014) and K326 (v4.5) by Edwards et al. (2017) are presented in Table 2.6. Note that
the microsatellite, PT61373 (not genotyped in the sub-NILs), is positioned near Nt1AA5923 and
on the same scaffold. Based upon the sequence of Edwards et al. (2016), there are 28 genes or
gene fragments on these scaffolds, which are listed in Table 2.7. We estimated the two SNPs
span 4.02 Mbp based on the anchored v5.0 Genome (Edwards et al., 2017), but genes or ORFs in

between these markers have not yet been identified nor annotated.>

Known quantitative disease resistance (QDR) genes have very diverse mechanisms and
structures, so a priori prediction of a gene annotation is difficult (Poland et al., 2009; Zhang et
al,, 2013). In contrast, qualitative or complete resistance-conferring R genes typically fall into
seven classes of proteins, such as nucleotide-binding site—leucine-rich repeat (NLRs) or
receptor-like kinases (RLKs) proteins (Gururani et al., 2012). The few cloned QDR genes that
have been characterized support the hypothesis of Poland et al. (2009) regarding the diversity

5 There are currently two Edwards et al. (2016) genome assemblies: V4.5 and V5.0. V4.5 has annotated
scaffolds and is accessible by the genome browser, JBrowse. V5.0 is not annotated and not accessible by a
browser, but its sequences are anchored to pseudomolecules (chromosomes).
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of gene classes associated with this type of resistance. Characterized genes range from a
mutated proline-rich protein to an ABC transporter (reviewed in Zhang et al., 2013; Moore et
al,, 2015; Rawat et al.,, 2016). Therefore, testing and validating genes will require further
refinement of this candidate gene list. Several approaches could help narrow the number of
candidate genes, including further fine mapping, additional sequencing, and the addition of

gene expression data.

The interval between Nt1AD1096 and Nt1AA5923 is only 2.7 cM, but if new markers can be
identified, it should be amenable to further fine mapping. We did not directly select for
recombination at this interval, yet recombination was observed. More importantly, the Hicks +
Phn15.1 BC7F; sub-NIL GH15-236-346 exhibited improved resistance, while the Hicks + Phn15.1
BCsF4 NIL N13-492-4 did not, despite both lines possessing the Beinhart allele at Nt1AA5923.

This suggests that unique and phenotypically significant recombinations occurred in our lines.

The sequencing of candidate genes originating from Beinhart 1000 or the complete Beinhart
1000 genome would also allow a comparison of Phn15.1 candidate genes between resistant and
susceptible types. Targeted PCR followed by pooled Illumina sequencing would provide an
economical means of obtaining key Beinhart 1000 sequences. Gene expression data can also be
combined with the traditional mapping results and would be useful if the Phn15.1 functional
polymorphism was in a regulatory sequence. RNASeq and subsequent allele-specific expression

studies could simultaneously identify eQTLs and candidate sequences.

A reverse genetics approach will likely be needed to validate any candidate gene. The
accessibility of CRISPR/Cas9 technology simplifies and economizes the generation of knockout
mutants. Excessive refinement of candidate genes may not be necessary, as CRISPR/Cas9 can

be used to test dozens of potential candidate genes.
Breeding Applications and Durability of Beinhart 1000 Quantitative Resistance

Attempts to incorporate resistance from Beinhart 1000 into flue-cured and burley tobacco go
back for decades but have been unsuccessful due to the inability to eliminate undesired cigar-
type characteristics (Nielsen, 1992). The tight linkage between Phn15.1 and genes controlling
cigar tobacco chemistry traits now at least partially explains these past difficulties. The fine

mapping of Phn15.1 should allow for the development of flue-cured and burley lines with
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Phn15.1 while eliminating cigar-type traits. Phn15.1, importantly, has been shown to have an
additive - even arguably a synergistic - effect against P. nicotianae when combined with Phn7.1.
Phn7.1 is likely to be present in the majority of modern flue-cured and burley cultivars (see
Chapter 1), which makes Phn15.1 incorporation more useful. Neither Phn15.1, nor any QTL on
LG15, has been identified from any resistance lines in tobacco germplasm, so this should be a

novel source of P. nicotianae resistance for flue-cured or burley tobacco breeders.

Partial or quantitative disease resistance (QDR) has been argued to be more durable over time
in comparison to complete or qualitative resistance mechanisms (Poland et al., 2009).
Pathologists have reasoned that the more complex underlying mechanisms, as well as reduced
selection pressure from quantitative resistance, should delay the evolution of increased
virulence and aggressiveness. Data have supported these hypotheses in the N. tabacum-P.
nicotianae system (Dukes and Apple, 1961; Sullivan et al., 2005b, 2010; McCorkle, 2016). A
breeding strategy that stacks Phn7.1 and Phn15.1, which have durable effects against Race 1,
with the genes Php or Phl, which provide complete resistance against Race 0, should provide

lasting resistance.

Finally, the effects of Phn15.1 will need to be tested. Adverse effects on yield and quality, in
particular, would significantly reduce the utility of Phn15.1. The additive gene action of Phn15.1
should also be explored further, as the deployment of Phn15.1 in a heterozygote state as a

hybrid cultivar might mitigate any adverse effects.
Applications in Breeding for Studying Leaf Surface Chemistry Traits

While the elimination of cigar-type leaf surface chemistry traits from Beinhart 1000 are
necessary for breeding standard flue-cured and burley tobacco cultivars, these same leaf
surface characteristics may be of interest for specialty flavored tobacco or the direct production
of these compounds. The lines and markers developed in this Chapter could be useful for
breeding or genetic studies involving these traits. If this pursuit were to be undertaken, the
heritability of these traits should be evaluated in greater detail. Though neither of these traits
inhibits P. nicotianae pathogenicity under field conditions, further study of Z-abienol or sucrose
ester accumulating lines may elucidate their functional roles, such as in insect defense, and lead

to the development of other applications.
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Conclusions

In this Chapter, we confirmed that Phn15.1, sourced from Beinhart 1000 and on linkage group
15 (LG15), provides novel resistance to P. nicotianae, particularly when combined with other
QTL such as Phn7.1. Phn15.1 was fine mapped to a 2.7 cM interval and disassociated from genes
controlling two leaf surface chemistry traits that also reside on LG15. Dissociation from these
traits is important because they likely contribute cigar-type flavors and cannot be used in a
conventional flue-cured or burley tobacco. Marker-assisted introgression of Phn15.1 into flue-
cured and burley tobacco is likely a requirement in order to specifically transfer the region of
interest while selecting against undesirable genomic regions. The markers developed from this
study can be used for marker assisted breeding of resistant lines and also provides the initial

steps for the eventual identification and cloning of the causal gene underlying Phn15.1.
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Tables and Figures (Chapter 2)
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Table 2.1. Estimates of the effects of Phn7.1 and Phn15.1 QTLs originating from Beinhart 1000, from prior
literature, based on evaluation of lines from a Beinhart 1000 x Hicks population. Various measures are
displayed. The absolute effect of the QTL is shown (end survival or AUDPC), as well as the percentage of
phenotypic variation explained. Overall, Phn7.1 shows a moderate effect, but greater effect than Phn15.1.

Publication

Measurement

Phn7.1 Phnl15.1

Vontimitta and Lewis, 2012a
Vontimitta and Lewis, 2012a
Vontimitta and Lewis, 2012b
Vontimitta and Lewis, 2012b
Vontimitta and Lewis, 2012b
Vontimitta and Lewis, 2012b
McCachren, 2012

McCachren, 2012

Field nurseries, end survival (%)

Field nurseries, end survival (% phenotypic variation)

Growth chambers, Race 0, end survival (%)

Growth chambers, Race 1, end survival (%)

Growth chambers, Race 0, end survival (% phenotypic variation)
Growth chambers, Race 1, end survival (% phenotypic variation)
Field nurseries, AUDPC

Field nurseries, AUDPC (% phenotypic variation)
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14.9
25.4
24.7
26.2
54.7
45.5
35.5
25.1

14.2
20.4
5.7
16.7
1.8
16.8
18.1
8.9



Table 2.2. Annealing temperatures and recipe mix for PCR assays of the SSR-based markers near Phn7.1
and Phn15.1. Cycling conditions were: initial denaturation at 94°C for 5 min, 29 cycles of 94°C for 30s,
Initial Annealing Tm (higher) for 45 s; following this 7 cycles for M13 activity with 94°C for 30s,
Secondary annealing Tm (3°C lower) for 45s, 72°C for 45s, and final extension for 5°C at 72°C.

. LG15 LG15

LG7 (Hicks) LG7 (K326) LG7 (near BMVSE)| (near NtCPS2)

Marker ID PT60799 PT61472 PT61512 PT30354 PT61373
Annealing Tm 56°/53° 56°/53° 56°/53° 60°/57° 60°/57°
H20 5 5.1 5.1 4.75 5.75

10X Buffer 1.5 1.5 1.5 1.5 1.5
MgS04 (20 mM) 2 1 1 1.5 0.5
dNTP (1.25 mM) 0.5 0.5 0.5 0.5 0.5
F primer (10 uM) 0.1 0.2 0.2 0.15 0.15
R primer (10 uM) 0.4 0.8 0.8 0.75 0.75
M13 (1 uM) 0.4 0.8 0.8 0.75 0.75

Taq (5000U/mL) 0.1 0.1 0.1 0.1 0.1
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Table 2.3. KASP primer sequences (without adapter sequences) as designed by LGC used for fine
mapping Phn7.1 and Phn15.1. Pre-amplification primers were also designed to improve the quality
of certain markers and are listed. Map 1 positions are the same as those displayed in Table 2.5. The
quality of each marker is also described. “Biased” markers may have difficulty separating
heterozygotes from one parent. “Not calibrated” represents markers that did not work properly
based on limited initial testing. “SNP sequences” lists the SNP and flanking genomic sequences.

Map 1 Position

ID LG (cM, Kosambi) Comments
Nt1AA7078 15 73.8 Good marker
Nt1AA6547 15 74.7 Not calibrated
Nt1AA0861 15 76.4 Poor separation
Nt1AB3612 15 78.1 Good marker
Nt1AF5707 15 79.0 Very poor separation
Nt1AC9276 15 79.8 Hicks biased
Nt1AC2964 15 81.6 Not calibrated
Nt1AB9781 15 81.6 Not calibrated
Nt1AD3866 15 81.6 Not calibrated
Nt1AC9882 15 101.9 Good marker
Nt1AD8978 15 101.9 Good marker
Nt1ABO777 15 101.9 Good marker, Pre-amp
Nt1AD4594 15 104.5 Good marker
Nt1AA5923 15 106.2 Good marker, Pre-amp
Beinhart 1000 biased,
Nt1AD1096 15 108.9 poor separation, Pre-amp
Nt1AB8156 15 112.4 no polymorphism in NILs
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Table 2.4. Percent of non-linked alleles matching the recurrent parent in Hicks and K326
NILs with Phn15.1 introgressions from Beinhart 1000. Data show that backcrossing was
very effective at restoring the genetic backgrounds of the recurrent parents

Non-linked
Recurrent parent
Genotype Seed Source alleles
Hicks + Phn15.1 BCsF; GH12-377-5 98.8%
Hicks + Phn15.1 BCsF; GH12-381-9 99.1%
Hicks + Phn15.1 BCsF; GH12-200-N2 98.8%
Hicks + Phn15.1 BCsF; GH12-375-8 98.9%
Hicks + Phn15.1 BCsF; GH12-379-7 99.1%
Hicks + Phn7.1 + Phn15.1 BC,F, GH14-1-26 89.4%
Hicks + Phn7.1 + Phn15.1 BC,F, GH14-1-30 90.8%
Hicks + Phn7.1 + Phn15.1 BC,F, GH14-241-1 91.2%
Hicks + Phn7.1 + Phn15.1 BC,F, GH14-241-9 89.8%
Hicks + Phn7.1 + Phn15.1 BC,F, GH14-241-12 98.5%
Hicks + Phn7.1 + Phn15.1 BC,F, GH14-241-18 90.4%
Hicks + Phn7.1 + Phn15.1 BCsF, GH13-875-4 98.7%
Hicks + Phn7.1 + Phn15.1 BCsF, GH13-876-7 97.8%
Hicks + Phn7.1 + Phn15.1 BCsF, GH13-875-8 97.7%
K326 + Phn15.1 BC4F; GH12-385-5 99.5%
K326 + Phn15.1 BC4F; GH12-385-1 99.6%
K326 + Phn15.1 BC4F; GH12-388-3 85.9%
K326 + Phn15.1 BC4F; GH12-386-6 98.7%
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Table 2.5. Linkage maps and markers available for linkage group 15. Markers represent SNPs (Nt1A),
SSRs (PT), sucrose esters (BMVSE), and the z-abienol TagMan marker (NtCPS2). Positions for two
maps are listed. Map 1 is based on the Beinhart 1000 x Hicks population and augmented for the
Phn15.1 intervals by data from the recombinant GH15-236 to -237 near isogenic lines (sub-NILs).
Map 2 is based on the N. tabacum 30K Infinium HD consensus map 2015 of Edwards et al,, 2016.
(https://solgenomics.net/cview/map.pl?map version id=178). The scaffold IDs and location on the

scaffolds are also noted, based on the genome published by Edwards et al., 2016. Some missing data
are due to proprietary censoring. SNPs for which working KASP markers have been developed are

noted.

Marker
Nt1AC4878
Nt1AD9920
Nt1AC1392
Nt1AB4718
Nt1AA3339
Nt1AB9036
Nt1AG1014
Nt1AA1266
Nt1AB5788
Nt1AG0548
Nt1AE3243
Nt1AF0610
Nt1AC0952
PT30272
Nt1AE6771
Nt1AC9105
Nt1AF5992
Nt1AB8253
Nt1AC0144
Nt1AF2952
Nt1AB2464
PT30224
PT30223
Nt1AB6537
Nt1AB0352
Nt1AF3361
Nt1AC3350
Nt1AD6142
Nt1AC0192
Nt1AF9206
Nt1AE2899
PT60668
Nt1AE4774
Nt1AD3859
Nt1AF4928

PMI
LG
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Map 1
Position
(cM, Kosambi) (cM, Kosambi)

0.0
0.0
0.0
0.0
8.6
9.5
129

198
20.7
21.5
215
215
241
25.0
25.0
259
259
27.6
31.0
31.0
31.0
319
32.8
32.8
33.6
354
36.2
371
414
41.4
50.8
55.5
56.3
58.1

Map 2
Position

0.0
0.8
1434

6.6
7.1

17.3

19.1
19.8
203

243
24.5
271

385

38.7
38.8
38.7
40.8
43.4
435
48.3
49.1

61.4
62.5
64.9

Genome Scaffold
(Edwards, v4.5)
Nitab4.5_0000827
Nitab4.5_0001925

Nitab4.5_0000895
Nitab4.5_0000895

Nitab4.5.0002371

Nitab4.5_0008835
Nitab4.5.0001704
Nitab4.5_0011517

Nitab4.5_.0001797
Nitab4.5.0000208
Nitab4.5_0000150

Nitab4.5_0000357

Nitab4.5_0000357
Nitab4.5_0000357
Nitab4.5.0002381
Nitab4.5_0000140
Nitab4.5_0002230

Nitab4.5_0002173

Nitab4.5.0000498

Nitab4.5_0000699
Nitab4.5_0001159
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Location Comments
416832
63856

255040
428291

62528

58078
162645
26484

33281
63493
1296803

95178

789416
1045911
38595
973855
237112

343372

496546

673618
221320


https://solgenomics.net/cview/map.pl?map_version_id=178

Table 2.5 (continued).

Map 1 Map 2
PMI Position Position Genome Scaffold

Marker LG (cM, Kosambi) (cM, Kosambi) (Edwards, v4.5) Location Comments
Nt1AA1731 15 61.5 65.5 Nitab4.5_0000105 678450
Nt1AB1453 15 61.5 68.2 Nitab4.5_.0001898 158325
Nt1AD9325 15 61.5 68.4 Nitab4.5_0087200 2050
Nt1AF1157 15 61.5 68.4 Nitab4.5_0000041 2312013
Nt1AF1158 15 61.5 684 Nitab4.5_.0000041 2310901
Nt1AC8632 15 61.5 68.5 Nitab4.5_0000148 347671
Nt1AF1225 15 61.5 68.5 Nitab4.5_0000041 1618648
Nt1AD2544 15 61.5 68.6 Nitab4.5_.0001898 251944
Nt1AA0346 15 61.5
PT30354 15 67.7
Nt1AA7078 15 73.8 684 Nitab4.5_.0000240 1046559 KASP
Nt1AD2702 15 738 68.6 Nitab4.5_0000240 134274
Nt1AA7072 15 738 68.7 Nitab4.5_.0000240 1115055
Nt1AA2903 15 74.7 66.8 Nitab4.5_0000266 606201
Nt1AA2962 15 74.7 66.9 Nitab4.5_.0000542 863091
Nt1AB2758 15 74.7 67.3 Nitab4.5_.0000996 226242
Nt1AB5369 15 74.7 673 Nitab4.5_.0001910 176026
Nt1AC3326 15 74.7 674 Nitab4.5_.0000808 721491
Nt1AA1145 15 74.7 67.5 Nitab4.5_.0000996 559568
Nt1AB3174 15 74.7 67.7 Nitab4.5_.0000367 790777
Nt1AB6996 15 74.7 67.7 Nitab4.5_.0000087 16372
Nt1AB6053 15 74.7 67.8 Nitab4.5_0000122 1698126
Nt1AF6155 15 74.7 67.8 Nitab4.5_.0000087 524719
Nt1AA3887 15 74.7 67.9 Nitab4.5_0000237 243308
Nt1AA4392 15 74.7 679 Nitab4.5_0000251 1131858
Nt1AA4882 15 74.7 67.9 Nitab4.5_0000060 1738119
Nt1AB0228 15 74.7 679 Nitab4.5_0000013 2745798
Nt1AB5612 15 74.7 679 Nitab4.5_.0000148 948551
Nt1AC2875 15 74.7 67.9 Nitab4.5_0005055 153138
Nt1AF6653 15 74.7 67.9 Nitab4.5_0000013 2900180
Nt1AF7138 15 74.7 679 Nitab4.5_0000013 1170352
Nt1AF9873 15 74.7 679 Nitab4.5_.0000039 851577
Nt1AG0471 15 74.7 679 Nitab4.5_.0002420 274975
Nt1AA6547 15 74.7 68.0 Nitab4.5_0002181 155052
Nt1AC5998 15 74.7 68.0 Nitab4.5_0000039 1539552
Nt1AC8654 15 74.7 68.0 Nitab4.5_0000176 560282
Nt1AF0989 15 74.7 68.0
Nt1AF3883 15 74.7 68.0 Nitab4.5_.0000340 65680
Nt1AF5762 15 74.7 68.0
Nt1AF6365 15 74.7 68.0 Nitab4.5_.0000039 318577
Nt1AG0034 15 74.7 68.0 Nitab4.5_0000039 2412310
Nt1AB5359 15 68.0 Nitab4.5_0001910 238063
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Table 2.5 (continued).

Marker

Nt1AB5354
Nt1AA0172
Nt1AA4884
Nt1AB5597
Nt1AC6473
Nt1AF2285
Nt1AA0922
Nt1AA2958
Nt1AA4657
Nt1AA7627
Nt1AA7800
Nt1AB1203
Nt1AA0442
Nt1AB5752
Nt1AB7284
Nt1AC7058
Nt1AD7216
Nt1AE8402
Nt1AF9344
Nt1AA0581
Nt1AA5619
Nt1AA7309
Nt1AB9497
Nt1AC1071
Nt1AC1873
Nt1AC2660
Nt1AC3530
Nt1AC4206
Nt1AC4968
Nt1AC5382
Nt1AC8137
Nt1AD8098
Nt1AG1735
Nt1AA4929
Nt1AA7939
Nt1AA9310
Nt1AB0361
Nt1AB1269
Nt1AB2261
Nt1AE0347
Nt1AE2328
Nt1AE7029
Nt1AE7030
Nt1AF4505

PMI
LG
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Map 1
Position
(cM, Kosambi)  (cM, Kosambi)

74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7

Map 2
Position

68.1
68.1
68.1
68.1
68.1
68.1
68.2
68.2
68.2
68.2
68.2
68.2
68.3
68.3
68.3
68.3
68.3
68.3
68.3
68.4
684
684
68.4
68.4
684
68.4
684
684
684
68.4
684
684
68.4
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5

Genome Scaffold
(Edwards, v4.5)
Nitab4.5_0001910

Nitab4.5.0000060
Nitab4.5_0003372
Nitab4.5_0010664
Nitab4.5.0000237
Nitab4.5_0000507
Nitab4.5_0000542
Nitab4.5.0000013
Nitab4.5.0000013
Nitab4.5.0000323
Nitab4.5_0002317
Nitab4.5.0000237
Nitab4.5.0000808
Nitab4.5_0003451
Nitab4.5.0000323
Nitab4.5_0000415

Nitab4.5.0000415
Nitab4.5.0000542
Nitab4.5.0000013
Nitab4.5.0000542
Nitab4.5.0000013
Nitab4.5.0000323
Nitab4.5.0000849
Nitab4.5.0000148
Nitab4.5_0000060
Nitab4.5_0000424
Nitab4.5.0000039
Nitab4.5.0000849
Nitab4.5_.0000849
Nitab4.5.0000122
Nitab4.5_0005055
Nitab4.5_0005055
Nitab4.5.0000808
Nitab4.5.0000367
Nitab4.5_0000039
Nitab4.5.0000242
Nitab4.5.0000810
Nitab4.5.0000323
Nitab4.5_0000861
Nitab4.5.0000060
Nitab4.5.0000060
Nitab4.5_0000367
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Location Comments
267568

1701032

14905
38615
155410
825723
802449

3488622
2619723

542780
378915

1042708

348195
165820
939017
565184

79036
406430
942375

74500

2279122

25783
651915
734368

1794953

55657

1032771

589430
678481

54571
154177
200054

89780
481243
133464
343194
184276
672495
459621
622676
619964
212610



Table 2.5 (continued).

Marker

Nt1AA0726
Nt1AA0727
Nt1AA0896
Nt1AA2379
Nt1AC5333
Nt1AD3565
Nt1AD3771
Nt1AE4923
Nt1AF0988
Nt1AA0364
Nt1AA7926
Nt1AA7947
Nt1AA8934
Nt1AB1168
Nt1AB2381
Nt1AB9317
Nt1AF4506
Nt1AF6210
Nt1AA0046
Nt1AA0173
Nt1AB0886
Nt1AD5750
Nt1AG1050
Nt1AA0048
Nt1AC0691
Nt1AE7034
Nt1AF0152
Nt1AA0959
Nt1AA0987
Nt1AA1067
Nt1AB0896
Nt1AE7159
Nt1AE7348
Nt1AA0469
Nt1AA0962
Nt1AB2382
Nt1AA0560
Nt1AC2708
Nt1AC0226
Nt1AA0583
Nt1AE7563
Nt1AF1627
Nt1AA0177
Nt1AA0729
Nt1AA2557

PMI
LG
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Map 1
Position
(cM, Kosambi) (cM, Kosambi)

74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7
74.7

74.7
74.7
74.7
74.7
74.7
74.7

Map 2
Position

68.6
68.6
68.6
68.6
68.6
68.6
68.6
68.6
68.6
68.7
68.7
68.7
68.7
68.7
68.7
68.7
68.7
68.7
68.8
68.8
68.8
68.8
68.8
68.9
68.9
68.9
68.9
69.0
69.0
69.0
69.0
69.0
69.0
69.1
69.2
69.3
69.4
69.4
69.4
69.6
69.6
69.7
70.1
703
70.5

Genome Scaffold
(Edwards, v4.5)
Nitab4.5_0000176
Nitab4.5_0000176
Nitab4.5_0000251
Nitab4.5_0000013
Nitab4.5_.0000039
Nitab4.5_.0003451
Nitab4.5_0000763

Nitab4.5_.0001006
Nitab4.5_0000415
Nitab4.5_.0000808
Nitab4.5_0004533
Nitab4.5_0002174
Nitab4.5_0003377
Nitab4.5_.0000507
Nitab4.5_0001010
Nitab4.5_0000367
Nitab4.5_0000424
Nitab4.5_0000242
Nitab4.5_0000122
Nitab4.5_0000013

Nitab4.5_0000266
Nitab4.5_0000242
Nitab4.5_0000763
Nitab4.5_0000060
Nitab4.5_0000013

Nitab4.5_0000039
Nitab4.5_.0000060
Nitab4.5_0000060

Nitab4.5_.0000148
Nitab4.5_.0000849
Nitab4.5_0000242
Nitab4.5_0000507
Nitab4.5_0000060
Nitab4.5_0000013
Nitab4.5_.0000041
Nitab4.5_0000542
Nitab4.5_.0000013
Nitab4.5_0000013

Nitab4.5_0000176
Nitab4.5_0000609
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Location Comments
1081949
1083403
350132
3204331
1210006
9401
220884

244477
239572
185484
145107
401386

53568

95917
378930
208500
904755
983144
965662
597874

305415
902132
305754
682054
1072820

539883
1251050
550646

1001545
83266
112510
54437
2119167
2954577
1377267
447257
2392283
491129

1172524
51692



Table 2.5 (continued).

Map 1 Map 2

PMI Position Position Genome Scaffold
Marker LG (cM, Kosambi) (cM, Kosambi) (Edwards, v4.5) Location Comments
Nt1AA5581 15 74.7 729 Nitab4.5_0000237 233438
Nt1AB7964 15 74.7 73.2 Nitab4.5_0000609 612378
Nt1AB9065 15 74.7 774 Nitab4.5_0000039 1257418
PT30209 15 74.7
BMVSE 15 74.7 Sucrose esters
Nt1AA0861 15 764 70.0 Nitab4.5_0000348 510290 KASP
Nt1AB9963 15 77.3
Nt1AB3612 15 78.1 715 Nitab4.5_0000315 527025 KASP
Nt1AF5707 15 79.0 724 Nitab4.5_0000315 955664 KASP
Nt1AB8174 15 79.0
Nt1AC9276 15 79.8 733 Nitab4.5_0000114 1615555 KASP
Nt1AC3143 15 80.7
Nt1AC2964 15 81.6 741 Nitab4.5_0041590 2806
Nt1AB9781 15 81.6 749 Nitab4.5_0000264 297740
Nt1AD3866 15 81.6 84.2 Nitab4.5_0000555 882651
Nt1AG0639 15 81.6 84.2 Nitab4.5_0000555 882651
PT51311 15 824
PT50962 15 913
PT60146 15 99.2
PT55091 15 101.0
Nt1AC9882 15 1019 894 Nitab4.5_0000860 683202 KASP
Nt1AD8978 15 1019 92.6 Nitab4.5_0000860 6159 KASP
Nt1AB0777 15 101.9 929 Nitab4.5_0004379 96360 KASP
NtCPS2 15 103.7 TagMan/z-abienol
PT30124 15 103.7
Nt1AD4594 15 104.5 104.5 Nitab4.5_0000532 11209 KASP
PT61373 15 106.2
Nt1AA5923 15 106.2 KASP
Nt1AD1096 15 108.9 113.4 Nitab4.5.0001424 180014 KASP
PT51164 15 111.6
Nt1AB8156 15 1124 109.0 Nitab4.5_.0000804 180403 KASP
Nt1AA6067 15 1133 115.6 Nitab4.5_0005487 33120
Nt1AC9694 15 1133 115.7 Nitab4.5_0005487 112550
Nt1AGO803 15 1133 1159 Nitab4.5_0000185 1146990
PT20343 15 115.0
Nt1AD2749 15 1159
Nt1AG1442 15 116.8
Nt1AE7969 15 117.6 116.6 Nitab4.5_0000185 901171
PT30346 15 117.6
Nt1AA5093 15 1185 119.1 Nitab4.5_0000185 406939
Nt1AC2621 15 120.2
Nt1AD5461 15 1211 124.4 Nitab4.5_0002225 170313
Nt1AE6748 15 1211 125.1 Nitab4.5_0002225 353585
Nt1AC6177 15 1211
Nt1AE6267 15 1254 129.1 Nitab4.5.0001200 21919
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Table 2.6. Summary of Phn15.1-linked SSR and SNP loci and their assembled scaffolds. Map 1
positions are based on data from this Chapter. The associated scaffold from the TN90 (Sierro et al.,
2014) and K326 (Edwards et al. 2016) assemblies (v4.5) are listed, along with their sizes. The
number of predicted genes suggested by Edwards et al., 2016 are listed. The predicted genes are
shown in Table 2.7.

# of
Map 1 K326 scaffold predicted
PMI Position TN90 scaffold bps (Edwards et al, bps genes
Locus Name LG (cM, Kosambi) (Sierroetal,2014) (Sierro) 2016) (Edwards) (Edwards)
PT61373 15 106.2 NW_015907374.1 79,403 Nitab4.5.0001175 618,779 19
Nt1AA5923 15 106.2 NW_015907374.1 79,403 Nitab4.5.0001175 618,779 19
Nt1AD1096 15 108.9 NW_015910190.1 36,757 Nitab4.5.0001424 547,157 9
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Table 2.7. The predicted genes on Phn15.1-linked scaffolds, as determined by Edwards et al.,, 2016.
Predicted genes were evaluated across several databases. COG: Clusters of orthologous groups ID.

Corresponding
SNP

Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923

Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923

Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923
Nt1AA5923

Nt1AA5923
Nt1AD1096
Nt1AD1096
Nt1AD1096
Nt1AD1096

Nt1AD1096
Nt1AD1096
Nt1AD1096

Nt1AD1096
Nt1AD1096

gene_name

Nitab4.5_.0001175g0010.1
Nitab4.5_0001175g0020.1
Nitab4.5_.0001175g0030.1
Nitab4.5_0001175g0040.1
Nitab4.5_.0001175g0050.1
Nitab4.5_0001175g0060.1
Nitab4.5.0001175g0070.1
Nitab4.5_0001175g0080.1

Nitab4.5.0001175g0090.1
Nitab4.5_.0001175g0100.1
Nitab4.5_0001175g0110.1
Nitab4.5.0001175g0120.1

Nitab4.5_0001175g0130.1
Nitab4.5_.0001175g0140.1
Nitab4.5_0001175g0150.1
Nitab4.5_.0001175g0160.1
Nitab4.5_.0001175g0170.1
Nitab4.5.0001175g0180.1

Nitab4.5_.0001175g0190.1
Nitab4.5_.0001424g0010.1
Nitab4.5.0001424g0020.1
Nitab4.5_0001424g0030.1
Nitab4.5.0001424g0040.1

Nitab4.5_.0001424g0050.1
Nitab4.5.0001424g0060.1
Nitab4.5_.0001424g0070.1

Nitab4.5.0001424g0080.1
Nitab4.5.0001424g0090.1

prot_length

177

65

949

200

1128

152

221

102

313
251
186
168

552
520
133
616
626
348

395
425
450
801
657

301
363
322

54
601

=

COG

NtGF_00176

NtGF_00176
NtGF_00438

NtGF_09714
NtGF_07250

NtGF_00598
NtGF_07563
NtGF_02888
NtGF_09916
NtGF_00135
NtGF_05642

NtGF_00407
NtGF_00647
NtGF_00920
NtGF_00011
NtGF 01260

NtGF_17021
NtGF_21668

NtGF_00079
NtGF 01261

tomato_desc

Cc-nbs-Irr, resistance protein

Cc-nbs-Irr, resistance protein

Cc-nbs-Irr, resistance protein

Ankyrin repeat domain protein IPR002110 Ankyrin

Cc-nbs-Irr, resistance protein

Cc-nbs-Irr, resistance protein

Nbs-Irr, resistance protein

Ethylene-responsive transcription factor 13 IPR001471
Pathogenesis-related transcriptional factor and ERF, DNA-binding
Ankyrin repeat domain protein IPR002110 Ankyrin

Ankyrin repeat domain protein IPR002110 Ankyrin

Alternative oxidase IPR002680 Alternative oxidase
Amino acid permease-like protein (Fragment) IPR002293
Amino acid_polyamine transporter I

Binding protein

SWIB_.MDM2 domain protein IPR019835 SWIB domain

DUF647 domain-containing protein IPR006968 Protein of unknown function DUF647
ABC transporter G family member 14 [PR013525 ABC-2 type transporter

F-box protein IPR001810 Cyclin-like F-box
UPF0497 membrane protein 0s06g0231050 IPR006459
Uncharacterised protein family UPF0497, trans-membrane plant subgroup

WD repeat-containing protein 5 homolog IPR017986 WD40 repeat, region
Cytosine-specific methyltransferase IPR001525 C-5 cytosine-specific DNA methylase
Receptor like kinase, RLK

Kinase-START 1 (Fragment) IPR009769 Protein of unknown function DUF1336
Protein BREVIS RADIX [PR013591

Disease resistance_zinc finger_chromosome condensation-like region
Growth-regulating factor 4 IPR014977 WRC

CAX-interacting protein 4 IPR001878 Zinc finger, CCHC-type
Dehydration-responsive protein-like IPR004159
Protein of unknown function DUF248, methyltransferase putative

Cell division protein kinase 7 IPR002290 Serine_threonine protein kinase
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Hicks + Phn7.1 + Phn15.1 BCAF6 (F)
GH14-813-17
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Hicks + Phn7.1 + Phn15.1 BC4F6 (E)
GH14-1-26
Hicks + Phn7.1 + Phn15.1 BCAF6 (D)
GH14-241-1
Hicks + Phn7.1 + Phn15.1 BC4F6 (CD)
GH14-1-30

Hicks + Phn7.1 BC4F3 (C)
GH12-291-7

Hicks + Phn15.1 BC5F3 (B)
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Figure 2.1. Ratings showing the effect of the Beinhart 1000 QTL Phn15.1 in Hicks near isogenic lines
(NILs).  Measurements represent area under the disease progress curve (lower numbers are more
resistant) from 2013-2015 in two locations (Kinston and Rocky Mount, NC). Letters represent means
separations using a Fisher’s LSD («=0.05). Data show Phn15.1 improves resistance in Hicks, but it has a
smaller effect than Phn7.1. Both alleles can be stacked to provide an additive effect.
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GH12-386-6
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GH12-385-1
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AUDPC

Figure 2.2. Ratings showing P. nicotianae resistance of K326 + Phn15.1 near isogenic lines (NILs) for
QTLs from 2013-2015 in two locations (Kinston and Rocky Mount, NC). Measurements represent area
under the disease progress curve (lower numbers are more resistant). Letters represent means
separations using a Fisher’s LSD (a=0.05). Data suggest Phnl5.1 from Beinhart 1000 provides an
improvement to Phytophthora nicotianae resistance in K326.
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Figure 2.3. Survival curves of representative near isogenic lines (NILs) and check varieties over time in a

Phytophthora nicotianae nursery at Rocky Mount in 2015. The percentage of surviving plants was
recorded over time.
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Figure 2.4. Boxplot showing the relationship between the NtCPS2 polymorphism on linkage group 15
and Z-abienol accumulation (N=148). NtCPS2 was genotyped using a TagMan marker designed by
Sallaud et al. (2012); G/G = functional Beinhart 1000 NtCPS2 allele (N=27), T/T = Hicks NtCPSZ2 allele
coding for a premature stop codon (N=71), G/T = heterozygote (N=50). Z-abienol accumulation was
evaluated by GC-MS analysis and reported as ug Z-abienol extracted/cm? of leaf. NtCPS2 explained 82%
of the phenotypic variation, and showed an additive effect and not much dominance (a=2.76, d=0.43, d/a
= 0.16). Boxplot elements are as follows: Box = interquartile range (IQR), values between 25t and 75t
percentiles; Ends of whiskers = Maximum or minimum value within fences (1.5x IQR beyond 25t and
75t percentiles); Line in box = Median; Diamond = Mean; Circle = Values outside of fences.
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Figure 2.5. Boxplot showing the relationship between the PT30354 SSR polymorphism and sucrose
esters accumulation (N=148). The BMVSE gene on linkage group 15 is unknown, so PT30354 is used as a
proxy marker. The PT30354 genotypes are: B/B = Beinhart 1000 alleles (N=40), H/H = Hicks allele
(N=69), B/H = heterozygote (N=69). Accumulation of sucrose esters was evaluated by GC-MS analysis
and reported as pg total sucrose esters/cm2 of leaf. PT30354 explained 21% of the phenotypic variation
and showed dominant gene action (a=0.78, d=0.60, d/a = 0.77). Boxplot elements are as follows: Box =
interquartile range (IQR), values between 25th and 75th percentiles; Ends of whiskers = Maximum or
minimum value within fences (1.5x IQR beyond 25th and 75th percentiles); Line in box = Median;
Diamond = Mean; Circle = Values outside of fences.
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AUDPC SNP Nt1AB8156 Nt1AD1096 Nt1AA5923 Nt1AD4594 NtCPS2  Nt1AB0777 Nt1AD8978 Nt1AC9882 Nt1AC9276 Nt1AF5707 Nt1AB3612 Nt1AA0861 Nt1AA7078

Rocky Map 1

Genotype SeedSource Mount Kinston Average Pos (cM) 112.4 108.9 106.2 104.5 103.7 101.9 101.9 101.9 79.8 79.0 78.1 76.4 73.8
Hicks + Phn15.1 BC4F3 NIL GH12-375-8 18.2 8.0 13.1 0 1 1 1 1 1 1 1 1 1 1 1
Hicks + Phn15.1 BC7F2 sub-NIL (seg) ~ GH15-236-3 14.9 14.6 14.7 0 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-54 17.5 12.8 15.2 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0 0
Hicks + Phn15.1 BC4F3 NIL N13-486-2 17.0 133 15.2 0 1 1 1 1 1 1 1 1 1 1 1 1
Hicks + Phn15.1 BC6F1 (het) GH12-375-8 x Hicks 17.6 133 15.4 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-346 18.3 14.7 16.5 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-292 232 14.0 18.6 0 0.5 0.5 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-390 20.9 17.2 19.0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-190 22.8 15.6 19.2 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-91 234 16.6 20.0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-422 20.5 19.8 20.1 0 0 0 0 0 0 0 0 0 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-364 7R 17.5 20.4 0 0.5 0.5 0.5 0.5 0 0 0 0 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-55 221 19.4 20.7 0 0 0 0 0 0 0 0 0 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-467 21.8 21.2 215 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-2 248 183 215 0 0 0 0 0 0 0 0 0 0 0 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-101 25.7 17.6 217 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0 4]
Hicks Hicks 21.6 221 21.8 0 0 0 0 0 0 0 0 0 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-66 25.4 19.3 223 0 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-299 29.1 16.2 22.7 0 0 0 0 0 0 0 0 0 0 0 0 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-386 23.7 21.7 22.7 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-345 24.4 21.0 22.7 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-349 25.9 19.5 22.7 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-263 231 23.7 234 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC4F3 NIL N13-492-4 26.8 20.6 23.7 0 0 1 1 1 1 1 1 1 1 1 1 1
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-338 24.7 22.7 23.7 0 0 0 0 0 0 0 0 0 0 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-152 23.6 243 239 0 0 0 0 0 0 0 0 0 0 0 0 0
Hicks + Phn15.1 BC7F2 sub-NIL (seg)  GH15-236-241 26.6 21.6 241 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5
Hicks + Phn15.1 BC7F2 sub-NIL (seg) =~ GH15-236-222 27.4 22.0 24.7 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

-log(P) N/A 47 5.0 45 45 1.3 11 0.5 0 0 0 0 0

Figure 2.6. Black shank resistance and genotypes of Hicks + Phn15.1 recombinant near isogenic lines (GH15-236 sub-NILs) and check
genotypes. Resistance was recorded as area under the disease progress curve (AUDPC; lower is more resistant) from disease nurseries in
Rocky Mount and Kinston, NC. Genotypes are as follows: 0 (Hicks alleles), 0.5 (heterozygous), and 1 (Beinhart alleles). Significance tests are
one-sided linear contrasts (t-tests based on genotypes, displayed as -log(P) values). The data suggest the Phn15.1 QTL lies in between
Nt1AD1096 and Nt1AA5923, which represents a 2.7 cM interval. NtCPS2 represents a TagMan marker for Z-abienol accumulation. Note that
we selected sub-NIL recombinants NtCPS2 and Nt1AA7078, under the incorrect assumption that the Phn15.1 QTL lay between them. The
sub-NIL GH15-236-96 was initially genotyped incorrectly and did not have a recombination in this interval.
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AUDPC SNP Nt1AB8156 Nt1AD1096 Nt1AA5923 Nt1AD4594 NtCPS2 Nt1ABO777 Nt1AD8978 Nt1AC9882 Nt1AC9276 Nt1AF5707 Nt1AB3612 Nt1AA0861 Nt1AA7078
Rocky Map 1
Genotype SeedSource Mount Kinston Average Pos (cM) 112.4 108.9 106.2 104.5 103.7 101.9 101.9 101.9 79.8 79.0 78.1 76.4 73.8

K326+ Phn7.1+Phn15.1BC6F3NIL  GH14-1497-2 52 74 63
K326+ Phn7.1+Phn15.1BCEF3NIL  GH14-1418 53 77 65
K326 + Phn15.1 BC6F3 NIL GH12-386-6 46 102 74 0
K326+ Phn7.1+Phn15.1BC6F3NIL  GH14-1419-1 79 106 93 0
K326+ Phn15.1 BC7FLNIL (het) GH12-386-6xK326 70 123 96 0 05 05 05 05 05 05 05 05 05 05 05 05
K326+ Phn7.1 BC6F3 NIL GH13-666-4 75 140 108 0 0 0 0 0 0 0 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-237 89 133 111 0 05 05 05 05 0 0 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg) GH15-237-3 87 136 111 0 05 05 05 05 0 0 0 0 0 0 0 0
K326+ Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-96 86 141 113 0 05 05 05 05 05 05 05 05 05 05 05 05
K326+ Phn7.1BC6F3 NIL GH13-662-5 80 155 117 0 0 0 0 0 0 0 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-468 100 137 118 0 05 05 05 05 05 05 05 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-306 100 137 119 0 05 05 05 05 05 05 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-91 98 143 120 0 05 05 05 05 05 05 05 05 05 05 0 0
K326+ Phn15.1 BC8F2 sub-NIL (seg) GH15-237-70 95 148 121 0 05 05 05 05 0 0 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-317 118 140 129 0 05 05 05 05 05 05 05 05 05 05 05 0
K326+ Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-346 99 162 131 0 0 0 0 0 0 0 0 05 05 05 05 05
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-274 82 180 131 0 0 0 0 0 0 0 0 0 0 0 05 05
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-232 93 170 132 0 0 0 0 0 0 0 05 05 05 05 05 05
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-349 92 174 133 0 05 05 05 05 05 0 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg) GH15-237-175 68 | 204 136 0 0 0 0 0 0 0 0 05 05 05 05 05
K326+ Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-25 108 176 142 0 05 05 05 05 05 05 05 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-11 0 05 05 05 05 05 05 05 05 05 0 0 0
K326 K326 0 0 0 0 0 0 0 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-290 0 05 05 05 05 05 0 0 0 0 0 0 0
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-217 0 0 0 0 0 0 0 0 05 05 05 05 05
K326+ Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-69 0 0 0 0 0 05 05 05 05 05 05 05 05
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-47 0 0 0 0 0 05 05 05 05 05 05 05 05
K326 + Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-169 0 0 0 0 0 0 0 0 0 0 0 0 0
K326+ Phn15.1 BC8F2 sub-NIL (seg)  GH15-237-146 0 0 0 0 0 0 0 0 05 05 05 05 05
-log(P)  N/A 41 41 41 41 04 07 04 0.010 0.010 0.015 0.008 0.004

Figure 2.7. Black shank resistance and genotypes of K326 + Phnl15.1 recombinant near isogenic lines (GH15-237 sub-NILs) and check
genotypes. Resistance was recorded as area under the disease progress curve (AUDPC; lower is more resistant) from disease nurseries in
Rocky Mount and Kinston, NC. Genotypes are as follows: 0 (Hicks alleles), 0.5 (heterozygous), and 1 (Beinhart alleles). Significance tests are
one-sided linear contrasts (t-tests based on the genotypes, displayed as -log(P) values). Together with Figure 2.6, the data suggest the
Phn15.1 QTL lies in between Nt1AD1096 and Nt1AA5923, which represents a 2.7 cM interval. NtCPS2 represents a TagMan marker for Z-
abienol accumulation. Note that we selected sub-NIL recombinants NtCPS2 and Nt1AA7078, under the incorrect assumption that the Phn15.1
QTL lay between them. The sub-NIL GH15-237-96 was initially genotyped incorrectly and did not have a recombination in this interval.
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Figure 2.8. Leaf surface chemistry measurements and resistance to Phytophthora nicotianae (area under
disease progress curve) for transgenic Beinhart 1000 (B1000) RNAi lines and associated control lines.
RNAI constructs targeted two genes involved in Z-abienol synthesis, NtABS and NtCPS2 (two sites). ND =
not detectable. CBT = cembranoid diterpenes. Standard errors are provided for Z-abienol and total CBT
entry means. For AUDPC, means with different letters are significantly different at the P < 0.05
probability level.
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Chapter 3: The genetics of gametoclonal variation from
anther-derived doubled haploids

Ma, J. M., and Lewis, R. S.

North Carolina State University, Department of Crop and Soil Science, Raleigh, NC.

Abstract

Anther culture is a technique used to generate haploids in tobacco (Nicotiana tabacum L.),
which can subsequently be used for producing anther-derived doubled haploids (ADHs). ADHs
tend to exhibit greater phenotypic variability than maternally derived haploids (MDHs). While
most of this “gametoclonal variation” is deleterious, some potentially useful variation has also
been reported, including average increases in resistance against black shank, a soil-borne
disease caused by Phytophthora nicotianae. Increases in nuclear DNA content as great as 10%
have also been observed in ADHs, and it has been suggested that changes in DNA content are
associated with changes in agronomic traits and disease resistance. With the availability of new
sequencing technologies, we had the objective of producing a set of ADHs derived from an elite
flue-cured tobacco cultivar, and attempting to gain insight into the nature of novel genetic
variation induced by anther culture of tobacco. In our experiments, however, we generally
failed to observe the severely altered phenotypes and increases in nuclear DNA content
reported by previous authors. First, although we did observe occasional deleterious changes in
field phenotype, and on average, flowering time was delayed, most ADHs were morphologically
similar to the parents. Dwarfism and stunting were observed in a few ADH lines. Second, we
were unable to replicate the changes in nuclear DNA content that have been reported in
previous literature. Out of 148 ADHs derived from standard flue-cured tobacco cultivars, K326
and K326 va/va, we identified only a single ADH with an increase in DNA content of 10%
(DH14-47; K326 va/va background). Third, ADHs, on average, were more susceptible to black
shank than their parents. One ADH (DH14-74), however, exhibited a statistically significant
increase in disease resistance compared to its source parent, K326 va/va, where disease
development was delayed by about 2-3 weeks (time to 50% death). DH14-74 could be useful as
a source for breeding or studying genetic resistance to P. nicotianae. Particular gametoclonal

lines generated from this study could be useful in the future for mutant studies.
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Introduction

Doubled haploids are used in many applications in plant science and breeding research to fully
expose additive genetic variation and rapidly generate homozygous individuals. Doubled
haploid breeding approaches can significantly reduce the number of years required to
commercialize a new plant variety. Anther culture and the closely related technique of
microspore culture have been used to produce haploid plants from more than 200 species
(Maluszynski et al., 2003; Thomas et al., 2003), thus being more widely deployed than methods
involving wide-hybridization or intraspecific inducers. As a trade-off, however, the anther
culture process can introduce undesirable genetic variation into derived doubled haploid lines
(e.g. Brassica napus; Hoffman et al., 1982). Breeders generally strive to maximize population
means, and therefore refrain from the use of methods that introduce unfavorable genetic
variation. Despite these problems, anther culture can be efficient because of the large number
of haploids that can be rapidly produced in a short period of time and the method has
consequently been adopted by breeders working in some species such as small grains and

Brassica species (Thomas et al., 2003; Davies and Morton, 1998; Ferrie and Caswell, 2011).

Efficient anther culture techniques are available for tobacco (Nicotiana tabacum L.), but
research carried out during the 1980’s and 1990’s by North Carolina State University
researchers, including Wernsman and Rufty led to the conclusion that development of ADHs
may not be a preferred tobacco cultivar development strategy due to introduction of substantial
deleterious genetic effects on yield and quality (Nichols and Rufty, 1992). These studies did
indicate, however, that beneficial variation might be generated during the process including
improved resistance to Potato Virus Y (Witherspoon et al.,, 1991) and Phytophthora nicotianae,
the causal organism of the black shank disease (Nichols and Rufty, 1992). The genetic changes
underlying the induced phenotypic variation associated with anther culture in tobacco are not
understood. Using flow cytometry and Fuelgen cytophotometry, previous researchers
reported selected tobacco ADHs to have increases in total nuclear DNA content of greater than
10% and increases in heterochromatin content of up to 40% (Dhillon et al., 1983; Reed and
Wernsman, 1989). Although there are five described pathways through which gametophytic
cells can become sporophytic, there is significant variation among and even within species in

determining the preponderance of one pathway over another (Asif, 2013). The involvement of
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the vegetative nucleus, however, occurs in all five pathways. ADHs in tobacco, N. sylvestris, and
canola, are primarily derived from the vegetative nucleus, rather than the generative nucleus
(Dunwell and Sunderland, 1975; McComb and McComb, 1977; Pechan and Keller, 1988;
Sunderland and Evans, 1980). Despite these findings and other extensive cytogenetic
investigations, further investigations into the nature of the genetic changes induced by anther

culture were limited by the few molecular tools available at the time.

More recently, Oakeley and Jost (1996) and Oakeley et al. (1997) observed and evaluated
differential methylation between the two pollen nuclei in tobacco, noting demethylation of the
vegetative nucleus. Devaux et al. (1993) also observed methylation changes in ADHs as
compared to their parental lines in barley (Hordeum vulgare), without any novel sequence

polymorphisms being identified across several markers.

New advances in molecular and developmental genetics, both in knowledge and methodology,
could provide the tools needed to elucidate underlying genetic mechanisms that result in ADH-
induced phenotypic variation. DNA methylation is now known to be involved in transposable
element (TE) suppression, including through RNA-directed DNA methylation (RdDM; Slotkin
and Martienssen, 2007). The demethylation of TEs, however, appears to occur in the
companion cells during reproductive development (Bond and Baulcombe, 2014; Kawashima
and Berger, 2014). Companion cells are gametophytic cells of plants that do not contribute
genetically to the progeny. Thus, the vegetative nucleus is a companion of the sperm nucleus in
the male gametophyte, the central cell is a companion of the egg cell in the female gametophyte,
and the endosperm is a companion of the fertilized embryo. Somewhat paradoxically, the
demethylation and reactivation of TEs in these companion cells allow for the methylation and
suppression TEs in the generative cells through RADM. Findings consistent with this model
have been observed in the male gametophyte (Slotkin et al., 2009), the female gametophyte
(Ibarra et al., 2012), and the developing seed (Hsieh et al., 2009). Furthermore, the
mobilization of transposable elements has been observed in response to anther culture in Oryza

sativa (rice; Kikuchi et al., 2003).

Taken together, we speculated that the demethylated state of the vegetative nucleus results in
the reactivation of TEs during anther culture in tobacco. These TEs might then lead to

mutagenic and epimutagenic activity, and the occasional expansion of heterochromatin content.
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In this research, we had the objective of producing a large number of ADH lines derived from
K326 and K326 va/va and evaluating them for changes in phenotypic characters in the field,
evaluating them for field black shank resistance, characterizing them for changes in nuclear
DNA content, and determining if any changes in nuclear DNA content might be associated with
increases in certain types of sequence variation or alteration of epigenetic status. The vast
majority of previous studies on these topics have been limited to Arabidopsis thaliana. Notably,
A. thaliana has a substantially smaller genome and lower TE content compared to tobacco
(about 15% vs. 70%; Devos et al., 2002; Sierro et al.,, 2013). It is important to study species
such as tobacco with high TE content, where the effects may be different from that in A.
thaliana. From a practical standpoint, this Chapter also evaluates whether anther culture or

semi-controlled TE transposition might be a source of beneficial variation (Paszkowski, 2015).

Materials and Methods
Anther-derived Doubled Haploid Production

We selected flue-cured tobacco cultivars/breeding lines K326 and K326 va/va as parental lines
to produce ADH lines. Certified K326 was used because it is a well-studied line and an excellent
parent for breeding. K326 va/va is a PVY resistant isoline of K326 and was used because
healthy plants were available at the time. Both of the lines are highly inbred, which reduces any
segregation that could confound the phenotypic analysis. The generation of anther-derived
haploids followed established procedures (Kasperbauer and Collins, 1974; Kasperbauer and
Wilson, 1979; Nitsch and Nitsch, 1969). Briefly, “Stage 2” flower buds (Nitsch and Nitsch, 1969)
were harvested from newly flowering (about ten open flowers) tobacco plants in the
greenhouse. The buds were surface sterilized with 70% ethanol for 30 s and 25% bleach for 12
min. Anthers were then placed on media modified from Tanaka and Nakata (1969): 200 mg/L
KNOs3, 600 mg/L Ca(NO3)2, 100 mg/L MgS04, 10 mg/L MnSO4, 100 mg/L KH2PO4, 10 mg/L
adenine SO4, 5 mg/L thymidine, 37.25 mg/L Na;EDTA, 27.85 mg/L FeS04¢7H-0, 1.5 mg/L IAA,
0.15 g/L myo-inositol, 25 g/L sucrose, 7 g/L agar adjusted to pH 5.75. Activated charcoal (10
g/L charcoal) was also added to the media, as this has been suggested by Anagnostakis (1974)
to remove some toxic components from media or the anthers. Plates were then left in a growth
chamber with 18 h light and 25°C. Haploid plantlets emerged after 4-6 weeks. Plantlets with

roots could be directly transferred to soil, while others were transferred to growth media
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(without hormones) and allowed to root. Some of our early shoots were placed on shooting
media with hormones (2.5 mg/L kinetin and 4 mg/L [AA) because we were not familiar with

the process at the time.

For comparison, maternally-derived doubled haploids (MDHs) were also developed as controls
from the same K326 plants using the N. africana method of Burk et al., (1979). MDHs were not
available in time for phenotypic testing in 2015. All haploid plants were chromosome doubled

using the midvein culture technique of Kasperbauer and Collins (1972).
Cytometric Evaluations

Flow cytometry (FCM) was performed to quantify the DNA content of parental plants and
derived ADHs and MDHs. We modified the FCM procedures of Hancock et al. (2015) to improve
consistency and accuracy. Among the key changes were the adjustment for day-to-day
variation with a consistent control taken every session (i.e. the same K326 plant), the addition
of a haploid tobacco plant as an internal control, and the replacement of the commercial Partec
extraction buffer with LBO1 (Dolezel et al., 2007). We found these changes to result in reduced
measurement error, which could be greater than +/- 15% without them, to less than +/- 4%

(std. dev. = 2.5%).

Tissues from a maternal haploid tobacco plant (K326-derived) and diploid soybean were used
as internal controls. Approximately 4 cm? of fresh DH (sample) tissue, 2 cm? of haploid
(control), and 1 cm? of soybean (control) were combined and chopped with a double-edged
razor blade (Personna Medical, American Safety Razor Col., Verona, VA). The quality and
thinness of Personna blades were essential for producing a clean sample. Other brands of
blades produce a noisy signal. Each edge was only used for the preparation of two samples.
The 4:2:1 ratio of tissue improved the ratio of cell counts in the signal peaks because cell counts
tend to be higher from plants with a lower nuclear DNA content. Remaining procedures
followed those described by Hancock et al. (2015), but with an adjustment to the haploid
internal control instead of soybean. Crucially, we also adjusted for day-to-day variation, which
contributes substantial error variance when not accounted for. The replicated K326 samples

effectively served as the control line of a reference design. DNA content measurements for the
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ADH samples, which were mostly unreplicated, were adjusted to be expressed as a percentage

of the daily K326 control.
Phenotyping

Green leaf weight, flowering time, plant height, leaf width, and leaf length were collected on
individual ADH and control plants in a field nursery located at the Central Crops Research
Station near Clayton, NC. An augmented design was used for this nursery, with single progeny
rows (four plants from the same DH genotype) and single parental plants (K326 or K326 va/va)
parent as a fifth plant (planted in the second position). Plots were randomized within each
family, and the families were randomized. Median values of plots and family blocks (i.e. checks)
were used to construct a summary table. Spacing among plants was not even and outliers were
observed, so medians were used because they were more representative than using means. We
had used ropes to attempt to space out our plants uniformly, but it was evident from visual
observations and individual plant data that variation in spacing contributed to within-plot
variability. Outliers mostly resulted from Fusarium wilt and floral damage, which would also
confound the effects on neighboring plants. Because of these issues, our statistical analysis was
mainly limited to descriptive statistics and overall trends among the lines. Correlation and
scatterplot matrices were generated using the ggpairs function of the GGally package (Schloerke
etal,, 2016) in R 3.3.2 (R Foundation, Vienna, Austria). Means, standard deviations, maxima,
and minima for each parental class (K326 or K326 va/va) were calculated using PROC MEANS
in SAS Software Version 9.4 (SAS Institute, Cary, NC). The standard deviations were of
particular interest because they provided an estimate of the among plot standard deviation
Gamong plot- An estimate of within-plot standard deviation was obtained using PROC GLM in SAS
Software. This was performed after excluding the checks and running a model with the trait as

the response and using the plot as a fixed effect. “Root MSE” was the estimate for Gwithin plot.

Black shank resistance was evaluated in disease nurseries in Kinston, NC and Rocky Mount, NC
during 2015. Experiments were planted in a completely randomized design (CRD) with three
replications. Families (i.e. same originating parental plant) were grouped together, but the
order of the families was randomized, as well as the entries within each family. Plots had
twelve plants and were 7 m long. Forty days after transplanting, an initial stand was recorded,

and plant stands were counted every two weeks until most of the plants were dead. Data were
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analyzed in SAS Software Version 9.4 (SAS Institute, Cary, NC) after calculating the area under
the disease progress curve (AUDPC) using the trapezoidal method (Madden et al., 2007).
Planting dates were May 7 (Kinston) and May 8 (Rocky Mount).

Results and Discussion

One hundred forty-eight unique ADHs were produced from 15 originating parental plants
(K326 or K326 va/va). Data for DNA content, black shank disease resistance, green leaf weight,
flowering time, plant height, leaf width, and leaf length were collected. Results are summarized

in Tables 3.1 (ADHs) and 3.2 (parents).
DNA Content (Flow Cytometry)

DNA content was not found to differ considerably among the parental plants, which was
expected because all populations were derived from K326 or K326 va/va. Both K326 and K326

va/va were estimated to be 9.64 pg. Haploids controls were estimated to be 4.89 pg.

In general, neither ADHs nor MDHs differed significantly from the parental plants for nuclear
DNA content. Most of the observed variation was likely due to measurement or sampling error.
The range of estimates was about 100 +/- 4% (std. dev. 2.5%) which was approximately our
estimate of measurement error. Several lines had initial readings suggesting changes in DNA
content (increases >5%), but upon repeating FCM on these lines, no differences compared to
the parents were detected. Only one ADH (DH14-47) appeared to have increased DNA content
as measured by FCM and that was subsequently verified. Across three readings, we estimated a

10% increase in DNA content for this line.

The lack of DNA amplification did not meet expectations based on previous literature. While
the exact reason has not been explored further, it does not necessarily disprove the previous
reports of increases in nuclear DNA content due to anther culture (Dhillon et al., 1983; Reed and
Wernsman, 1989). Some differences between our methodology and past work may explain the
lack of DNA amplification. First, previous work used colchicine for chromosome doubling
(Dhillon et al., 1983), which is a known mutagen. In contrast, for our research, chromosome
doubling was achieved via tissue culture of midveins where some cells likely spontaneously

double. Second, substantial increases in DNA content (>10%) were not observed until
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sequential rounds of anther culture in previous studies (Brown et al., 1983; Kasperbauer et al.,
1983). Research reported in this Chapter used only a single round of anther culture. Third,
previous ADHs research suggesting increased P. nicotianae resistance induced by anther
culture was derived from a cross between two largely different varieties (Nichols and Rufty,
1992), in contrast to the ADHs being derived from inbreds in the current work. Finally, only a
small sample of plants was ever quantified for changes in DNA content in previous work. Plants
were initially selected based on their observed phenotypic differences (Reed and Wernsman,

1989).
Phenotypic Data - Plant Morphology

ADH morphological data were collected for green leaf weight, flowering time, plant height, leaf
width, and leaf length. ADHs flowered noticeably later than parental plants, averaging an 8.6
days’ delay in flowering time. Other average changes observed were increases in height by 9.9
cm, an increase in leaf number of 1.6 leaves, and a decrease in green leaf yield by 22.9 g. The
changes to height and leaf number, however, could not be disassociated from the delayed
flowering time. As observed in Figure 3.1, among the ADHs, flowering time was correlated
with height (r=0.53), leaf length (r=0.44), leaf width (r=0.61), and yield (r=0.25). Since none of
the plants were topped, it is perhaps not surprising that among the ADHs, earlier flowering
lines were shorter and yielded less. Nevertheless, some lines flowered at about the same time
as their parents, but still exhibited changes in the other traits, including yield. For example,
DH14-34 and DH14-79, respectively, flowered 3.5 and 0.5 days later than their parents but
yielded 247.5 and 185.0 g more in green weight. Any selected lines would require more
extensive replicated testing and topping, however, as there was insufficient replication and too
much field variability in our experiment to make any clear conclusions regarding these traits.
Tables 3.3 and 3.4 provide estimates of within and among plot variability. In Table 3.3,
summary statistics of the agronomic traits of the parental types (K326 and K326 va/va)
including the standard deviation, minimum, and maximum values are displayed; because these
lines can be treated as replicated genotypes, this table provides an assessment of the plot-to-
plot (i.e. among plot) variability (0among) that was observed. Table 3.4 summarizes the
estimates of the plant-to-plant (i.e. within-plot) standard deviations (owiwmin) Observed, based on

the Root MSE from PROC GLM. In both tables, it shows that there was substantial field
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variation; owitin Values were nearly as large as Gamong for many traits. In any case, both standard
deviations were often greater than even that of the mean differences between the ADHs and
their parents. Finally, significant deleterious effects were observed for some plants, however,

including some plants exhibiting dwarfism (e.g. DH14-88, Figure 3.2).
Black shank resistance

ADHs were evaluated for black shank resistance in two field locations and the results are
presented in Table 3.1. The majority of ADHs exhibited a greater area under the disease
progress curve (AUDPC) than their parental lines, reflecting an increased susceptibility to black
shank (average AUDPC increase = 3.3, P < 0.0001). While it was not a planned objective of this
Chapter, the results also show that K326 va/va is slightly more susceptible than K326. This
trend applied to the parents (average AUDPC increase = 4.1, P < 0.0001) and the lines (average
AUDPC increase = 4.5, P < 0.0001). Three lines showed improved disease resistance in 2015
and were retested in 2016. Only DH14-74 showed a significantly improved resistance over its
parent (K326 va/va, GH13-569-1; decrease in AUDPC = 7.0 for 2015, 9.67 for 2016, P < 0.0001),
which corresponded to a 2 to 3-week delay in disease development (time to 50% death).
Whether this resistance was a result of the anther culture process (gametoclonal) or tissue
culture (somaclonal) is unclear. This line was among the early lines where shoots were
transferred to shooting media with hormones (kinetin and IAA). The resistance is unlikely to be
from correlated changes to agronomic traits, however. In agronomic testing, DH14-74 flowered
16 days later than its parental lines, was 16.5 cm taller, and yielded 95 g more. Anecdotally, in
our program, we have observed later flowering lines to be weakly associated with lower
AUDPC, but we found no significant correlation in this population between flowering time and
AUDPC (r = 0.03). None of the other traits had a significant association with disease resistance

(Figure 3.1).

Nichols and Rufty (1992) suggested the anther culture process could improve average P.
nicotianae resistance, but we were unable to replicate these trends. Our results still show that
it may be possible, if enough ADH lines are generated, to obtain improved disease resistance
resulting from somaclonal or gametoclonal variation. The reason for the differences in our
observations from Nichols and Rufty (1992) are unclear, but possible explanations are similar

to those discussed before regarding the lack of changes in DNA content. Nichols and Rufty
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(1992) used a biparental population and compared ADHs with Fg lines derived by single seed
descent (SSD). The use of a biparental cross results in significant sampling error, which may be
the simplest explanation for the differences observed in our experiments. Still, Nichols and
Rufty (1992) were able to replicate the trend of improved resistance across five sets (each with
15 random ADH and 15 random SSD lines), which should have controlled for sampling error.
Other possible explanations include their use of colchicine, or the interaction among crossing,
anther culture, and colchicine. These factors could have induced mutations, or introduced

selection bias as a result of interactions among these components.
Conclusions

In this Chapter, we were unable to replicate the key findings of interest in previous literature,
specifically the increases in DNA content and improvements to black shank resistance resulting
from anther culture. Nevertheless, individual lines fulfilling these changes were identified and
may be of use for further study. From 148 ADHs, we identified one ADH with an increase in
DNA content of 10% (DH14-47). Deleterious variation was also occasionally observed, though
most plants were morphologically similar to the parents. At least one line exhibited dwarfing
and a very stunted growth habit (DH14-88). Most lines showed significant delays in flowering
time and increased susceptibility to P. nicotianae. These particular lines generated from this
study could be useful in the future for mutant studies. DH14-74 showed significantly improved
resistance to P. nicotianae, though it was the only line that did so. Still, the effect in this line was
significant, delaying disease progression by about 2-3 weeks (time to 50% death), and could be

useful for breeding as it is present in the elite genetic background K326 va/va.
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Table 3.1. Cytogenetic and phenotypic data for anther-derived doubled haploids (ADH). FCM = flow cytometry
measurements of DNA content. Numbers are relative to the K326 (GH13-965) or K326 va/va (GH13-
569) parent. No differences in DNA content were observed among the parents. Other numbers are
absolute deviations from the parent of the median ADH plant from the median parent. Agronomic traits
were collected from a nursery in Clayton, NC. Yield = green leaf mass. Black shank disease AUDPC = area
under the disease curve; positive numbers are more susceptible. Median and means of all lines are listed

at the bottom (fourth page of this table). Some missing values (“.”) are present in the dataset. The
parental measurements are in Table 3.2.

Flowering Leaf Leaf Leaf Black shank

Original FCM time Height length width number  Yield disease

Genotype Seed source parent (ratio) (days) (cm) (cm) (cm) (cm) (8) (AUDPC)
DH14-26 GH14-891-1,X GH13-569-2 096 9.5 6.0 00 1.0 30 -505 1.1
DH14-27 GH14-956-2,X GH13-569-2 096 175 125 45 25 45 65.0 1.8
DH14-28 GH14-899-1,X GH13-592-2 098 10.5 8.0 -1.0 1.0 1.5 -204.0 6.5
DH14-29 GH14-901-2,X GH13-569-2 096 29.0 3.0 1.0 25 80 1505 44
DH14-30 GH14-904-1,X GH13-569-2 0.94 24.0 245 -3.5 0.5 8.5 54.0 4.0
DH14-31 GH14-905,X GH13-569-8 0.95 25 -13.0 -60 -45 0.0 -154.0 1.6
DH14-33 GH14-906-2,X GH13-569-2 0.94 11.5 0.5 -60 -15 50 -118.0 -1.5
DH14-34 GH14-1220-2,X GH13-569-4 1.01 35 115 15 0.0 20 2475 7.7
DH14-35 GH14-909,X GH13-569-4 0.99 0.0 -4.5 -30 -1.0 -0.5 -1395 13.2
DH14-36 GH14-1502-3,X GH13-569-4 1.00 4.0 5.0 35 2.0 25 199.0 4.6
DH14-37 GH14-913-1,X GH13-569-4 1.03 95 125 1.5 4.0 0.0 93.0 6.3
DH14-38 GH14-1038-1,X GH13-569-5 1.00 9.0 8.0 1.0 25 2.5 27.5 2.1
DH14-39 GH14-959-1,X GH13-569-7 . 4.0 9.0 1.0 15 0.5 -274.0 3.6
DH14-40 GH14-1188,X GH13-569-7 1.02 245 275 -45 40 9.5 103.0 6.7
DH14-41 GH14-1003,X GH13-569-7 1.01 155 18.0 35 2.5 35 -1045 3.7
DH14-42 GH14-1008-3,X GH13-569-7 1.02 19.0 135 25 50 50 -225 14
DH14-44 GH14-780-3,X GH13-569-7 1.02 165 110 35 40 5.0 50.5 55
DH14-47 GH14-781-2,X GH13-569-7 1.10 6.5 40 -135 -40 0.5 -4195 5.0
DH14-49 GH14-915-2,X GH13-569-7 1.00 85 275 -35 35 45 79.5 39
DH14-50 GH14-753,X GH13-569-7 1.02 10.5 10.0 3.0 1.5 0.5 -190.5 2.5
DH14-51 GH14-917-1,X GH13-569-7 1.00 185 475 -50 05 65 -13.0 54
DH14-52 GH14-785,X GH13-569-7 1.03 75 295 00 4.0 40 2220 42
DH14-56 GH14-821,X GH13-569-7 1.01 -0.5 0.0 -1.0 0.5 1.0 -1925 2.3
DH14-57 GH14-918,X GH13-569-7 1.02 16.5 -5.0 -35 20 0.5 -4.5 7.2
DH14-59 GH14-1091-1,X GH13-569-8 1.00 8.0 -1.0 -1.0 0.0 4.0 80.5 5.4
DH14-60 GH14-822-1,0P  GH13-569-8 098 75 325 -50 -3.0 35 -430 0.1
DH14-61 GH14-919-1,X GH13-569-8 0.99 10.5 22.0 -2.0 1.5 20 -19.0 4.3
DH14-62 GH14-787-2,0P GH13-569-8 1.00 5.0 15 -15 -15 25 -42.0 6.6
DH14-64 GH14-789-1,X GH13-569-8 1.00 25 15.0 -6.5 -15 -1.0 -386.0 1.7
DH14-65 GH14-790-2,X GH13-569-8 0.99 14.5 31.0 -70 -4.0 35 -63.0 3.1
DH14-66 GH14-1232,X GH13-569-8 097 15.0 225 -45 20 1.5 -1375 52
DH14-67 GH14-733,X GH13-569-8 097 100 180 1.5 05 -3.0 1525 2.6
DH14-68 GH14-879,X GH13-569-8 098 2.0 8.0 20 -1.0 -1.0 32.0 2.7
DH14-69 GH14-792-3,0P  GH13-569-8 0.99 9.0 -4.5 1.5 1.0 0.0 67.5 55
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Table 3.1 (continued).

Genotype
DH14-70
DH14-72
DH14-73
DH14-74
DH14-75
DH14-76
DH14-77
DH14-78
DH14-79
DH14-83
DH14-86
DH14-88
DH14-91
DH14-93
DH14-94
DH14-104
DH14-105
DH14-107
DH14-110
DH14-113
DH14-114
DH14-115
DH14-116
DH14-118
DH14-120
DH14-121
DH14-247
DH14-257
DH14-258
DH14-260
DH14-261
DH14-275
DH14-276
DH14-277
DH14-280
DH14-319
DH14-320

Seed source
GH14-742,X
GH14-756-1,X
GH14-758,X
GH14-761-2,X
GH14-793-2, 0P
GH14-794-2,X
GH14-764-2,X
GH14-925-1,X
GH14-831,X
GH14-743,X
GH14-882-2,X
GH14-1011,X
GH14-765-3,X
GH14-798-1, OP
GH14-800, X
GH14-928-1,X
GH14-961-1,X
GH14-930,X
GH14-735-3,X
GH14-736,X
GH14-931,X
GH14-1014-2,X
GH14-768, OP?
GH14-835,X
GH14-772,X
GH14-836-2,X
GH14-885-1,X
GH14-739-1,X
GH14-1044,X
GH14-805-2,X
GH14-776-1,X
GH14-806-1,X
GH14-807-3,X
GH14-1045-2,X
GH14-809-3,X
GH14-1094-2,X
GH14-1095-1,X

Original
parent
GH13-569-8
GH13-569-1
GH13-569-1
GH13-569-1
GH13-569-2
GH13-569-6
GH13-569-3
GH13-569-4
GH13-569-4
GH13-569-5
GH13-569-5
GH13-569-5
GH13-569-5
GH13-569-8
GH13-569-8
GH13-569-5
GH13-569-5
GH13-569-5
GH13-569-8
GH13-569-4
GH13-569-5
GH13-569-5
GH13-569-5
GH13-569-5
GH13-569-8
GH13-569-8
GH13-569-7
GH13-569-5
GH13-569-5
GH13-569-7
GH13-569-8
GH13-569-7
GH13-569-3
GH13-569-8
GH13-569-5
GH13-956-2
GH13-956-2

FCM
(ratio)
098
1.00
1.03
1.04
0.98
098
1.00
1.01
1.01

0.98

1.02 .

1.01
0.99
1.00

1.00
0.97
1.00
1.01

1.01
1.02
0.98
0.98
1.02

1.00
0.99
0.99
1.03
1.01
1.01
1.00
0.99
1.00

Flowering
time
(days)
11.0
6.5
15.0
16.0
4.5

8.5

1.0
12.5
0.5
5.0
17.0

14.0
17.0
18.5
55
9.0
21.0
14.0
1.5
-6.0
1.0
-1.5
55
6.0
135
55
-4.0
-0.5
12.5
10.0
7.0
115
22.0
-1.5
6.0
6.0
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Leaf

Height length
(cm)  (cm)
6.5 -7.0
12.0 -1.5
30.0 -1.0
16.5 -35
-14.5 -7.0
7.0 2.0
-0.5 0.0
325 6.0
-6.0 9.0
5.5 2.0
295 -2.0
-65.0 -16.0
125 -3.0
220 -7.0
8.0 -5.5
125 5.0
4.5 1.5
19.0 35
18.0 0.0
9.5 1.5
-10.5 -55
-4.0 -4.0
-9.5 -2.5
18.0 1.0
17.0 2.0
23.0 -6.5
-0.5 -2.5
-295 25
-5.0 0.5
1.5 0.5
155 -4.0
7.0 -1.0
155 -4.5
27.0 35
22.0 25
245 -1.0
19.5 -3.0

Leaf
width
(cm)
-3.5
15
0.5
25
1.0
1.5
0.0
35
1.5
-1.5
-1.0
-9.0
-1.0
-1.0
0.5
-0.5
-1.5
0.0
1.0
1.0
-4.0
-1.0
-4.0
0.0
0.5
1.5
1.0
-1.0
0.0
4.0
0.5
0.0
1.5
3.0
-2.5
1.5
0.5

Leaf
number
(cm)
0.0
3.0
2.5
4.0
-0.5
-0.5
-3.0
4.0
-2.5
0.0
0.5
0.5
1.0
35
5.5
15
2.5
2.0
0.0
1.0
0.0
2.0
2.5
2.0
3.0
3.0
-15
-0.5
0.0
-3.0
2.5
4.0
0.5
45
-0.5
2.5
1.0

Yield
(8)
23.5
1385
126.0
95.0
-163.0
-72.5
149.0
253.0
185.0
85.5
-31.5
-426.5
-111.5
-71.0
-69.5
61.5
16.5
111.0
209.0
76.5
26.5
-48.0
80.5
59.0
-58.5
24.5
-190.5
-83.5
-79.0
-162.0
73.5
915
-39.5
1735
63.0
-12.5
-25.0

Black shank
disease
(AUDPC)

6.8
-2.1
35
-7.0
59
59
1.3
4.3
3.2
34
-1.3
0.6
1.6
8.8
6.2
2.5
33
5.1
6.4
9.5
54
0.4
3.1
55
0.3
5.1
3.7
3.0
1.8
6.1
44
53
29
7.2
43
2.7
-1.6



Table 3.1 (continued).

Genotype

DH14-323
DH14-325
DH14-329
DH14-333
DH14-334
DH14-335
DH14-338
DH14-340
DH14-342
DH14-343
DH14-345
DH14-356
DH14-363
DH14-377
DH14-387
DH14-389
DH14-390
DH14-392
DH14-396
DH14-402
DH14-405
DH14-409
DH14-410
DH14-411
DH14-412
DH14-413
DH14-417
DH14-420
DH14-422

Seed source
GH14-1309,X
GH14-1442-1,X
GH14-1311-1,X
GH14-1312-1,X
GH14-1447-2,X
GH14-1233,X
GH14-1255-2,X
GH14-1449-1,X
GH14-1453-2,X
GH14-1313,X
GH14-1316-1,X
GH14-1320-2,X
GH14-1324-1,X
GH14-1096-1,X
GH14-1221-2,X
GH14-1259-2,X
GH14-1235-3,X
GH14-1097,X
GH14-1482-1,X
GH14-1483-1
GH14-1261,X
GH14-1363,X
GH14-1263,X
GH14-1099-1,X
GH14-1102-3,X
GH14-1103-1,X
GH14-1330-2,X
GH14-1265-2,X
GH14-1266-2,X

Original
parent
GH13-956-5
GH13-956-6
GH13-956-2
GH13-956-2
GH13-956-2
GH13-956-2
GH13-956-7
GH13-956-5
GH13-956-5
GH13-956-5
GH13-956-1
GH13-956-2
GH13-956-5
GH13-956-5
GH13-956-2
GH13-956-2
GH13-956-2
GH13-956-6
GH13-956-7
GH13-956-7
GH13-956-1
GH13-956-2
GH13-956-1
GH13-956-1
GH13-956-8
GH13-956-8
GH13-956-1
GH13-956-2
GH13-956-8

FCM
(ratio)
0.98
097
095
097
1.00
0.98

1.02
1.01
0.99
0.99
0.93
1.01
0.98
0.95
0.99
0.98
0.97
1.03
0.98
1.00
1.01
0.99
1.04
0.99
0.98
0.98
1.03
1.00

Flowering
time
(days)
7.5
12.5
14.0
6.0
8.5
11.5
1.0
0.0
0.0
10.0
3.0
7.5
4.5
-1.0
3.0
10.0
7.0
4.0
15.5
-3.0
10.5
16.0
6.0
7.0
7.5
-9.5
5.0
55
295
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Leaf

Height length

(cm)
17.5
8.5
26.0
-35
15.5
16.0
1.5
3.0
-1.5
28.5
-7.0
115
32.5
-5.0
12.0
26.0
27.0
5.0
14.0
-5.0
0.0
11.0
10.0
-2.0
-35
-28.5
-5.0
-11.0
0.5

(cm)
6.0
-5.0
0.5
-4.5
-2.5
-0.5
0.0
2.0
-2.5
4.0
-3.5
-3.5
1.5
-3.5
-2.0
-2.5
1.5
4.0
2.0
-6.5
-35
-3.0
0.0
-1.0
-7.5
-4.5
-4.0
-1.0
0.0

Leaf
width

(cm)
1.0
3.0
2.0

-0.5
1.0
1.5

-1.0

-2.0
2.5
1.0

-2.0
15
1.0

-2.5
1.5
05
1.0
4.0

-2.0

-4.0

-1.5
45
1.0
05

-1.5

-4.0

-1.0
2.0
05

Leaf
number
(cm)
3.0
0.0
25
-2.0
1.0
0.5
1.0
4.0
1.5
5.0
-2.0
2.0
4.0
-1.0
-0.5
4.0
2.5
-1.0
4.0
-2.0
1.5
0.5
3.0
1.0
-2.5
-6.5
1.0
-0.5
35

Black shank

Yield disease
(8 (AUDPC)
50.0 11
185.5 3.8
2105 -0.8
-77.5 -0.1
46.0 0.6
855 24
-116.5 09
-91.0 -0.7
-119.5 11
1825 7.3
-41.0 1.5
-78.0 -1.0
-99.5 2.6
-80.0 -2.0
235 -0.2
-110.5 0.0
-23.0 0.7
106.0 0.1
-99.0 29
-171.0 44
-73.5 1.8
-88.0 0.0
144.0 4.5
-105 14
-314.0 6.9
-290.0 134
-198.0 4.0
-87.5 -3.4
-152.5 7.0



Table 3.1 (continued).

Genotype
DH14-423
DH14-425
DH14-433
DH14-438
DH14-440
DH14-442
DH14-445
DH14-446
DH14-449?
DH14-451
DH14-452?
DH14-454
DH14-456
DH14-459
DH14-462
DH14-469
DH14-472
DH14-473
DH14-475
DH14-476
DH14-482
DH14-484
DH14-490
DH14-500
DH14-502
DH14-545

Seed source
GH14-1106-2,X
GH14-1270-1,X
GH14-1108-2,X
GH14-1271,X
GH14-1273,X
GH14-1276-1,X
GH14-1109-1,X
GH14-1193-1,X
GH14-1278-1,X
GH14-1279-1,X
GH14-1281-2,X
GH14-1485-2
GH14-1282,X
GH14-1231-1,X
GH14-1364-1,X
GH14-1341-2,X
GH14-1234-2,X
GH14-1287-2,X
GH14-1347-1,X
GH14-1289,X
GH14-1352-2,X
GH14-1354,X
GH14-1223-2,X
GH14-1290-1,X
GH14-1291-1,X
GH14-1361,X

Original
parent
GH13-956-2
GH13-956-2
GH13-956-7
GH13-956-1
GH13-956-1
GH13-956-1
GH13-956-1
GH13-956-1
GH13-956-1
GH13-956-1
GH13-956-1
GH13-956-8
GH13-956-8
GH13-956-8
GH13-956-10
GH13-956-1
GH13-956-2
GH13-956-7
GH13-956-7
GH13-956-10
GH13-956-1
GH13-956-2
GH13-956-2
GH13-956-2
GH13-956-2
GH13-956-8
Median

Mean

FCM
(ratio)
095
1.01
0.99
1.04
1.00
0.99
1.03
0.99
1.01
1.04
0.99
0.99
0.99
0.98
1.03

1.02
0.97
1.01
1.00
0.98
0.98
097
0.97
1.00
0.99
1.00

Flowering
time
(days)
3.0
20.5
4.0
2.5
4.0
4.5
12.0
55
3.0
13.5
12.0
9.5
125
135
9.0
8.5
20.5
18.0
0.0
3.5
2.5
9.0
11.5
19.5
5.0
2.5
8.8
8.8
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Leaf

Height length

(cm)
6.5
25.0
0.5
15.5
5.0
9.0
16.5
15.0
4.0
21.0
20.0
-35
35.5
20.5
16.5
2.0
29.5
24.0
6.5
6.0
115
3.5
10.5
19.5
17.5
125
13.8
13.5

(cm)
-4.5
-8.5
-2.5
-1.5
-8.0
-35
-2.0
-2.0

0.5
1.0
-7.0
-7.5
1.5
3.0
-4.0
-4.0
1.0
0.0
2.5
-0.5
-3.0
-5.0
-4.5
-6.5
-1.5
-9.0
-2.8
-29

Leaf
width
(cm)
-0.5
-1.0
-2.5
0.0
-1.0
-2.0
1.0
-0.5
2.0
2.0
-15
-3.5
0.5
6.0
1.5
-1.5
5.0
1.5
-35
2.0
-25
-0.5
2.5
0.5
0.0
-2.0
-03
0.1

Leaf
number
(cm)
-0.5
1.5
25
2.5
1.0
0.5
5.0
1.0
-0.5
35
2.5
-4.0
7.0
3.0
0.5
3.0
35
4.0
-0.5
0.0
-2.0
-0.5
2.5
6.0
1.0
1.5
1.5
1.7

Yield
(8)
-58.0
1315
-58.5
-14.5
270.5
121.0
-65.0
-64.0
33.5
-9.0
164.0
276.0
37.5
290.5
-88.5
43.0
295.5
-97.0
254.0
-215
253.0
-88.0
-43.5
415
-3.0
71.0
-50.8
-36.2

Black shank
disease
(AUDPC)

-1.7
-1.0
7.2
4.7
-2.0
79
-0.9
4.4
3.7
4.7
6.5
2.7
9.9
9.4
1.9
4.7
3.6
-2.3
23
2.2
4.3
2.2
0.3
2.5
05
4.5
3.1
3.2



Table 3.2. Phenotypic data for the parental lines (seed derived, not doubled haploids). Parents were
replicated and acted as the check lines in an augmented design. Most of the variation among lines of a
given genotype are environmental, not genotypic because they are progeny from individual K326 and
K326 va/va plants. Also, lines were blocked by their family. Lines were planted in adjacent fields, so the
Field number is listed. Field 2 produced healthier and higher yielding plants.

Flowering Leaf Leaf Leaf Black shank

Field time Height length width number Yield disease

Genotype  Family (Clayton) (days) (cm) (cm) (cm) (cm) (8) (AUDPC)
K326 va/va GH13-569-1 1 7/5/2015 97.0 53.5 22,5 23.0 508.5 15.1
K326 va/va GH13-569-2 2 7/1/2015 85.5 53.0 23.0 21.5 679.5 15.0
K326 va/va GH13-569-3 1 7/6/2015 82.0 49.0 23.0 21.0 429.0 16.2
K326 va/va GH13-569-4 2 6/30/2015 70.0 49.0 20.0 20.0 485.0 11.3
K326 va/va GH13-569-5 1 7/7/2015 95.0 51.0 24.0 22.5 604.5 14.2
K326 va/va GH13-569-7 2 7/3/2015 80.0 50.5 22.0 21.5 677.5 12.0
K326 va/va GH13-569-8 1 6/30/2015 87.5 53.5 22.5 22.0 515.0 15.6
K326 GH13-956-1 2 7/4/2015 90.0 54.0 23.0 23.0 760.0 10.0
K326 GH13-956-2 1 7/4/2015 84.0 52.0 22.0 24.0 604.0 12.2
K326 GH13-956-2 2 7/5/2015 101.0 55.0 22.0 25.0 630.0 .
K326 GH13-956-5 2 7/3/2015 80.0 52.0 22.0 21.0 691.0 12.4
K326 GH13-956-6 2 7/3/2015 80.0 53.0 19.0 21.0 573.0 12.8
K326 GH13-956-7 1 7/7/2015 91.0 51.0 24.0 23.0 609.0 11.7
K326 GH13-956-8 2 7/3/2015 74.5 52.0 235 20.5 584.0 3.7
K326 GH13-956-10 2 6/29/2015 80.0 56.0 20.0 22.0 720.0 11.2
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Table 3.3. Summary statistics for phenotypic data by genotype of the parents. The parents for a genotype
were assumed to be nearly genetically identical (they are highly inbred and were derived from the same
parent). Because of this, the standard deviations, minimum, and maximum provide an estimate of the
plot-to-plot (among plot) variability of our phenotyping experiments near Clayton, NC.

Genotype N Variable Mean Std Dev Minimum  Maximum
67  Flowering time (days) 7/4/2015 4.2 6/26/2015 7/17/2015
67  Height (cm) 88.3 14.0 54 142
K326 67  Leaflength (cm) 539 4.3 45 66
GH13-956 67  Leaf width (cm) 23.2 3.0 19 34
67  Leaf number (cm) 22.7 2.5 15 28
67  Yield (g) 692.3 187.3 331 1270
78  Floweringtime (days) 7/4/2015 8.0 6/25/2015 7/30/2015
78  Height (cm) 86.1 16.1 57 130
‘23/2‘2 78  Leaf ler.lgth (cm) 52.8 4.9 41 63
GH13-569 78  Leaf width (cm) 22.6 3.0 15 32
78  Leaf number (cm) 215 2.6 16 29
77  Yield (g) 602.5 189.4 56 1094
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Table 3.4. Summary statistics for the anther-derived doubled haploid
lines. Means and medians are reproduced from Table 4.1. The within-
plot standard deviation represents plant-to-plant variation. It was
estimated using PROC GLM to filter out the plot-to-plot variation.

: Within plot
Mean Median Std. Dev.
Flowering time (days) 8.6 8.0 6.8
Height (cm) 9.9 10.8 13.5
Leaf length (cm) -1.6 -1.5 4.2
Leaf width (cm) 0.2 0.5 2.4
Leaf number (cm) 1.7 1.5 2.8
Yield (g) -22.9 -24.0 138.1
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Figure 3.1. Scatterplot matrix, correlation matrix, and histogram of various anther-derived doubled

haploid (ADH) traits. All numbers are adjusted to parental lines (as in Table 4.1A). FCM = flow cytometry
measurements of DNA content.
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Figure 3.2. Picture of dwarf anther-derived doubled haploid DH14-88 compared to its larger parent,
K326 va/va (GH13-569-5). DH14-88 never flowered, and showed stunted growth throughout the 2015
season.
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Chapter 4: Identification of a nucleotide-binding site—
leucine-rich repeat gene involved in Nicotiana hybrid
lethality

Ma, J. M., Hancock, W. G., and Lewis, R. S.

North Carolina State University, Department of Crop and Soil Science, Raleigh, NC.

Abstract

Hybrid lethality is a reaction often observed in interspecific F1 hybrids between different
species, including between some species within the genus Nicotiana. An example of a post-
zygotic interspecific hybridization barrier in Nicotiana is the seedling lethality that occurs in the
majority of F1 progeny produced by a cross between N. tabacum and its wild relative, N.
africana. Indeed, this reaction provides an expedient system for the identification of maternal
haploids of N. tabacum, which escape this phenomenon because they are believed to primarily
be the result of parthenogenesis. Breeders can subsequently make use of haploids for the
production of doubled haploids (DHs). Hybrid lethality has been observed in many plant
species and presents an interesting case where plant breeding, the molecular control of plant
defenses, and evolutionary biology intersect. We utilized an approach combining transposon-
tagging, phenotypic markers, and molecular markers, to identify a N. tabacum candidate gene
for Ntab_HL1 (designated as Nt6549g30) involved in the N. tabacum x N. africana interspecific
lethality reaction. Nt6549g30 belongs to a class of coiled-coil nucleotide-binding site—leucine-
rich repeat (CC-NLR) proteins, which are the largest class of plant defense proteins. Ongoing
work to functionally validate the role of this gene in the interspecific lethality reaction is being
carried out using a CRISPR/Cas9 knockout approach. If confirmed, this research adds to the

body of knowledge on the genetic basis of speciation in plants.

Introduction

Haploid and doubled haploids (DH) are useful tools for geneticists and breeders because they
enable the production of completely homozygous genotypes within a single generation. In
cultivated tobacco (Nicotiana tabacum L, 2n = 48), haploids for DH production are typically

produced by pollinating a N. tabacum plant of interest as a female with pollen from the African
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species, N. africana (2n = 46). The N. tabacum x N. africana cross readily produces large
quantities of viable seed, but post-zygotic barriers result in a semi-lethal response, termed
“hybrid lethality,” and less than 0.5% of seedlings survive beyond the cotyledonary stage
(Gerstel et al., 1979; Hancock et al., 2015). Surviving seedlings are a mixture of haploid plants
of maternal origin that are believed to result from parthenogenesis or via chromosome
elimination, and various aneuploid interspecific hybrids that survive because they have
spontaneously lost chromosomes or genetic elements involved in the lethality reaction (Burk et
al,, 1979; Gerstel et al., 1979; Hancock et al.,, 2015). Although maternal haploid plants are
produced at low frequencies (less than 0.5% of seeds), the high fecundity of tobacco
(approximately 2500 seeds produced per cross) makes the N. tabacum x N. africana system

useful for doubled haploid breeding in tobacco (Wernsman, 1992).

Pre-zygotic and post-zygotic barriers involved in reproductive isolation are of interest to
evolutionary biologists studying speciation. There has been considerable progress since the
1980’s in identifying genetic mechanisms underlying speciation, particularly in Drosophila, but
much is still unknown (Coyne and Orr, 1998; Coyne, 2016). In plants, certain pre-zygotic
barriers such as pollination factors (Levin, 2000) and post-zygotic barriers such as polyploidy
(Grant, 1981) are well studied. Hybrid lethality, and synonymous or related incompatibilities
such as “hybrid necrosis,” “hybrid weakness,” “hybrid inviability,” or “hybrid breakdown” are
well-documented, but had not, until recently, been examined extensively by evolutionary
biologists. Bomblies and Weigel (2007) provide a review of early reports on hybrid necrosis,
which is characterized by cell death, tissue necrosis, chlorosis, and/or reduced growth rate.
The lethality can often be suppressed under elevated temperatures. The phenomenon was first
reported in 1926 in Phaseolus vulgaris (common bean) and has since then been described in at
least 26 genera, including Gossypium spp. (cotton), Hordeum spp. (barley), Nicotiana spp.
(tobacco), and Triticum spp. (wheat; Bomblies and Weigel, 2007). The bias in the review
towards crop species is likely due to substantial experiences by breeders working to transfer
genetic material between species, but selection and domestication have also been proposed as
contributing factors (Bomblies, 2009; Chen et al,, 2016). Most reports of interspecific lethality
relate to inbreeding species, but there are still many examples involving outcrossing species,
though it has not been observed in maize (Bomblies and Weigel, 2007). The genetic

architecture of hybrid lethality is diverse. Hybrid lethality may involve a single locus, two loci,
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or three loci; be governed by dominant or recessive alleles; and may occur in inter- or
intraspecific crosses (Bomblies and Weigel, 2007). The two-locus model appears to be the most
common, however, which is consistent with the Bateson-Dobhazansky-Muller (BDM) model
(Orr, 1996). The BDM model predicts that incompatibility would require epistatic loci because
incompatibility at a single locus would require evolution through underdominant adaptive
valleys. The prevalence of hybrid lethality is therefore of interest to evolutionary biologists
because it may be a common, if not universal, mechanism of reproductive isolation and

speciation.

Approximately one dozen specific genes involved in at least ten crosses have now been
identified that contribute to hybrid lethality (listed in Table 4.1, reviewed in Chen et al.,, 2016).
The first example of a cloned hybrid lethality gene was in tomato (Kriiger et al., 2002), but most
examples involve the model species, Arabidopsis thaliana (Bomblies et al., 2007; Shirzadian-
Khorramabad et al., 2010; Smith et al,, 2011; Tahir et al., 2013; Alcazar et al., 2014; Todesco et
al,, 2014; Stuttman et al., 2016). Genes have also been identified in Oryza spp. (rice; Yamamoto
etal, 2010; Chen et al,, 2014) and Lactuca spp. (lettuce; Jeuken et al., 2009). In all of these
cases, plant immunity-associated proteins are involved. These findings are consistent with a
model suggesting hybrid lethality is the result of constitutive activation of the plant immune
system, leading to a hypersensitive response and programmed cell death, with characteristics
analogous to mammalian autoimmune disorders (Bomblies and Weigel, 2007; Phadnis and

Malik, 2014).

The involvement of plant defense components is of great interest and occurs at an intersection
between several academic disciplines. First, hybrid lethality is now a model for advancing a
rapidly growing understanding of plant-microbe interactions, in a manner similar to how the
related phenomenon of lesion mimics have advanced the field (Lorrain et al.,, 2003). Second, for
plant breeders, it can aid in understanding and overcoming intra- and interspecific barriers that
restrict crossing or produce undesired epistatic effects. Indeed, the characterization of hybrid
lethality in tomato occurred during attempts to introgress Cf-2, an R gene conferring resistance
to Cladosporium fulvum, from Solanum pimpinellifolium to cultivated tomato (S. esculentum;
Kriiger et al.,, 2002). Hybrid lethality has long been a recognized barrier to crossing in wheat

breeding (Caldwell and Compton, 1943; Hermsen, 1963; Bizimungu et al.,, 1998; Chu et al,,
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2006; Zhang et al.,, 2015). Third, to evolutionary biologists studying the genetics of speciation,
hybrid lethality suggests selection may help drive speciation since it is prevalent in crop species

and involves plant immunity mechanisms.

The primary objective of this research was to determine the identity of the N. tabacum genetic
factor (Ntab_HL1) involved in the mediation of the seedling lethality response in the N. tabacum
x N. africana interspecific cross. While previous work in other species has relied on mapping to
localize hybrid lethality genes and eventually clone them, this approach is difficult if not
impossible for the N. tabacum x N. africana system, because surviving interspecific F1 hybrids
(2n =47) are sterile. Using various approaches, Hancock et al. (2015) and Tezuka et al. (2012)
were able to determine that Ntab_HL1 resides at a locus near the end of Chromosome H
(Linkage Group 11, LG11). In the current research, we have used a system involving transposon
tagging to identify a N. tabacum candidate gene for Ntab_HL1. At the very least, results suggest
this gene is near Ntab_HL1 on LG11, and we are currently in the process of verifying the role of
this gene in the interspecific lethality reaction through the use of CRISPR-CAS induced knockout

mutants.

Materials and Methods

Creation of Genetic Materials

A transposon-tagging approach was devised to identify N. tabacum candidate genes involved in
the N. tabacum x N. africana hybrid lethality reaction. The approach was complemented by
several phenotypic and molecular markers assays to further identify plants of interest for
additional study (Table 4.2). We felt that transposon-tagging was well suited for studying this
system because crossing and large-scale seed production is easy in N. tabacum, hybrid lethality
is an easily scored qualitative trait, and a transposon-tagging system for N. tabacum was
previously made available (Fitzmaurice et al., 1992, 1999). The transposon system previously
described by Fitzmaurice et al. (1992, 1999) was adopted for this work. This is a two
component system consisting of (1) an immobile Zea mays Ac element that encodes for a
transposase driven by the CaMV 35S promoter and linked to the nptll selectable marker gene,
and (2) a mobile Ds element modified to carry the selectable marker dhfr, which encodes for

resistance to the antibiotic methotrexate (MTX). Conventional crossing and selection was used
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to transfer these transgenic elements in a hemizygous condition to the genetic background of a
tobacco breeding line designated as NC1125-2 (which is homozygous for the TMV resistance
gene, N, located on chromosome H) which was also modified to be heterozygous for the
dominant mutation Sulfur (Su) which causes a yellow leaf color. The Su/su genotype permitted
for visual confirmation of the mobile status of Ds via the appearance of green/yellow chimeral

leaves due to insertion/excision of Ds from Su.
N. tabacum x N. africana hybridizations

The objective was to pollinate the NC1125-2 (NN) Ac/-- Ds/-- Su/su genotype with pollen from
N. africana that was previously engineered to be homozygous for a 35S:GFP transgene insertion
(Hancock et al,, 2015). Greater than 99% of the resulting seedlings were expected to die due to
the action of the lethality mechanism. The goal was to identify rare individual 2n = 47 F; hybrid
plants that survived due to the insertion of Ds into Ntab_HL1. To identify these very rare
seedlings, we required a system to separate them from other surviving seedlings. Maternal
haploids were eliminated from further study based upon the lack of GFP expression according
to Hancock et al. (2015). Surviving interspecific F1 hybrids that were still expected to carry
Ntab_HL1 were identified by screening for the presence of an N. tabacum microsatellite marker
(PT30342) allele previously identified to be closely linked to Ntab_HL1 near the end of
chromosome H by Hancock et al. (2015), and also for the presence of an N. africana
microsatellite marker allele found to be associated with the N. africana chromosome carrying a
gene(s) also suggested to be involved in the lethality reaction. In addition, we carried out
selection against variegated plants, as these would have still carried an active Ac element.
Finally, we used simple PCR testing to determine the presence/absence of both Ac and Ds, with

the goal of identifying plants carrying Ds, but not Ac.

Approximately 196,000 seeds from the N. tabacum x N. africana interspecific cross were
germinated in plastic pans (16 cm x 22 cm) containing Fafard 2P Mix and maintained in a
laboratory growth room at 26°C with 18h/6h dark/light conditions. Pans were seeded at a
density of approximately 1000 seeds per 10 dm.2 The F; progeny of this cross were designated
as GH14-1239. A total of 177 surviving GFP-expressing and non-variegated seedlings were
transferred to individual 8 cm x 8 cm plastic pots containing Fafard 2P Mix for further

evaluation (Table 4.2).
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DNA Extraction and PCR-Based Genotyping

DNA was isolated using the CTAB extraction procedure from Afanador et al. (1993), except that
tissues were ground using the FastPrep-96 Instrument (MP Biomedicals, Santa Ana, CA). PCRs
for microsatellite genotyping were conducted using the method described by Schuelke (2000),
utilizing a fluorescently labeled M13 primer, except IRDye 700 and IRDye 800 (LI-COR
Biosciences, Lincoln, NE) fluorescent tags were used in place of FAM. The primer mix and
cycling conditions are described in Hancock et al. (2015). Annealing temperatures used for
PT30342 were 50°C for the initial amplification and 47°C for the secondary amplification. The
low annealing temperature was necessary to amplify the N. africana allele, which may not be

perfectly complementary to our PT30342 primer sequences.

Other PCR reactions (e.g. for Ac and Ds) followed manufacturers’ instructions. The choice of
polymerase is noted through these Materials and Methods when they were used. Standard Taq
DNA polymerase (NEB, Ipswich, MA) was used for the majority of reactions. For sequences
greater than 1.5 kbp or where a high-quality sequence was needed, we used LongAmp Taq DNA
Polymerase or Q5 High-Fidelity DNA Polymerase (NEB), respectively. A list of all the primers
used is provided in Tables 4.3 and 4.4. Primers were ordered from Sigma-Aldrich USA (St.
Louis, MO).

Molecular Genotyping of Surviving Plants

From the 177 surviving, unvariegated, and GFP-expressing plants, we used molecular markers
and simple PCR assays to identify those that (1) were biallelic for N. tabacum and N. africana
marker alleles at microsatellite marker locus PT30342, (2) carried Ds, and (3) did not carry Ac.
All unvariegated plants with Ds had Ac absent. A total of nine plants were retained for further

study.
Identification of Sequences Flanking the Ds Element by hiTAIL-PCR

In order to identify the N. tabacum sequences flanking the Ds element in the nine plants of
interest, we used high-efficiency thermal asymmetric interlaced PCR (hiTAIL-PCR) developed
by Liu and Chen (2007). This PCR accomplishes high success rates in amplifying flanking

sequences with long product sizes through several modifications, including nested reactions,
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the use of an adapter sequence, TAIL-cycling to improve primer specificity (Liu et al.,, 1993), and
suppression-PCR to bias longer products. We followed the procedures described by Liu and
Chen (2007), with modifications to target the Ds element and for use with Standard Taq
Polymerase. hiTAIL-PCR consists of a “pre-amplification” reaction, a nested “primary TAIL-
PCR,” and another nested “secondary TAIL-PCR.” The reaction mix for each of step is shown in
Table 4.5. The cycling conditions were the same as those described in Liu and Chen (2007).
We amplified from the Ds element in both directions for each of the nine plants. For
amplification from the 5’-end of the Ds element, we used the primers Ds5-1, LDS5-2, and Ds5-3
(Table 4.3). For amplification from the 3’-end of the Ds element, we used the primers Ds3-1,
LDs3-2, and Ds3-3 (Table 4.3).

Pre-amplification, Primary TAIL-PCR, and Secondary TAIL-PCR products were run together on a
1.5% agarose gel. Each successive primer was nested about 50 bp within the other, so we
looked for bright bands indicative of this shift. We generated 15 bands from eight of the plants
(not all of our hiTAIL-PCR reactions were successful), which we cut out using a clean razor
blade and then gel extracted using a Monarch DNA Gel Extraction Kit (NEB, Ipswich, MA). PCR
products were diluted according to the sequencing facility’s recommendations and submitted
for Sanger sequencing (Eurofins Genomics USA, Louisville, KY). Sequence matches were
obtained by running a BLAST alignment to available NCBI databases, including the annotated N.
sylvestris and N. tomentosiformis genomes (Sierro et al.,, 2013a), and available N. tabacum

genomes (cvs. K326, TN90, Xanthi Basma; Sierro et al., 2014; Edwards et al., 2017).6
Obtaining the Full-Length Sequence of the Ntab_HL1 Candidate

From our 15 hiTAIL-PCR sequencing results, we identified one particularly interesting
candidate gene, originating from plant GH14-1239-57. We hereafter refer to this gene as
Nt6549g30, which is abbreviated from Nitab4.5_000654990030.1, which was the designation in
the K326 assembly by Edwards et al. (2017). The partial fragment exhibited good alignments to
each of the three genomes in the N. tabacum NCBI database, but when comparing the
corresponding full-length sequences, they were found to be different. Because the genomes are

all early drafts, we believed these differences to be assembly errors, and not true variation (i.e.

6 The K326, TN90, and Xanthi Basma genomes are now accessible at https://solgenomics.net/. Only
TNO90 is easily accessible at NCBI (as of this writing, Jan. 2017).
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independent homologs). To identify the most likely full-length homolog, we used the longer
sequences we obtained (from K326, TN90, and Xanthi Basma) to run BLAST alignments to the
N. sylvestris genome (2n = 2x = 24, SS). We did this because N. sylvestris is a diploid progenitor
species, and we felt that the genome assembly might be better for the diploid species. Second,
N. sylvestris is the donor of Chromosome H in the N. tabacum genome (Bindler et al,, 2011), so
we expected Nt6549g30 to be very similar to a homolog in N. sylvestris. Only the Xanthi Basma
candidate had a single alignment to a contig in N. sylvestris, so we assumed the Xanthi Basma
homolog was the best full-length assembly of Nt65499g30 among those derived from the three N.
tabacum genomes. In contrast, the K326 and TN90 candidates had gaps and aligned to at least
two contigs, suggesting an incorrect assembly. The aligned sequence from Xanthi Basma has
the ID mRNA_117367 from the genome contig Ntab-BX_AWOK-SS6437
(https://solgenomics.net/organism/Nicotiana tabacum/genome). With a longer sequence
available, we designed a series of primers for Nt6549g30 (Table 4.4), which were used in
additional experiments described below. Primers were designed in Genome Compiler (Genome
Compiler Corp., Los Altos, CA), which uses the Primer3 algorithm (Untergasser et al,, 2012). In
these assays, we (1) verified the transposition of the Ds element and its insertion into
Nt6549930; (2) cloned and re-sequenced Nt6549g30 from K326; and (3) determined the
association of Nt6549930 with hybrid lethality in a previously existing N. tabacum x N. africana

population of Hancock et al. (2015).
Verification of Ds Element Transposition and Position by PCR

In the parental N. tabacum line, NC1125-2 (NN) Ac/-- Ds/-- Su/su, Ds was inserted/excising
from the dominant leaf phenotypic marker Su. The transposition of the Ds element out of Su in
the selected interspecific F1 hybrid GH14-1239-57 was confirmed using a primer combination
where one primer aligned with Su and the second primer aligned with Ds (Su_F1 with Ds3-1).
The presence and orientation of Ds in Nt6549g30 were confirmed by using a series of primers
specific to each from Ds and Nt6549g30. A nested PCR was used because we used existing
primers (instead of designing new primers) which had very different annealing temperatures
and resulted in many non-specific amplicons in the initial reaction. The primers used were
Nt_F1 with Ds3-1 followed by Nt_F2 with Ds3-2; Nt_F2 with Ds3-1 followed by Nt_F3 with Ds3-
2; Nt_R4 with Ds5-1 followed by Nt_R5 with Ds5-2; and Nt_RO with Ds5-1 followed by Nt_R4
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and Ds5-2. Further proof was provided by amplifying the Ds element from Nt6549g30 markers,
and observing a 3.6 kbp shift (the size of the engineered Ds element) in GH14-1239-57. The
primer combinations Nt_F1 with Nt_RO, Nt_F1 with Nt_R4, Nt_F2 with Nt_R0; and Nt_F2 with
Nt_R4 were used with LongAmp Taq (NEB, Ipswich, MA), an extension time of 8.5 min, and a

long exposure for visualization (the large bands were extremely faint).
Cloning, de novo Genomic and cDNA Sequencing by Primer Walking

Cloning of the K326 genomic Nt6549930 sequence was performed using Q5 High-Fidelity DNA
polymerase (NEB, Ipswich, MA), and primed with NtR1_F0 and NtR1_R4, in order to amplify the
entire coding DNA sequence (CDS) beginning in the 5’-untranslated region (UTR), and ending in
the 3’-UTR. The K326 Nt6549g30 cDNA was obtained from the leaf tissue of six-week-old
plants, first by extracting RNA using the RNAeasy Plant Mini Kit (Qiagen, Hilden, Germany) and
then synthesizing cDNA using the SuperScript First-Strand Synthesis System for RT-PCR with
oligo(dT) (Invitrogen, Carlsbad, CA). We desired a cloned construct and product from cDNA to
confirm the sequence, identify any introns, and serve as a template for future applications. The
sequence was cloned into pCR2.1 and transfected into DH5a E. coli using the TA Cloning Kit
(Invitrogen, Carlsbad, CA). Sequencing of the construct was then performed by primer walking
in both directions, with each primer spaced about 300 bp apart. Assembly of sequences was
assisted by the CAP3 sequence assembly program (http://doua.prabi.fr/software/cap3; Huang
and Madan, 1999). We also used the intron prediction software NetPlantGene

(http://www.cbs.dtu.dk/services/NetPGene/; Hebsgaard et al., 1996).
PCR for Presence of Candidate Gene Nt6549g30 in a N. tabacum x N. africana Population

Due to the presence of related homologs, many of the possible primer combinations were not
specific to Nt6549g30. Twenty-three primer combinations were tested on N. tabacum cv. K326,
N. africana, and the F; plants from the GH14-1239 family. The combinations tested (originating
from 12 Nt_F primers and 12 Nt_R primers) were chosen based on combinations that were
more likely only to target one homolog according to BLAST searches. From these, we chose: (1)
Nt_F2 with Nt_R4 and (2) Nt_F5 with Nt_R10 as primer pairs that could score the presence and
absence of Nt6549g30. These two marker combinations amplify different portions of the gene.

Nt_F2 with Nt_R4 amplifies the 3’-end into the 3’-UTR, while Nt_F5 with Nt_R10 amplifies the 5'-
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end near the ATG start codon. The Nt_F2—Nt_R4 combination actually amplifies two N.
africana homologs, but the biallelic F; and N. africana homozygote (or hemizygote) can still be

distinguished based on the intensity of the larger band.

We used the population of Hancock et al. (2015) to determine the association between
Nt6549g30 and hybrid lethality. This population of 182 surviving plants, was derived from a TN
90LC x N. africana cross and was used because it was already characterized genotypically, with
at least one marker on every chromosome and extensive characterization of Chromosome H. It
was also not confounded by the possible effects of selection and the markers that were used for
transposon tagging in this Chapter (Su/su lethality, transposons, etc.). We genotyped 77
diploids of this population with the two Nt6549g30 markers previously described (1) Nt_F2
with Nt_R4 and (2) Nt_F5 with Nt_R10. To determine if Nt6549g30 was located in the same
genomic vicinity of Ntab_HL1, and possibly the same gene, associations between Nt6549930
presence/absence and previously existing genotypic data were analyzed using a contingency

table and chi-square goodness-of-fit statistics.
Attempted Identification of N. africana and N. forsteri Corresponding Hybrid Lethality Gene

Based on previous research, we believed that the N. tabacum x N. africana lethality system was
due to a complementary genetic interaction requiring the presence of a N. tabacum (Ntab_HL1)
and a N. africana factor (NafrHL1) for initiation of the lethality reaction (Hancock et al., 2015).
The absence of one or both of these factors permits seedling survival. Since previous data for
PT30342 and other Chromosome H markers suggested that Nafi HL1 could reside atan N.
africana locus homeologous to N. tabacum Chromosome H (Hancock et al., 2015), we assumed
that Nafr_HL1 could also be a gene coding for an NLR protein and that it could be a close
homolog of Nt6549930. An attempt was made to identify the N. africana HL1 gene (NafrHL1).
To identify a homolog, the available primers were run in several combinations on DNA isolated
from N. africana. Some of the short sequences were extended using hiTAIL-PCR as described
before (Liu and Chen, 2007), but with primers specific to the new fragments. Assembly was
assisted using the CAP3 Sequence Assembly Program (Huang and Madan, 1999). Two
homologs were identified among the PCR products through cloning. These will be referred to as
Nafr_R1-like_1 and Nafr_R1-like_2. Sequence-specific primers pairs were identified for each

homolog: Na_F12 with Na_R21 for NafrR1-like_1; and Na_F9 with Na_R7 for Nafr-like_R1_2. We
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used these primer combinations to genotype 77 diploids of the Hancock et al. (2015), as we did
with the Nt6549g30-specific primers.

N. forsteri (formerly known as N. debneyi) is also a species from Section Suaveolentes where
hybrid lethality results when crossed with N. tabacum (Tezuka, 2012). We were interested in N.
forsteri because it is an easily transformed species in the Section Suaveolentes (Li et al., 2003;
Duan et al,, 2016). While N. africana can be successful transformed (Hancock et al,, 2015), it is
recalcitrant and regenerates slowly. N. forsteri would be a useful alternative for further studies
on hybrid lethality that require transformation. Two homologous sequence fragments were

assembled, but no further experiments were done with this data.

Results

Selection of Hybrids and Candidate Plants

Hybrid lethality is essentially a qualitative trait, making it ideal for transposon tagging, as
hybrids typically show an unambiguous lethal reaction. We predicted that a 47-chromsome N.
tabacum x N. africana interspecific F; hybrid individual carrying Ntab_HL1 silenced by a
transposon would survive. We required a system to separate such extremely rare seedlings
from other surviving plants that are comprised of a mixture of haploids and plants that have
lost Ntab_HL1 through breakage or loss of Chromosome H, or that have lost a currently
unknown corresponding gene in N. africana that is also required for the lethality reaction. In
order to eliminate these plants, a number of assays were performed as described in the

Materials and Methods.

An estimated 196,000 N. tabacum x N. africana seeds were planted, from which 177 GFP-
expressing and non-variegated plants, numbered GH14-1239-1 through -177, were selected for
further study. Further genotyping was performed to identify plants biallelic at microsatellite
marker locus PT30342 that was previously determined to be closely linked to genetic factors
from N. tabacum and N. africana contributing to the lethality mechanism. PCR was also used to

verify the presence/absence of both Ac and Ds. The number of plants identified for each
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genotypic class is indicated in Table 4.6.” Nine plants possessed the desired phenotype (GFP+,
Ac absent, Ds present, and biallelic for PT30342).

In order to identify the sequences flanking Ds in these nine plants, we used a modified hiTAIL-
PCR protocol. Fifteen bands from hiTAIL-PCR were Sanger sequenced and resulting sequences
were compared using BLAST against several Nicotiana genome databases (N. tabacum: Basma
Xanthi, K326, and TN90; annotated N. sylvestris and N. tomentosiformis). Among the BLAST
annotations (Table A4.1), a nucleotide fragment predicted to encode for a nucleotide-binding
site—leucine-rich repeat protein (NLR; near the 3’-end of the gene, in the LRR domain) was
identified for the plant, GH14-1239-57. The annotation for the fragment from the NCBI BLAST
was listed as “Nicotiana sylvestris putative late blight resistance protein homolog R1B-14
(LOC104224364).” R1 was the first resistance gene cloned for potato late blight caused by
Phytophthora infestans (Ballvora et al,, 2002) and is a member of a large gene family with
dozens of homologs across the Solanaceae family. The R1B-14 designation was annotated
automatically by NCBI in the N. sylvestris Annotation Release 100 (Sierro et al., 2013a), and
based on the notation of Kuang et al. (2005), who characterized the family in S. demissum (a

wild potato species).

We have designated this gene Nt6549g30, to be consistent with the K326 assembly and
annotation by Edwards et al. (2017). In attempting to obtain the complete gene sequence from
the available N. tabacum NCBI databases, we determined the best assembly for this gene was
likely from Xanthi Basma (Ntab-BX_AWOK-SS6437). This sequence was used to design
additional primers, which were used in additional experiments. (The positions of the primers
that align to final sequence are shown in Figure 4.1.) In these assays, we verified the
transposition of the Ds element and its insertion into Nt6549g30 (Figures A4.1, A4.2, and
A4.3). A summary of these results and additional PCRs confirming the status of Nt6549g30 in
GH14-1239-57 and other sister lines are summarized on Table A4.2. The primers from Table
4.4 were also used in our next steps, where we (1) cloned and re-sequenced Nt6549g30 in K326
and (2) determined the association of Nt6549930 with hybrid lethality in the N. tabacum cv. TN
90LC x N. africana population of Hancock et al. (2015).

7 Some numbers do not add up to 177 because missing data were excluded.
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Cloning and Sequencing of Genomic and cDNA Sequences for Nt6549g30

We sequenced both the genomic DNA and cDNA for Nt6549g30 from tobacco variety K326 to
confirm the sequence, identify any introns, and construct a template for future applications.
The full sequence of Nt6549g30 is shown in Figure 4.2. Several differences (23 single base
differences and a 12 bp deletion) were observed between our Nt6549g30 sequence and the
current assembly for the variety Xanthi Basma (Ntab-BX_AWOK-SS6437). Although K326 is
very divergent from Xanthi Basma, these differences may be due to errors in the Xanthi Basma
assembly and may not be authentic polymorphisms in the actual genome sequence. Most of the
differences were in a cluster between positions 1690 to 1918, which is a part of the predicted
central NB-ARC domain. No introns were identified when comparing our cDNA and gDNA
sequences, which was also predicted by the NetPlantGene intron prediction software. The

Nt6549930 sequence is 3633 bp, which codes for a 1210 aa protein.
Association with Hybrid Lethality Phenotype

Twenty-three combinations of primers were tested to identify a dominant marker for
Nt6549g30. Table A4.3 shows the results of these PCR tests, comparing the amplification
between N. tabacum and N. africana. We selected (1) Nt_F2 with Nt_R4 and (2) Nt_F5 with
Nt_R10 as Nt6549g30-specific dominant markers. We used the population of 77 surviving
interspecific F1 hybrids of Hancock et al. (2015) to confirm the association between Nt6549g30
and hybrid lethality. Results indicating a close association between the presence/absence of
Nt6549930, the marker genotype at PT30342, and hybrid lethality are provided in Tables 4.7
and 4.8. The results demonstrate PT30342 and Nt6549g30 are closely associated on N.
tabacum chromosome H (chi-square test, P<0.0001, Table 4.8). Together with our transposon-
tagging results, these findings strongly suggest that Nt6549g30 is in the same genomic region as
Ntab_HL1, and suggests that they may, in fact, be the same gene. Several other primer pairs
were also used to genotype this population and resulted in similar results (Table A4.4). Note
that the primer combination Nt_F5 and Nt_R10, amplifying a different end of the gene (5’-end),
also showed concordance with Nt_F2 and Nt_R4 (3’-end), but differed for a small number of
markers (Table A4.4; chi-square test, P<0.0001). The differences may simply be due to
genotyping errors, but gene fragmentation may also have occurred (also see Table A4.2),

disrupting the hybrid lethality function.
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Attempted Identification of Corresponding N. africana and N. forsteri Hybrid Lethality Genes

An unsuccessful attempt was made to identify the corresponding N. africana HL1 gene
(Nafr_HL1), under the assumption that it was a Nt6549g30 homolog. The fragments of two R1-
like NLR homologs were identified, which we referred to as Nafir.R1-like_1 (Figure A4.4) and
Nafr_R1-like_2 (Figure A4.5). Sequence-specific primers pairs were identified for each
homolog: Na_F12 with Na_R21 for Nafr_R1-like_1; and Na_F9 with Na_R7 for Nafi-like_R1_2.
Neither of these homologs appeared to be associated with PT30342 or hybrid lethality (Table
A4.3). Nafr_R1-like_1 was present in almost all surviving F1 hybrids (74/77). Nafr_R1-like 2
was absent from many hybrids (28/77), which could be from systematic deletions such as
chromosome breakage, but showed no association with PT30342 (chi-square test, P = 0.85). If
Nafr_HL1 is a homolog of Nt6549930 and also an R1-like NLR, an approach that can address the
large number of homologs will be needed. Similarly, for N. forsteri we assembled two
homologous sequence fragments, but no further experiments were carried out using this

information (Figure A4.6 and A4.7).

Discussion

Nt6549g30 Encodes for an NLR Protein

Nt6549g30 was identified as a candidate for N. tabacum Hybrid Lethality 1 (Ntab_HL1) using our
approach combining transposon-tagging, phenotypic markers, and PCR assays. Nt6549g30
encodes for a nucleotide-binding site—leucine-rich repeat (NLR) protein.8 NLRs are major
defense signaling components and the most common class of plant “R gene” proteins. Along
with receptor-like kinase (RLK) proteins, NLRs represent the upstream elements of effector-
triggered immunity (ETI) in the ‘zig-zag’ model of Jones and Dangl (2006). The identity of
Nt6549g30 as an NLR gene and encoding for a possible trigger of hybrid lethality is consistent
with previous literature on hybrid lethality, where, despite the modest number of functionally
validated genes, NLRs, RLK, or closely related defense proteins have been implicated in almost

all reported examples thus far (Table 4.1; Chen et al., 2016).

8 Nucleotide-binding site—leucine-rich repeats are abbreviated in many forms in literature, including
“NBS-LRR” and “NB-LRR.”
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Nt6549g30 is in the R1-like Gene family

Nt6549g30 is part of a large gene family in Solanaceae with homology to the R1 coiled-coil NLR
(CC-NLR) protein in Solanum demissum (an allohexaploid wild potato progenitor), which
provides resistance to Phytophthora infestans. A BLAST of the Nt6549g30 sequence finds high
homology with at least six N. sylvestris genomic homologs (query coverage 69-100%, identity
86 to 97%). Many other alignments can also be found to smaller segments of N. sylvestris or N.
tomentosiformis. N. sylvestris (2n = 2x = 24) and N. tomentosiformis (2n = 2x = 24) are the
closest diploid ancestors to N. tabacum (2n = 4x = 48), contributing the S and T genomes,
respectively. Chromosome H (LG11) originates from the S genome (Bindler et al., 2011). It was
clear that the Nt6549g30 alignments to N. sylvestris did not point to a single best alignment (i.e.
N. sylvestris does not have a clearly defined Nt6549g30-ortholog), suggesting Nt6549g30 may

have a genealogy from a combination of homologs.

Based on the automated annotations of Edwards et al. (2017), 76 R1-like genes or pseudogene
fragments are present across 52 scaffolds in K326 (Clusters of orthologous groups (COGs) ID
NtGF_00111). Nt6549g30 is found on scaffold Nitab4.5_00006549 along with another similar
R1-like gene, Nt6549920 (approximately 63 kb away with 98% coverage, 86% identity),
suggesting the existence of a tandem gene duplication. Notably, unlike Nt6549g30, Nt6549g20
aligns extremely well to a single N. sylvestris region (NW_009516863.1, 100% query coverage,
100% identity, albeit possibly with an unresolved gap of N’s), despite N. tabacum originating
approximately 200,000 years ago from the hybridization of N. sylvestris and N. tomentosiformis

(Sierro etal., 2013Db).

These data are consistent with R1-like homologs found across the Solanaceae family, which
have a structure of “Type I resistance genes” as defined by Kuang et al. (2004). Members of this
family are clustered and fast evolving with frequent sequence exchanges, deletions, insertions,
duplications and/or gene conversions. The R1-like gene family is likely to be ancient, as
members can be found among the Solanaceae Family. Some level of synteny has been
preserved because major R1-like clusters for both S. tuberosum (potato) and S. lycopersicum
(tomato) are found on the end of Chromosome 5, which exhibit synteny with LG11

(Chromosome H) in N. tabacum (Sierro et al., 2014).
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Hybrid Lethality in Nicotiana spp.

The Linnaean genus Nicotiana is divided into 13 sections and comprised of 75 species (Clarkson
etal., 2004; Knapp et al,, 2004). Hybrid lethality is well documented in Nicotiana (reviewed by
Tezuka, 2012), after first being reported in 1929 (Brieger, 1929). At least five phenotypic types
(Types I to V) of hybrid lethality are observed in Nicotiana interspecific crosses (Tezuka, 2012;
Yamada et al,, 1999), suggesting the involvement of different systems and independent genes
contributing to hybrid lethality across the genus. The 26 Suaveolentes species are also unique,
being naturally distributed across Australia and the Pacific Islands, with N. africana being the
sole African species (Knapp et al., 2004). All other Sections of Nicotiana are native to the
Americas and associated islands. The diploid parents of the allotetraploid Suaveolentes (SSNN)
species are believed to be a species closely related to N. sylvestris (the sole extant member of
section Sylvestres, SS) and another species from the section Noctiflorae (SSNN; Knapp et al,,
2004). The Suaveolentes section is notable also because 19 of 22 attempted crosses between N.
tabacum and species of this section develop “Type II” hybrid lethality (the browning of
hypocotyl and roots), suggesting the involvement of a common mechanism (Tezuka et al., 2010;
lizuka et al., 2011; Tezuka, 2012). One species, N. occidentalis (2n=4x=21), exhibits “Type V”
lethality (fading of shoot color) in hybrids with N. tabacum (Tezuka, 2012). The two members
of Suaveolentes that have not exhibited hybrid lethality with N. tabacum are N. benthamiana
(2n=4x=38) and N. fragrans (2n=4x=48; lizuka et al,, 2011; Tezuka, 2012). N. occidentalis, N.
benthamiana, and N. fragrans are not closely related within the Suaveolentes (Marks et al.,
2011), suggesting their loss of the Type II hybrid lethality reaction are independent events. A
BLAST search for Nt6549g30 homologs in N. benthamiana (2n=4x=38) notably only turned up
one closely matching homolog (Niben101Scf01146g03013.1). While Nt6549g30 and the N.
benthamiana homolog showed a reasonable pairwise BLASTn alignment (86% coverage, 89%
identity), the alignment was not contiguous and had substantial gaps. The absence of a close
homolog may hint to the loss of the interacting locus and hybrid lethality factor that is present
in the other 20 Suaveolentes spp., but no definitive conclusions can be made until the interacting
factor is identified in one of these species, such as N. africana (i.e. Nafr_HL1). The complex
evolutionary history of Nicotiana spp. and the diversity of R1-like homologs could serve as a
model to help understand the genetics of speciation, as well its relationship to the molecular

evolution of plant defense proteins.
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Hybrid Lethality is a Model for Studying NLR Protein Structure and Function

The understanding of the biochemical structure and function of plant defense proteins in
effector-triggered immunity (ETI), including NLRs, has improved substantially in the last few
years (Qi and Innes, 2013; Jones et al,, 2016; Wu et al,, 2016). Notably, hybrid lethality and
lesion mimics have been model systems for studying these reactions (Lorrain et al., 2003; Johal,
2007; Bruggeman et al.,, 2015; Wang et al,, 2015). The N. tabacum x N. africana (and likely the
broader Suaveolentes section) system is distinct because it likely only involves a single locus.
Most hybrid incompatibilities involve two loci (Table 4.1; Bomblies and Weigel, 2007), as
predicted by the Bateson-Dobhazansky-Muller (BDM) model (Orr, 1996). Genes have been
identified in at least two single-locus examples of hybrid incompatibility in Arabidopsis, but one
involves an RLK and the other, an ankyrin repeat protein (Smith et al., 2011; Todesco et al,,
2014). If validated, the example described in this chapter may be the first hybrid
incompatibility system controlled by NLRs encoded by a single locus.

The alignment of Nt6549g30 to multiple N. sylvestris homologs suggests that domain-swapping
may have played a role in the evolution of hybrid lethality. Gene duplication, gene conversion,
and recombination are common among immunity-related proteins including NLRs (Kuang et al.,
2004). The separation of N. tabacum from N. africana also suggests mutations may be involved.
Nt6549930 is classified as a coiled-coil NLR (CC-NLR), which have a modular structure, being
divided into three domains (Qi and Innes, 2013). Under the current understanding of CC-NLR
proteins, the N-terminal CC domain is the domain that recruits downstream signaling partners
to trigger the ETI. The central NB-ARC (nucleotide-binding Apoptotic Protease-activating
Factor-1, R proteins and Cell Death Protein-4) functions as the hinge of the molecular switch.
The C-terminal leucine-rich repeat (LRR) domain is the most diverse and functions in
recognition specificity of effectors or guarded proteins. It also has an autoinhibitory effect on
the other two domains. The division into these domains is indicated in Figure 4.2 (DNA
sequence) and Figure 4.3 (conserved domain search). Hybrid lethality involving Ntab_HL1 and
Nafr_HL1 may be a result of a disruption of autoinhibition due to mutations or intergenic

recombination resulting in domain swaps.

Engineered domain swapping and mutagenesis have been extensively used to study NLR

function, often by triggering autoactivation of plant cell death and the hypersensitive response
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(Kriiger et al., 2002; Ooijen et al., 2008). In a manner of speaking, these replicate natural
processes. Lesion mimics arise from both mutations and recombination in NLRs (Tang et al.,
2011; Wang et al,, 2015). The evolution of hybrid lethality has involved mutation and
recombination in NLRs (Smith et al., 2011), which is consistent with the data that we obtained
based on our sequence of Nt6549g30 and available Nicotiana genomic sequences. Further
elucidation of Nt6549¢g30 function could be achieved by (1) domain swapping and mutagenesis
experiments and (2) determining the origin and gene genealogy of Nt6549g30, which would
require a better assembly or new sequencing of the NLR-coding genes in N. tabacum, N.

sylvestris, and N. tomentosiformis.

The involvement of an NLR at a single locus might suggest that Nafir HL1 is a homolog of
Ntab_HL1 and that the Ntab_HL1/Nafr_ HL1 NLR heterodimer triggers hybrid lethality.
Dimerization has been implicated as an important process in a number of NLRs, being
necessary for the proper function of some (Maekawa et al., 2011) and diversifying the function
in others (Cesari et al,, 2014). The full mechanism and function of dimerization, particularly of
the CC domain is not fully understood, however, and the extent of dimerization has been
debated (Casey et al.,, 2016; Cesari et al., 2016; Kasmi and Nishimura, 2016). The evolution and
mechanism of Ntab_HL1/Nafr HL1 NLR dimerization and hybrid lethality could be helpful to
defining the structure and function of CC-NLRs. Furthermore, while NLR-NLR pairings have
been suggested to be the causative interactions leading to hybrid lethality (Bomblies et al.,

2007), none of these have yet been functionally validated.

Our next step in studying Ntab_HL1 is to functionally validate Nt6549g30. We have employed
CRISPR/Cas9 to develop knockouts of Nt6549g30. An agroinfiltration system could also be
pursued because it provides more rapid results compared to the stable transformation and
manipulation of N. africana. The quicker results would be important for performing NLR

biochemistry experiments, including domain-swap or mutagenesis experiments.
Further Applications

The Nicotiana hybrid lethality system may be of interest to evolutionary biologists and
biochemists and those who work at the intersection of those fields. If Nt6549g30 has a role in

pathogen defense, it would have implications for both fields. It may also be of interest to
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breeders. As previously described, Nicotiana hybrid lethality already has utility as a
reproductive technology for efficient haploid production. Can this system be transferred?
Identifying Nafi HL1 could allow the native interspecific system to be re-engineered as an
intraspecific one, which would have various advantages. As a reproductive technology, this
could be used for the production of haploids, but also the development of gene flow restriction.
A broader understanding of hybrid lethality and NLR function could also lead to the

development of these same technologies in other species.
Conclusions

We determined, using transposon-tagging, the identity of a factor in N. tabacum (Ntab_HL1) that
putatively contributes to hybrid lethality in the cross between N. tabacum and its wild relative,
N. africana. The gene, Nt6549g30, encodes for a coiled-coiled nucleotide-binding site—leucine-
rich repeat (CC-NLR) protein, a member of a major class of proteins involved in pathogen
recognition and plant defense signaling. Nt6549g30 has homology to the diverse and rapidly
evolving family of R1-like CC-NLRs. If Nt6549g30 is confirmed to be Ntab_HL1, this study
successfully demonstrates the use of transposon-tagging to identify a component hybrid
lethality signaling, and may be the first to identify a gene in a single locus example involving an

NLR, and also the first validated gene in Solanaceae.
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Table 4.1. List of publications where a hybrid lethality/necrosis gene has been identified at the molecular level. The identity of the
second gene or locus is also listed if known. NLR = nucleotide-binding site—leucine-rich repeat. RLK = receptor-like kinase.

Publication

Species/Genus

Class/Role of gene

Gene 1

Name of locus Gene identity

Class/Role of gene

Gene 2

Name of locus Gene identity

Kriiger et al, 2002

Bomblies et al, 2007

Jeuken et al, 2009

Yamamoto et al, 2010

Shirzadian-Khorramabad
etal,2010;
Tahir et al, 2013

Smith et al, 2011
Alcézar et al, 2014

Chen etal, 2014
Todesco et al, 2014

Stuttman et al, 2016

Tomato (interspecific)
Arabidopsis (intraspecific)
Lettuce

(interspecific)

Rice
(intraspecific)

Arabidopsis (intraspecific)

Arabidopsis

(intraspecific, single-locus)
Arabidopsis (intraspecific)
Rice (interspecific)

Arabidopsis
(intraspecific, single-locus)

Arabidopsis (intraspecific)

NLR

NLR
Acylated plasma

membrane-associated protein

(central negative regulator
of basal defense)

Casein kinase I

NLR

RLK
NLR
LRR-RLK

Transmembrane protein
ankyrin repeat

NLR

Cf-2

DM1

RIN4

hbd2

DM?2

OAK

DM2

Hwil

ACD6

DM2

Cf-2

AT5G41740/AT5G41750

RIN4

CKI1

RPP1-like"" DM2h

OAK (tandem repeat gene cluster)

RPP1-like"" DM2h

25L1 and 25L2
ACD6

RPP1-like"" DM2h

papain-like
cystein endoprotease
NLR

Mapped to NLR cluster

cysteine-synthase

RLK

secreted putative
subtilisin-like protease

Central ETI regulation,
salicylic acid regulator

Rer3

DM2

CéSat

hbd3

old3-1

SRF-3

Hwi2

EDS1

Rer3

m

m

cysteine metabolic
enzyme-coding
locus OAS-TL A1

SRF-3

Hwi2

EDS1

133




Table 4.2. Summary of procedures for selecting and reducing the number of candidate plants from an
attempt to transposon-tag the hybrid lethality factor Ntab_HL1. The initial cross was made between the
variegated N. tabacum (Ac, Su:Ds/su; Ntab_HL1/Ntab_HL1) and fluorescent N. africana (su/su; GFP/GFP;
Nafr_HL1/Nafr HL1). Most F1 hybrids are of the Ntab_HL1/Nafr_HL1 genotype and, therefore, exhibit the
hybrid lethality reaction. The objective was to silence the Ntab_HL1 gene with the mobile Ds element.
The N. tabacum line was in the background of the variety NC1125-2. (*) Note that PT30342 has multiple

N. tabacum alleles. In this case, we specifically screened for the NC1125-2 allele.

KEEP

Live

Fluorescent
e GFP/--: F1 hybrids (diploid)

Non-variegated
* No Ac element: stable Ds if Ds is present
(also verified by PCR)
PT30342* heterozygote
(SSR linked to HL1 locus or loci on Chromosome H)
* P(Ntab)/P(Nafr) suggests Ntab_HL1:Ds/Nafr_HL1

PCR for Mtx (+)
(GUS was also available, but not used)
e Mtx present: Ds is present;
Ds possibly tagging a gene of interest
Ds-Su PCR assays (-)
(Primer pair: SuF1 with Ds3-4)
¢ Ds absent from Su: possibly translocated into Ntab_HL1

***Desired plant: F1 hybrid (GFP), no Ac,
Ntab_HL1 and Nafr_HL1 both present,
Ntab_HL1:Ds (Ds element is tagging
and silencing Ntab_HL1)

DISCARD

Semi-lethal

e Ntab_ HL1/Nafr_HL1: F1 hybrid lethality

e Su/Su: yellow selfs

« Su: maternal haploids

Non-fluorescent

e --/-- (gfp null): selfs

¢ - (gfp null): maternal haploids

Variegated

¢ Ac/-- and Ds/--: Ac element present
(unstable and mobile transposon)

PT30342* hemizygote

e P(tab)/--: Ntab_HL1/--, N. africana factor missing
 P(afr)/--: Nafr_HL1/--, N. tabacum factor missing

Both cases from broken/fragmented Chromosome H
PCR for Mtx (-)

e Mtx absent: Ds is absent, lost during segregation;
No gene is tagged
Ds-Su PCR assays (+)

¢ Ds presentin Su: Ds did not translocate and plant
lost lethality factor but was undected in screens above
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Table 4.3. Primer sequences used in this study for the sequencing of the transposable elements (Ac, Ds); the Sulfur (Su)
gene; hiTAIL-PCR (to obtain the flanking sequences of Ds); and the Ntab_HLI-linked SSR (PT30342). Comments are
included to help clarify the purpose or the annealing temperatures we used for running those primers.

Primer Name Sequence 5'->3'

AC1
Acl F
Ac2_ R

DHFR_F

DHFR_R
Ds3-1
Ds3-2
Ds3-3
Ds3-4
Ds5-1
Ds5-2
Ds5-3
Ds5-4
LAD1

LAD3
LDs3-2
LDs5-2
PT30342_F
PT30342_R
Su_F1
Su_F2
Su_R1
Su_R2

ACGATGGACTCCAGAG
CTCACTGAACTCCTATCT
ACTCAGAAGCAACAGTTGAC

CTAGCGTGAAGGCTGGTAGG

TTCCTGCATGATCCTTGTCA

ACCCGACCGGATCGTATCGGT

CGATTACCGTATTTATCCCGTTC
GTATTTATCCCGTTCGTTTTCGT

CCGTCCCGCAAGTTAAATATG

ACGGTCGGGAAACTAGCTCTAC
CCGTTTTGTATATCCCGTTTCCGT
TACCTCGGGTTCGAAATCGAT

TACGATAACGGTCGGTACGG
ACGATGGACTCCAGAGCGGCCGC (G/C/A) N (G/C/A) NNNGGAA
ACGATGGACTCCAGAGCGGCCGC (G/C/A) (G/C/A)N (G/C/A)NNNCCAA
ACGATGGACTCCAGTCCGGCCCGATTACCGTATTTATCCCGTTC
ACGATGGACTCCAGTCCGGCCCCGTTTTGTATATCCCGTTTCCGT
GACAACAATCAGTAAAGGAAACGA

AATGCAAGACCCTGTCAACC
CAAAATGGCTTCACTACTAGGAACT
GAGTGCAGAAGTCCGTGACA

CAGCTTAGGCGAAAACCTCA

TCCTTCCTCAGCCTGTGTCT
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Comments

TAIL-PCR (not the Ac
transposable element)
Ac element, anneal at 54
Ac element, anneal at 54
Ds assay (DHFR confers
MTX resistance)

Ds assay (DHFR confers
MTX resistance)
TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

TAIL-PCR

SSR, anneal at 50/47
SSR, anneal at 50/47
Sulfur gene

Sulfur gene

Sulfur gene

Sulfur gene



Table 4.4. Primer sequences used that anneal to the N. tabacum Hybrid
Lethality 1 (Ntab_HL1) candidate, Nt6549930. A map showing the
positions of the primers is shown in Figure 4.1. The annealing
temperatures are provided by Genome Compiler, which is based on the
IDT Oligo Analyzer. “Nt” was used to refer to the Nt6549g30. “Na” was
used to refer to our attempt to identify the N. africana homolog. Some of
the Na primers have a 100% identity with Nt6549930, so they were
included in this table.

Name Annealing sequence Tm (IDT OligoAnalyzer)
Nt_FO TAGGGTCTGAGGCTGTTGGA 56.16°
Nt_F1 GGCATCGCGGTTTGAAGATT 56.01°
Nt_F2 CTGGCCAAGTCCTCTTCCTG 56.41°
Nt_F3 ATGAAGAGGCTGAGGCATGC 56.84°
Nt_F4 CAAAGTTTCGGCTGCCATGG 56.85°
Nt_F5 ACAGAGACGCTTAAGGAGGG 55.19°
Nt_F6 TTGACCAACAAGGAGAGCGT 55.9°
Nt_F7 AGCGGCCGAAAATATGAGGA 55.9°
Nt_F11 TAATAATGGGCCCAACGACG 54.47°
Nt_F12 AAGTCGCTCAAGTTACTGCT 53.6°
Nt_F13 TGGAGGGGCAGAGCTTAATA 54.09°
Nt_F15 TGCCTGGTTATCTAAGACAATGT 53.55°
Nt_F19 TGGAATCTTGGGGTCATTCTGA 55.11°
Nt_RO CAGGTTGGAATGGGGAGGAG 56.07°
Nt_R1 CCAACTTCTCAGAATGACCCCA 56.04°
Nt_R2 TGAGCGATTCAAGTTGACTCA 53.91°
Nt_R4 CCCCGCGCACACACATATAT 57.03°
Nt_R5 TCACTGACATTCCAACGCGTA 56.3°
Nt_R6 ATCATTGTGCGGGTAAGGGG 56.45°
Nt_R10 CGGACTTCAATCACGTCTGT 54.41°
Nt_R11 AGCAGTAACTTGAGCGACTT 53.6°
Nt_R12 ACACTTCCTTACGCTCTCCT 54.43°
Nt_R14 TGCAGTCTCCTACATCACGA 54.55°
Nt_R15 GGCTCCTCCCCATAAGATCATT 55.4°
Nt_R19 AATTTCAACCCATGGCAGCC 55.75°
Na_F2 TCGTGATGTAGGAGACTGCAATGAAA 58.19°
Na_F3 CGCAAACCCCCAATTCCAAA 55.99°
Na_F7 ACCCTCAGTGCTAAGCTTCAG 55.96°
Na_F9 CGAGAAATGGATGAAGTTTTGGG 54.36°
Na_F12 GCATTGCCAACGAGTACAGA 55.02°
Na_R1 CAGGGCTTCAACATAAGGTTTACTGC 58.26°
Na_R4 TCATCCATTTCTCGGTTGTCCA 55.79°
Na_R7 TAGTATTAAGCCCGGTCCCT 53.51°
Na_R21 ATGTGCATGTCTCAGCCTTG 54.95°
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Table 4.5. hiTAIL-PCR recipe mixes for the amplification of sequences flanking the Ds element.
hiTAIL-PCR is a modified PCR developed by Liu and Chen (2007) that accomplishes high success rates
in amplifying flanking sequences with long product sizes. The primers were changed to target the Ds
element, and the recipe mix modified for Standard Taq DNA Polymerase (NEB, Ipswich, MA). The

cycling conditions are detailed in their paper.

137

Pre-amplification (uL) Primary TAIL-PCR (pL) Secondary TAIL-PCR (uL)
Buffer (10X) 2|Buffer (10X) 2.5|Buffer (10X) 2.5
MgS04 (20 mM) 1.5|/MgS04 (20 mM) 1.9|MgS04 (20 mM) 1.9
dNTPs (2.5 mM) 1.6|/dNTPs (2.5 mM) 2|dNTPs (2.5 mM) 2
dH20 8.3|dH20 14.98|dH20 14.98
Taq (5 U/uL) 0.1|Taq (5 U/uL) 0.12|Taq (5 U/uL) 0.12

Pre-amp product Primary TAIL product
Genomic DNA (15 ng/uL) 2{(79:1 dilution) 2{(19:1 dilution) 2
LAD1 (10 uM) 2|AC1 (uM) 0.75|AC1 (uM) 0.75
LAD3 (10 uM) 2|LDS5-2 or LDS3-2 (10 uM) ~ 0.75|DS5-3 or Ds3-3 (10 uM) = 0.75
Ds5-1orDs-3-1(10uM) 0.5




Table 4.6. Genotypic scoring of surviving diploid and non-variegated N.
tabacum x N. africana (GH14-1239) plants. Diploidy was indicated by
the presence of GFP. The codominant PT30342 microsatellite marker is
closely linked to Ntab_HL1 (Tezuka et al., 2012; Hancock et al,, 2015).
Pa/-- = N. africana allele observed, Pr/-- = N. tabacum (cv. K326) allele
observed; Pa/Pr = both alleles observed. Our objective was to select the
plants that (1) were heterozygous (Pa/Pr), suggesting the presence of
both Ntab_HL1 and NafrHL1, and (2) that had Ds present, suggesting it
may have silenced Ntab_HLI and the hybrid lethality mechanism.
Entries with missing data were excluded from this table, so only 167 of
177 plants are shown.

Ds
Present | Absent | Total
Pa/-- 35 78 113
PT30342 Pa/Pr 9 10 19
Pr/-- 12 23 35
Total 56 111 167
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Table 4.7. Counts of 182 surviving plants by genotypic class and ploidy,
summarizing the results from Hancock et al. (2015).  Based on this
data, PT30342 represents an SSR-based marker closely linked to the
hybrid lethality genes in both Nicotiana tabacum and N. africana. Bulk
DNA samples of the stunted F1 hybrid seedlings have the Pr/Pa genotype.
Bulk DNA samples of plants exhibiting hybrid lethality have both N.
tabacum (TN90) and N. africana alleles (Pr/Ps). Ploidy status was
verified by flow cytometry. Chi-square test P<0.0001.

Py/— 31 102
Py/Py 3 0
—/Py 45 1
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Table 4.8. Counts of 77 surviving hybrid (GPF-expressing) plants in
Table 4.7 by genotypic class. The PT30342 N. tabacum allele (TN90, Pr)
segregates nearly perfectly with a marker for the N. tabacum hybrid
lethality candidate gene, Nt6549g30. Taken together, both tables
suggest Nt6549g30 is, at the very least, tightly linked to N. tabacum
Hybrid Lethality 1 gene, if not the same gene. The complementary N.
africana hybrid lethality gene remains unknown but is known to be
linked to the N. africana PT30342 allele. Chi-square test P<0.0001. Two
plants with missing data were not included.

Pr/— 29 1
P7y/P, 1 1
—/Py4 0 45
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Figure 4.1. Position of primers from Table 4.4 on the Ntab_HLI1 candidate, Nt6549g30. The image is a

screenshot from Genome Compiler. The circular presentation is used for clarity of the positions. The
positions of the three main predicted domains (CC, NB-ARC, LRR) are indicated.
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-450 AACTTTTAAA AAATCTTTTT TAATTGTATT TTTCTCGAGA GCACTTTTAA AAATGCTTTT GAAAAGGAAC AACTTTTGAA
-370 ATACTTTTGT TTCTACTAAA AAACAAAAAA AATCACTTTT GAAAATAAAA ATAAAAATTG GCGAAACAAG CTATAAGTTG
-290 TCTCTCTTCT GCTCTTTCCA TTTTTTTTAT AATGTTTTCT GTTAATTTTG GTAGCGCGGT CACTTTCGGG GACTAAACAC
-210 ATACATTTAC ATTAATGGAA ATGTTAAATG TGCTTAGTTG AATAACATGA GGATTAAAAT TGAAATAATG CAATAGTAAA
-130 ATCGGTAAAG GTAGAGAAAT TGTTGATCAA AATATAGGGT CTGAGGCTGT TGGAGTACTC ACTCTTCAGT CTTGACTCTT
-50 GACATTCTAC TTCCTTCAGT TTGTTTACTG TATTTCTGAT CTGCAAAGCC GACTTGG AATCTAATAT TGGCGATCTT
31 ATCGAATTTA TTGAAGAAAA AGTTATAATC GAAAGTGATC TTACAGAGAC GCTTAAGGAG GGATTAACAT TTCTGTTACC
111 ACTTGTTCGC TGTGCCGCTT CATGGATCAA GGTGGATGAG GATAATGAGT TGAGAGATCT TTTGGATCGT ATCCAGAGTT
191 TGATCACAAA GGCAAGACGG GACCTTCATT TGACTTGTGA TATTGGAACA TCTGAACTGG AATGTGTTGC TTTTGACCTA
271 CTTGAAGAGA TTTGGCTTCT CAAGCCACAC ATGGTTCTAA TACTTCTTCC CAAGCTAGGA TTTTCAACAG ACGTGATTGA
351 AGTCCGGGCT GGATGCGTCA AATCCCTTGT TTTCAGTCTA GAGTCTTTGC TGAAGTTCAG GGCAGATTTT GTTGCTCCTG
431 TGCAGGAAARA ACTTGAACTT GTCAAAGGAA ATCTAAAGTA TCTGGGAGGT TTTGTTTCCT TCATACTAGA GAACTTTAAT
511 AATGGGCCCA ACGACGTCGA CGAATTCTGG GATTATGTCA CAGGTGTAAT AAAACAAACA GCACGTTGTA TCTCTTCACT
591 TTGTTTGGCA GAGGATTCGG ATGATAATAT GGTTGGTGGC TTTTGTTTCA TCCTTGTAGA TCTACTACAC AGCAGTAAAC
671 CTTATGTTGA AGCCCTGAAA GTTTTACCCT CAGTGCTAAG CTTCAGTTGG AAATTGGATG CCTTTGCAAC AGACTTTGTT
751 AATTTCATCC TAGGAGCGCC GATAACAGAG GAGCTCAATT CCCGGTCTTA TCTACTGGTC TACAAAGATC GTGTTCAAAA
831 ACTCCARAAG TCGCTCAAGT TACTGCTAGT ATATATCTTA TGCAATGAAG TTCAAAAGGA AAGCTTGATA ATCTTTGATC
911 TTGTAGTCAA TGAGTTTTGG TCCTTCATTA AATCATTGGA CAACCGAGAA ATGGATGAAC ATTTGGACAA AGAATTTGAT
991 CTTGCTATAT CCCATTTGGT GCAAAAGATG GAGCCTGCGG CATCAAAGAT TTTGCAGTGG ATTATCAAGG TACAAAGGTC
1071 AACTGGATTG GGCTTTTCCC AGATTGATAG TTTGGGATGT ATAGATTTGG TATCGCAGAA TTTGCTGAGA TTGTTGGATC
1151 ATAGTAATTA TTCAATTGCT CGGGTAGCAA ATCAGATTAA ATTTGTACTG GCTGAGATTA AAATTTTCAA ACCTTTTCTC
1231 GAAAATAATG TTGACCAACA AGGAGAGCGT AAGGAAGTGT TAGATGTTTG CAATCATATG ACCAATTTAT TTGTCAAATT
1311 TGAGTATGTT GTTGAAAGAT TCTTGGTTGA TAAAACCTTC CGGCATGATC TTCTTTACAC ATGGGCTAAA CGTGGAGACG
1391 ATGTCATTGC AGAAATTAAG CTTTTCAAGG ACATTGTTGA ATTTGCGCGT ATCTTCATGG AAAAAAAGGA TGCCCCAAGT
1471 GATTGTCAAA CATCAAAACC TAGCACTCCA ATCATTGATG AAGCAGTTGT AGGCTTGGAG GACCAGATAG AAATATTAAT
1551 GGCACGGGTA ATTGGTGGAG GGGCAGAGCT TAATACCATT CCTGTCATTG GCATGCCAGG GATTGGTAAG ACAACACTCG
1631 CCAAAAGAAT TTACAATGAC AGAAGAACTT CAGATCACTT TGATATTCGA GCATGGTGTT CCGTTTCTCC TAGACATACG
1711 GTGAGTGAAT TAGCCCAAGA TATTTTAATT TCTATCGTTG ATCTGAGCAA TGACATTTAC AAGAAGGAGC TAGATTATCT
1791 TGATCTTTTA CGTAGACAGC TACATAGAGG AAGATACCTC ATCGTTTTAG ATGAAGTGTG GGATTCTGAT ATATTTGATG
1871 AGTTGCACAT GTGCTTTCCG GATAATCATA ATGGAAGCAG AGTTCTTGTT ACCAGCGGCC GAAAATATGA GGATCCATTG
1951 TTTGATGAAC CTCTTTTGGT TCGCTTGTTG ACTCCGGAAG AGAGTTGGGA GCTATTACAA GTGAAGTATA ATCACCTTCG
2031 CTTATGTACT CGAGAAGAAT TTCGCAAACC CCCAATTCCA AATGAGAACT GTCCTGCTGA AGTTGGAAAG GAAATTGCCG
2111 TAAATTGTCG AGGGCTACCT CTGGCCATTG TTTTGGTAGC TGGGTTTCTT GTCAATTTAG AGGACGACAA CGATTGGCTA
2191 ACCATTACTG AAGAGGCATT TAGTTCAGAA ACTAATCGTG ATGTAGGAGA CTGCAATGAA ATAATAGAAT TGAGCTACAA
2271 AAATATGCCT GGTTATCTAA GACAATGTTT TCTATATTTT GCGGCATTAC CAATGAGTAC AGAAATTTCA GTTTCAAAAC
2351 TAACATGGTT ATGGGTTAGT GAAGGATTTT TACGAAGAGA TGAGGTGAAG AAACCAGAGG AAGTAGCTGA AGATTACCTG
2431 AATGATCTTA TGGGGAGGAG CCTTGTAATG GAGGCCAGAA GAAGTTCAAA GGGCGGGCTG AAATCATGCC GTATTCATGA
2511 TTATCTTTAT CATTTCTGTC GAGACAAATC TAAAGCCGAA AAGTTCTTGC CAGTGGCATC GCGGTTTGAA GATTTCTTTC
2591 TGGATACACC ATTTATTCCC CTTACCCGCA CAATGATATA TTCTTCTGAA CCCGGTTGGC ACCGCTCCTG GCCAAGTCCT
2671 CTTCCTGAAA AAGGTCCATT TCGGGGTGTC AAAGAGCTTG TTAGAGTGTT GGATTTGGGG TGCATCAACA TTGGCAATAC
2751 CTTTCCTCGG GAAATAAGAA GGCTTGTGCA TCTGAGATTT TTGTCACTTC AAGGTCGCAT GACAGTTATT CGCTCTTGGA
2831 TTTCCATGCT CTGGAACTTA GAAACTTTCC TAGTGAAAGG AAGAGAAGGT GAGGTAACTT TACCAGATAC ATTTTTCAGT
2911 ATGAAGAGGC TGAGGCATGC TCATATAGAT AACTGTACCT TCTCAGATTC CAACTTGTCC CAATTGGAAT GTTTGCAGAC
2991 CTTATCCACC CCATCTCTTT CTTATGACAA AGGGAACATA ATGAGAAGTT TTCCTTTCCT TCAAAAACTA AAATGCATAT
3071 TTTTGGAATC TTGGGGTCAT TCTGAGAAGT TGGGAGAATC TTGCAATCGA TTTCCAGTITT TGGATTTCTT GAGTCAACTT
3151 GAATCGCTCA ATGTGATTTA TCAAGGCGGA GTGCTTCAGC CTTGTGAATT TAACTTCCCC TCAAACCTTA AGAAATTAAC
3231 CTTATCAAAG TTTCGGCTGC CATGGGTTGA AATTTCTGCA ATTTCAGCAT TACCAAACCT TGAGGTTTTG AAACTGCTCT
3311 CAGAGGCTTT TGAGGGAGAA GAGTGGAATG TCAGTGATGA GGAGTTCCCA AAACTCAAGT TCTTGAAATT GGGAAATCTG
3391 AACATTACGC GTTGGAATGT CAGTGATGAT GCCTTCTCAT GTCTTGAGCA AATAGTGTITG CAAAATTGCA GGCATATTGA
3471 GATTCCTTCT TGTTTTGGTG ATAGTTGTTC CCTGCAAAAG ATTGAGGTGA TCTTGTGIGG AGACTCTGTT TCTCTATCTG
3551 CCAGAAAAAT TGAGGAAATT CAGTGTGAAG AGTTGGCAAA CAGCAATTTC AAGGTCATCA TTCAGAACCC AAACAGGGAC
3631 GAAAAC GAATCTCGTC TTCAATTTCT GCTCAGTTGT AAGTAAATTT GAGATATAAT TTTTATTCTA GGCTAGTATT
3711 ACTGTTCTCT CTATATATAT GTGTGTGCGC GGGGCGCGTA TATATGAATT TTTGTCCTCT TAAATTCGTA GAATCAAGTC
3791 TCCTACAATC GTCAAAATCT GAACGATTTT AGCATGAATA CATAACTTTT TGTTCTTTTG GTTTCTCTTA CTTTTCTGTT
3871 TTCTCCTTTA CAGCTTTGTT GAAATCTCCT CAGCTCCTCC CCATTCCAAC CTGCCCAGGT GTACATGATG ATTGAAGTAT
3951 ACTGTTTATA CAGAGAGATT AT

Figure 4.2. Nt6549g30 genomic DNA Sequence, including 5'UTR (450 bp) and 3’'UTR (338 bp) regions. Numbering
begins at the start codon. Start and stop (TGA) codons are highlighted. Nt6549930 codes for a
nucleotide-binding site—leucine-rich repeat (NLR) protein. These proteins include an NB-ARC domain
(with the predicted domain in bold). A coiled-coil domain represents the region upstream of the NB-ARC,
while an LRR domain represents the downstream region.
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Name Accession Description Interval E-value
AAA_16 pfam13191 AAA ATPase domain 506-616  5.82E-05
RX-CC_like super family cl22426 Coiled-coil domain of the potato virux X resistance protein and similar proteins  367-427 0.02
LRR_4 pfam12799 Leucine Rich repeats (2 copies) 1072-1104 0.68
RX-CC_like super family cl22426 Coiled-coil domain of the potato virux X resistance protein and similar proteins  121-161 0.83
NB-ARC pfam00931 NB-ARC 509-794  9.10E-58

Figure 4.3. Conserved domains on Nt6549930 (1210 aa), predicted using alignments to NCBI's conserved domain database (Marchler-Bauer
etal, 2015). Nt6549g30 has the structure of a coiled-coil nucleotide-binding site—leucine-rich repeat protein. The N-terminal region
consists of a CC-domain, which functions in downstream signaling and recruitment of plant defense proteins; the central region
consists of the NB-ARC domain and acts as a molecular switch and hinge of the protein; and the LRR domain functions in the pathogen

effector or guardee recognition.
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Table A1.1. Summary of Phytophthora nicotianae resistance among initial near isogenic lines (NILs) produced in a Hicks background.
Numbers represent area under the disease progress curve (AUDPC) means at each environment (larger numbers = more susceptible).
Colors were applied for visual interpretation by column. The averages of the deviations from Hicks are presented in the final column;
entries are sorted by this column. Not all lines were planted every year and thus presented as missing data. Note, GH12-291-7 (Hicks
+ Phn7.1) and GH12-375-9 (Hicks + Phn15.1) were selected as the parents for the development of the fine mapping populations.

2013 2014 2015 2016 Overall
Genotype SeedSource RM K avg RM K avg RM K avg RM K avg av,
Beinhart 1000 Beinhart 1000 . R . . . . 12.7
K346 K346
Hicks + Phn?.1 + Ph15.1 BCAF4 GH13-8758, X . . . . . . . . .
Hicks + Phn7.1 + Ph15.1 BC4F6 GH14-813-17, X . . . . . . 209 174 19.7. . . 27.0
K326 K326 172 88 130. . . 280 193 236/ 10240 71 254
Hicks + Phn7.1 + Ph15.1 BC4F4 GH13-875-4, X . . . 629 455 542. . . . . . 252
Hicks + Phn7.1 + Phn15.1 BC4F6 GH14-813-12, X . . . . . . 193 176 18495 41 68  -245
Hicks + Phn7.1 + Phn15.1 BCAF2 GH12-293-2, X 230 95 163 557 484 521. . . . . . 242
Hicks + Phn?.1 + Phn15.1 BC4F6 GH14-1-26, X . . . . . . 237 229 233. . . 234
Hicks + Phn7.1 + Phn15.1 BC4F6 GH14-241-1, OP . . . . . . 271 252 261 152 59 106  -187
Hicks + Phn7.1 + Phn15.1 (seg) BCSF2 GH13-625-1, X . . . 684 550 617. . . . . . 17.6
Hicks + Phn?.1 + Phn15.1 BCAF6 GH14-1-30, X . . . . . . 348 271 309. . . 158
Hicks + Phn7.1 + Phn15.1 (seg) BCSF2 GH13-625-5, X . . . 740 583  66.1. . . . . . 132
Hicks + Phn7.1 BCAF3 GH12-291-7, X 357 179 268 730 568 649 355 371 363 156 104 130  -125
Hicks + Phn7.1 + Phn15.1 (seg) BCSF2 GH13-954-10, X . . . 780 590  685. . . . . . 108
Hicks + Phn7.1 BCSF1 GH12-291-7x Hicks . . . . . . . . . 208 175 191 83
Hicks + Phn15.1 BCSF3 GH12-375-8, X 379 267 323 830 589 710 429 398 414 286 89 188 -6.9
Hicks + Phn15.1 BC6F1 GH12-375-8xHicks . . . . . . . . . 279 142 211 6.4
Hicks + Phn15.1 BCSF3 GH12-379-7, X 37.6 286 331 849 580 71.4. 350 403 . . . 62
Hicks + Phn15.1 BCSF3 N13-496-5, X . . . [ 903 590 747 343 397. . . 5.8
Hicks + Phn15.1 BC5F2 GH12-200-N2, X 371 286 328. . . . . . . . . 45
Hicks + Phn15.1 BC5F2 GH12-201-N10, X 413 250 332. . . . . . . . . 41
Hicks + Phn15.1 BCSF3 GH12-380-11, X 421 256 339. . . . . . . . . 34
Hicks + Phn15.1 BCSF3 GH12-378-6, X 404 276 340. . . . . . . . . 33
Hicks + Phn15.1 BCSF3 GH12-378:3, X 395 287 341, . . . . . . . . 32
Hicks + Phn15.1 BCSF3 GH12-379-4, X 403 283 343, . . . . . . . . 3.0
Hicks + Phn15.1 BCSF3 GH12-377-5, X 437 324 381, . . . . . 274 143 208 3.0
Hicks + Phn15.1 BCSF2 GH12-201-N9, X 412 284 348. . . . . . . . . 25
Hicks + Phn15.1 BCSF2 GH12-200-N7, X 408 304 356. . . . . . . . . 17
Hicks + Phn15.1 BC5F2 GH12-200-N6, X 436 290 363. . . . . . . . . 1.0
Hicks + Phn15.1 BCSF3 GH12-375-7, X
Hicks + Phn15.1 BC6F2 GH12-383-7, X
Hicks N09-1-1, X
Hicks + Phn15.1 BC5F2 GH12-200-N5, X
Hicks + Phn15.1 BCSF3 GH12-381-9, X
NC1071 N06-97-5, X
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Table Al.2. Summary of Phytophthora nicotianae resistance among initial near isogenic lines (NILs) produced in a K326
background. Numbers represent area under the disease progress curve (AUDPC) means at each environment (larger
numbers = more susceptible). Colors were applied for visual interpretation by column. The averages of the deviations from
K326 are presented in the final column; entries are sorted by this column. Not all lines were planted every year and thus
presented as missing data. Note, GH12-386-6 (K326 + Phn7.1) was selected as the parent of the fine mapping population.

2013 2014 2015 2016 Overall
Genotype Seed Source RM K RM K avg RM K avg RM K avg
K326 + Phn15.1 BC6F3 GH12-385-1, X 13.8 25.5 11.5 10.5

av

4.6 10.2

K326 + Phn15.1 BC6F3 GH12-386-6, X 126 89

K346 K346

K326 + Phn7.1 BCSF3 GH13-665-16, X . . . . . . . . .

K326 + Phn15.1 BC6F3 GH12-388-3, X 185047 116 435 236 335 . . . . . . 126
K326 + Phn7.1 + Phn15.1 BC6F3 GH14-1497-2 . . . . . . . . . 5.2- 63 9.4
K326 + Phn7.1 + Phn15.1 BC6F3 GH14-1418 . . . . . . . . . 53 65 93
K326 + Phn7.1 BCSF3 GH13-666-4, X . . . 399 334 367 157 145 151 75 140 108 8.0
K326 + Phn7.1 BCSF3 GH13-665-10, X . . . 481 320 401 . . . . . . 7.0
K326 + Phn7.1 + Phn15.1 BC6F3 GH14-1419-1 . . . . . . . . . 79 106 93 65
K326 + Phn15.1 BC6F3 GH12-384-3, X 230 112 171 . . . . . . . . . 6.2
K326 + Phn15.1 BC7F1 GH12-386-6 x K326 . . . . . . . . .70 123 96 6.1
K326 + Phn15.1 BC7F2 GH12-389-2, X 212 136 174 . . . . . . . . . 5.9
K326 + Phn7.1 BCSF3 GH13-661-13, X . . . 439 387 413 . . . . . . 57
K326 + Phn7.1 BCSF3 GH13-662-5, X . . . 409 311 360 254 199 226 80 155 117 54
K326 + Phn7.1 BCSF3 GH13-661-11, OP . . [s85 324 430 . . . . . . 4.1
K326 + Phn15.1 BC7F2 GH12-393-4, X 266 120 193 . . . . . . . . . 4.0
K326 + Phn7.1 BCSF3 GH13-663-7, X . . . 486 393 439 . . . . . . 3.1
K326 + Phn15.1 BC7F2 GH12-202-N6, X 166 249 208 . . . . . . . . . 25
K326 + Phn15.1 BC7F2 GH12-203-N4, X 260 165 213 . . . . . . . . . 2.0
K326 + Phn15.1 BC7F2 (NtCPS2 null)  GH12-392-6, X 305 130 217 . . . . . . . . . 16
K326 + Phn15.1 BC6F1 GH12-204-14 x K326 222 214 218 . . . . . . . . . -1.5
K326 + Phn7.1 BCSF3 GH13-661-6, X . . R . . . . . . -0.6
K326 + Phn15.1 BC7F2 GH12-391-7, X 273 181 227 . . . . . . . . . 06
K326 + Phn15.1 BC5F4 GH12-509-2, X 234 221 228 . . . . . . . . . 05
K326 + Phn15.1 BC7F2 GH12-390-4, X 209 254 231 . . . . . . . . . 02
K326 K326 242 224 233 3710057000471 280 193 236/ 0oa 2205 0.0
K326 + Phn15.1 BCSF3 GH12-204-14, X 258 212 235 . . . . . . . . . 0.2
K326 + Phn15.1 BC6F2 GH12-202-N7, X 244 235 240 . . . . . . . . . 0.7
K326 + Phn15.1 BC7F2 GH12-203-N9, X 333 168 250 . . . . . . . . . 17
K326 + Phn15.1 BC6F3 GH12-384-10, X 37.0 194 282 . . . . . . . . . 49
K326 + Phn15.1 BC7F2 GH12-389-3, X 342 273 307 . . . . . . . . . 7.4
K326 + Phn15.1 BC6F3 GH12-385-5, X 374 275 325 . . . . . . . . . 9.2

Hicks Hicks 765 498 631 . . . 504 430 467
146



Figure A1.1. Diagram showing Beinhart 1000 introgressions in several Hicks near isogenic lines (NILs).
Each block in the diagram represents a linkage group (LG), starting with LG1 in the top left, and 24 in the
bottom right. Single nucleotide polymorphisms biallelic between Hicks and Beinhart 1000 are shown
and ordered according to N. tabacum 30K Infinium HD consensus map (2015). Green = Hicks-specific
SNPs; Red = Beinhart-specific SNPs; Orange = Heterozygous SNPs; White = missing data. NILs are
arranged from left to right (one Hicks + Phn7.1, three Hicks + Phn15.1, and six Hicks + Phn7.1 + Phn15.1
NILs). The diagram shows the NILs have the desired introgression targets (LG7 and/or LG15) with
limited Beinhart 1000 alleles at loci outside of the targeted LG.
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Figure A1.2. Diagram showing Beinhart 1000 introgressions in several K326 near isogenic lines (NILs).
Each block in the diagram represents a linkage group (LG), starting with LG1 in the top left, and 24 in the
bottom right. Single nucleotide polymorphisms biallelic between K326 and Beinhart 1000 are shown and
ordered according to N. tabacum 30K Infinium HD consensus map (2015). Green = K326-specific SNPs;
Red = Beinhart-specific SNPs; Orange = Heterozygous SNPs; White = missing data. The diagram shows
the NILs have the desired introgression target (eight K326 + Phn7.1 and four K326 + Phn15.1 NILs). The
limited polymorphisms displayed in this figure for K326 + Phn7.1 NILs are consistent with the hypothesis
that K326 already possesses the same Phn7.1 QTL as Beinhart 1000, along with some flanking sequences.
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Table A4.1. Annotations retrieved through BLAST of Ntab_HL1 candidates obtained by transposon-
tagging in N. tabacum x N. africana plants. Sequences flanking the Ds transposon were obtained by
hiTAIL-PCR. The hiTAIL PCR was run using primers from both the 5’ and 3’ ends of Ds. Annotations were
obtained by running BLAST on NCBI to Nicotiana. Descriptions of the matches obtained are listed. The
best matching accessions (contigs) obtained from the Xanthi Basma genome (one of four available for N.
tabacum) are also listed. The matched putative late blight resistance gene sequence from GH14-1239-57
is the best candidate for Ntab_HL1. The other matches to the same accession are likely from
contamination. The Sulfur gene was tagged multiple times because Ds was tagging it in the parent line
(NC1125-2) and did not transpose in the F1 progeny.

hiTAIL-PCR Band size |Annotation of matched sequence
Plant (DNA source) |direction |(bps) (BLAST vs Nicotiana database)
GH14-1239-30 5' 400

Top accession matched to Xanthi
reference (GCA_000715095.1)

1,4 glucanase

AWOK01116141.1

GH14-1239-32 5' 400 Zinc finger motifs AWOKO01116141.1
GH14-1239-35 5' 400 ubiquitin, Zinc finger motifs, glucanase motifs AWOKO01116141.1
, putative late blight resistance XM_009775995.1
GH14-1239-57 5 400 . AWOKO01305639.1
(TIR-NBS-LRR motifs)
GH14-1239-59 5' 250 Possibly Centromere region in N. tabacum AWOKO01305639.1
GH14-1239-95 5' 350 Sulfur gene AWOK01082132.1
GH14-1239-96 5' 250 uncharacterized transcripts, DNA-directed RNA Pol | AWOKO01355926.1
GH14-1239-173 5' 400 1,4 glucanase gene AWOKO01116141.1
GH14-1239-30 3' 150 Nitrate transporter AWOKO01305639.1
GH14-1239-30 3' 350 Sulfur gene AWOK01082132.1
GH14-1239-32 3' 350 Sulfur gene AWOK01082132.1
GH14-1239-59 3' 350 Sulfur gene AWOK01082132.1
GH14-1239-95 3' 350 Sulfur gene AWOK01082132.1
GH14-1239-96 3' 400 No matches AWOKO01116141.1
GH14-1239-173 3 150 No matches AWOK01171810.1
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Table A4.2. Summary of PCR reactions used for the confirmation and characterization of the Ds insertion in the gene candidate. The
NLR identified from the N. tabacum x N. africana F1, GH14-1239-57 (highlighted), as an Ntab_HL1 candidate (Nt6549930) belonged
to a family with at least a dozen similar homologs, so it was necessary to confirm that the correct homolog was identified. PT30342
was a marker that was known from previous literature to be closely linked with Ntab_HL (Tezuka et al., 2012; Hancock et al.,, 2015).
Some of these assays were also run on the other surviving F1 lines. Some lines suggest the partial loss of the Nt6549g30 candidate
sequence. While only nine plants fulfilled our criteria for selection, we included three additional plants that had missing data. K326

is shown as N. tabacum control. Missing data are indicated by a

Plant
(DNA source)

GH14-1239-30
GH14-1239-32

GH14-1239-35

GH14-1239-57
GH14-1239-59
GH14-1239-74
GH14-1239-95

GH14-1239-96

GH14-1239-116
GH14-1239-118
GH14-1239-173

GH14-1239-177 |.

K326

SuF1:Ds3-4
Faint band

Present

Absent

Absent
Present

Present

Faint band
Faint band

Present

Absent

PT30342 Ds
P4/Pr  Present
Present
P4/Pr? |Present
P4/Pr Present
. Present
P,/Pr  Present .
Present
P4/Pr Present
P,/Pr  Present
P4/Pr Present
Pa/Pr Present |.
Present
P,/Pr  Absent

Absent

Nt_FO:Nt_R4
5'UTR to 3'UTR

Present

Ds shift

Absent
Absent

Absent

Present

Nt_FO:Nt_R6 |Nt_F7:Nt_R2
5'UTR to LRR NB-ARC to LRR

Smear

Present

Smear

Smear

Smear

Present

Present

Present

Present

Present

Present

150

Nt F7:Nt_R5 Nt_F1:Nt RO
NB-ARC to LRR |LRR to 3'UTR
Absent
Absent .
Present
Present +2nd homolog
Ds shift
Present +2nd homolog
Absent
Present Homolog
Present
Present No 2nd homolog
Absent
Absent
Absent
Absent .
Present
Present +2nd homolog

Nt_F2:Nt R4 Nt F2:Nt_R1
LRR to 3'UTR LRR
Absent
Faint band

Present Present

Ds shift Present

Absent

Present Absent

Present
Faint band
Absent
Absent
Absent

Present

Present Present



Table A4.3. Results of PCR testing using different primer pair combinations. The primary objective was
to identify a primer pair that only produced N. tabacum specific amplification to serve as a dominant
molecular marker. Four markers were identified, which were used to genotype the N. tabacum (TN90LC)
x N. africana F1 population developed by Hancock et al. (2015). A number of LongAmp Reactions were
also run to re-sequence and clone the full sequence. Tm represents the annealing temperature used. We
note the sizes of the bands observed when using N. tabacum DNA (K326) vs. N. africana.

DNA N.tabacum N. africana
Polymerase Tmused Primer1 Primer 2 bands (bps) bands (bps) Comments
LongAmp 63° Nt_F1 Nt_RO 1200,1700 Noamp
LongAmp 63° Nt_F1 Nt_R4 1000 No amp
LongAmp 63° Nt_F2 Nt_RO 1000,1500 Noamp
LongAmp 63° Nt_F2 Nt_R4 800 No amp
Used for cloning
LongAmp/Q5 63° Nt_FO Nt_R4 3840 ? (5'-UTRto 3'-UTR)
LongAmp 63° Nt_FO Nt_R6 2723 ?
LongAmp 60° Nt_F5 Nt_R4 3672 ?
LongAmp 60° Nt_F5 Nt_R6 2555 ?
Taq 60° Nt_F1 Nt_RO multiple multiple
Taq 60° Nt F1 Nt_R1 539 550 (faint)
Taq 60° Nt F1 Nt_R2 597 600
Taq 60° Nt_F1 Nt_R4 1180 500,1200
Taq 60° Nt_F2 Nt_RO No amp No amp
Used for genotyping TN90 x N. afr
Taq 60° Nt_F2 Nt_R1 446 No amp 3'-end (LRR domain)
Used for genotyping TN90 x N. afr
Taq 60° Nt_F2 Nt_R4 1087 500, 1087 (light) 3'-end to 3'-UTR (LRR domain)
Taq 60° Nt_F3 Nt_RO multiple multiple
Taq 60° Nt_F3 Nt_R4 multiple multiple
Taq 60° Nt_F4 Nt_RO multiple multiple
Taq 60° Nt_F4 Nt_R4 multiple multiple
Taq 60° Nt_F6 Nt_R6 multiple multiple
Taq 60° Nt_F7 Nt_R2 1238 1238
Used for genotyping TN90 x N. afr
Taq 60° Nt_F7 Nt_R5 1493 No amp Central (ARC domain) to 3'-UTR
Taq 60° Nt F11 Nt R13 1200 1200
Taq 60° Nt F12 Nt.R13 900 500,900
Taq 60° Nt F13 Nt R14 700 700
Taq 60° Nt F15 NtR1 800 800
Taq 60° Nt F19 Nt R4 700 500
Used for genotyping TN90 x N. afr
Taq 60° Nt_F5 Nt_R10 284 No amp 5'-end (CC domain)
Taq 60° Nt F11 Nt R11 351 multiple bands
Taq 60° Nt F12 Nt R12 433 400
Taq 60° Nt F13 Nt R15 899 900
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Table A4.4. Marker data for a subset of 92 N. tabacum (TN90) x N. africana + GFP F1 progeny developed
and genotyped by Hancock et al. (2015). Most of the excluded progeny are haploids. In this chapter, we
genotyped additional markers for the transposon-tagged Nt HL1 candidate (Nt6549930) and two
independent homologs from N. africana. Nt6549g30-specific markers are represented by the various
Nt_F:Nt_R primer combinations. PT30342, which had previously been established to be tightly linked
with Nt HL1 and Na_HL1 on Chromosome H, is also closely associated with Nt6549g30 as indicated by the
Nt_F:Nt_R markers. Nt_F2:Nt_R4, in particular, demonstrates the closest association. The Na markers
were specific to a N. africana homolog of Nt6549g30 and showed no association with Na_HL1 (PT30342
“A” allele). Ploidy was determined by flow cytometry; the DNA and ratio with a known diploid plant are
shown. PT52778 is also linked to PT30342, but a less reliable marker. GFP was indicative of diploids.
The N gene is also on Chromosome H, but on the opposite end from PT30342 and Nt6549g30. Burley was
used as a marker for haploid plants.

Nt_F7: Nt_F2: Nt_F5: Nt_F2: Nt_F2:Nt_R4 Na_F9: Na_F12: N gene Burley
WHID ploidy DNA Ratio PT30342 PT52778 Nt_R5 Nt_R1 Nt_R10 Nt_R4 Nafrhomolog Na_R7 Na_R21 GFP TMV res. (white stem)

4 1IN 5.14 0.54 T/-- T/-- . . + + - - - . + -

6 2N 10.59 1.12 T/-- T/-- . . + + + - + + + -

7 2N 10.41 1.10 --/A --/A . . - - + - + + - -

8 2N 9.64 1.02 T/-- T/A . . + + + - + + + -
15 2N 10.23  1.08 --/A --/A - - - - - - + + + -
16 2N 1039 1.09 T/-- T/A . . + + + + + + + -
17 2N 10.52 1.11 --/A --/A - - - - + - + + + -
18 2N 10.23  1.08 --/A . . . - - - - + + + -
23 2N 9.93 1.05--/A --/A - - - - + - + + + -
24 2N 10.01 1.06 --/A --/A . . - - + - + + + -
25 2N 10.24 1.08 --/A --/A - - - - + - + + + -
26 2N 10.54 1.11 --/A . . . - - + - + + - -
27 2N 10.61 1.12 --/A . - - - - + + + + -
28 2N 10.57 1.11 --/A . . . - - + - + + - -
29 2N 9.00 0.95--/A --/A - - - - + + + + + -
37 2N 10.82 1.14 --/A --/A . . - - + + + + + -
38 2N 10.63 1.12 --/A . . . - - + - + + - -
40 2N 11.22 1.18 --/A . . . - - + + + + -
41 2N 10.60 1.12 T/-- T/A . . - + + + + + -
42 2N 10.73 1.13 --/A --/A . . - - + - + + + -
47 2N 10.49 1.10 --/A . . . - - + + + + + -
48 2N 9.17 0.97 T/-- T/-- . . + + + + + + + -
49 2N 10.04 1.06 T/-- T/-- + - + + - + + - -
562N DEAD DEAD T/-- T/-- + + + + - + + + )
64 1IN 5.00 0.53 T/-- T/-- + + + - - - + +
65 2N 10.28 1.08--/A  --/A - - + - + + - -
66 2N 9.99 1.05T/-- T/-- + + + - + + + -
67 2N 9.35 0.99 T/-- T/A + + + + + + + -
70 2N 9.32 0.98 T/-- T/A . . + + + + + + + -
712N 9.67 1.02--/A /A . ) - - + - + + + -
72 2N 8.11 0.85T/-- T/-- . . + - - - - + -
74 2N 9.20 0.97 T/-- T/A . . + + + + + + -
752N . . T/A T/-- + + ) . . + _
80 1IN 4.68 0.49 T/-- T/-- . . + + - - - + +
84 2N 11.03 1.16 --/A /A . ) - - - + + + + _
85 2N 10.27 1.08 --/A . . . - - - + + + + -
91 2N 11.65 1.23 --/A . . . - - + + + + + -
92 2N 11.00 1.16 T/-- T/A . . - + - + + + + -
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Table A4.3 (continued).

Nt_F7: Nt_F2:

WHID ploidy DNA Ratio PT30342 PT52778 Nt_R5 Nt_R1

93 2N
94 2N
95 2N
96 2N
102 2N
103 2N
104 2N
105 2N
106 1IN
109 2N
110 2N
111 2N
119 1IN
120 2N
125 2N
126 2N
127 2N
129 2N
131 2N
132 2N
133 2N
137 2N
145 .
149 2N
150 2N
151 2N
152 2N
155 2N
156 2N
157 2N
159 2N
160 2N
165 2N
179 2N
180 2N
187 2N
188 2N
189 2N
198 1IN
205 2N
209 2N
210 2N
211 2N
212 2N
222 IN
223 IN
225 2N
226 2N
237 IN
245 1IN
257 2N
258 2N
265 IN

10.56
10.38
9.36
9.78
10.48
10.90
9.63

7.94

7.82
8.42
431
8.92
8.17
8.61
8.25
8.51
8.53
8.58
891
8.92
6.48
9.03
9.51
9.04
9.32
9.02
9.24
9.34
9.96
9.57
10.20
8.90
9.58
9.02
8.80
9.09
5.16
7.95
8.45
9.36
9.01
9.54
4.85
4.80
9.52
9.20
4.95
5.25
8.90
9.08
4.78

1.11 --/A
1.09 T/--
0.99 T/--
1.03 --/A
1.10 T/--
1.15 --/A
1.01 T/--

T/--

—-/A
0.84 T/--
0.82 --/A
0.89 T/--
0.45 T/--
0.94 --/A
0.86 --/A
0.91 --/A
0.87 T/
0.90 T/--
0.90 T/--
0.90 --/A
0.94 T/--
0.94 --/A
0.68 T/--
0.95 --/A
1.00 --/A
0.95 T/--
0.98 T/--
0.95 T/--
0.97 --/A
0.98 T/--
1.05 --/A
1.01 --/A
1.07 --/A
0.94 --/A
1.01 --/A
0.95 --/A
0.93 --/A
0.96 T/A
0.54 T/--
0.84 T/--
0.89 T/--
0.99 --/A
0.95 --/A
1.01 T/--
0.51 T/--
0.51 T/--
1.00 --/A
0.97 --/A
0.52 T/--
0.55 T/--
0.94 --/A
0.96 T/A
0.50 T/--

/A
T/A
T/--

T/
/A
T/
T/

-

/-

+ +
- +
+ +
+ +
+ +

Nt_F5:
Nt_R10

+ + 4+ o+ + +

+ +

+ o+ o+

Nt_F2: Nt_F2:Nt_R4
Nt_R4 Nafr homolog

+ 4+ o+ + o+ o+

VU o+ + o+ F D+ o+ 4 + [+ |+ |-

+ o+ o+ -

+ o+
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Na_F9: Na_F12:
Na_R7 Na_R21 GFP

+

+ 4+ + + o+ o+

+ 4+ o+

+ o+ o+ A+ o+ A+ o+

+ + + + 4+ o+

+

+ 4+ F o+ A+ o+ o+ o+ + o+ o+ o+ o+

+ o+ o+ o+ o+ o+

+ +

+

+ 4+ + + + A+ D+ o+ o+ o+ o+ + + + o+

+ 4+ + A+ o+ o+ o+

+ + + o+

N gene
TMV res.

+ o+

U 4+ o+ o+ o+ 4+

+ + + + + o+ + o+ o+

+ 4+ o+ o+ o+

+ 4+ F o+ o+ 4+ o+ o+ o+

Burley
(white stem)

+ o+

+ o+
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GH14-1239-30
GH14-1239-32
GH14-1239-35
GH14-1239-57
GH14-1239-59
GH14-1239-95
GH14-1239-96
GH14-1239-116
GH14-1239-118
GH14-1239-177

N. africana
N. Africana

Figure A4.1. Agarose gel screening of N. tabacum x N. africana F1 hybrids for the presence of the Ds
element in the Sulfur gene, Su. Primers used were Su_F1 and Ds3-1. NC1125-2 was used as a positive
control. K326 and N. africana were negative controls. NTC = Non-template control. Notably, GH14-
1239-57 is negative for the assay, suggesting the Ds element has been transposed. A 100 bp ladder is
shown (NEB, Ipswich, MA).
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Figure A4.2. Agarose gel screening of N. tabacum x N. africana F1 hybrid GH14-1239-57 for the presence
of the Ds element in the Nt_HL1 candidate gene, Nt6549g30. In each grouping of three lanes are, from left
to right, N. tabacum NC1125-2 (Su:Ds), N. africana, GH14-1239-57. Primer combinations of the nested
PCRs used are listed. Nested PCRs were used because the initial PCR produced many non-specific
amplicons (we used existing primers that had very different Tm’s instead of redesigning primers). The
successful assays are noted with an asterisk (*). Nt_R4 + Ds5-2 was repeated in error. Nt_F2 was nested
on Nt_F1, Nt_F3 on Nt_F2, Nt_F3 on Nt_F3, Nt_R4 on Nt_RO, Nt_R5 on Nt_R4, Nt_R5 on Nt_R5, Ds3-2 on
Ds3-1, and Ds5-2 on Ds5-1. A 100 bp ladder is shown (NEB, Ipswich, MA).
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Figure A4.3. Agarose gel screening of N. tabacum x N. africana F1 hybrid GH14-1239-57 for the presence
of the Ds element in the Nt_HL1 candidate gene, Nt6549g30. In each grouping of three lanes are, from left
to right, T = N. tabacum NC1125-2 (Su:Ds), A = N. africana, F1= GH14-1239-57. Primer combinations of
the nested PCRs used are listed. The presence of Ds is suggested by the 3.6 kbp shift between N. tabacum
NC1125-2 and the F1 GH14-1239-57. The faintness of the bands with the Ds insertions is likely due to the
large amplicon size. A 1 kb ladder is shown (NEB, Ipswich, MA).
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Figure A4.4. Sequence of a fragment for Nafr_R1-like_1.

1 TGGAGGGGCA GAGCTTAATA CCATTCCTGT GATTGGCATG CCAGGGATTG GTAAGACAAC ACTCGCCAAA AGAATTTACA
81 ATGACAGAAG AACTTCACAT CATTTTGATA TTCGATCATG GTGTTCTGTT TCTCCTAGAC ATACGGTGAG TGAATTGGCC
161 CAAGATATTT TAATTTCTAT TGTTGATCTG AGCAATGTCA TTTATAAGAA GGAGCTAGAT TATCTTGATC TTTTACGTAG
241 ACAGTTACAT AGAGGAAGAA GATACCTCAT CGTTTTAGAT GAAGTGTGGG ATTCTCATAT ATTTGATGAG TTGCACAGGT
321 GTTTTCCAGA TAATCATAAT GGAAGCAGAA TTCTTGTTAC CAGTAGCCGA AAATATGAGG ATCCATTGTT TGATGAACCT
401 CTTTTTGTTC GCTTATTGAC TCCGGAAGAG AGTTGGGAGC TATTAGAAGT GAAGTATAAT CACCTTCGCT GCTGTGCGCA
481 AGAAGAATCT CGCAAACCCC CAATTCCAAA TGAGAACTGT CCTGCTGAAG TTGGGAAGGA AATTGCCGTA AAATGTCAAG
561 GGCTACCTCT GGCCATTGTT TTGGTAGCTG GGTTCCTTGT CAATTTATAG GACAACAGCA ATTGGCTAAC CATAACTGAA
641 GAGGCATTTA GTTCAGAAAC TAATCGTGAT GTAGGAGACT GCAATGAAAT AATAGAATTA AGCTACAAAA ATATGCCAGG
721 TTATCTCAGA CAATGTTTTC TATATTTTGC GGCATTGCCA ACGAGTACAG AAATTCCAGT TTCAAAACTA AAATGGTTAT
801 GGGTTAGTGA AGGATTCTTA CGAAGAGATG AAGTGAAGAA ACCAGAGGAG GTAGCACAAG ATTACCTTAA TGATCTTATC
881 GGGAGGAGCC TTGTAATGGA GGCCAGAAAA AGTTCAAAGG GCGGGCTGAA ATCATGTCGC ATTCATGATT ATATATATCA
961 TTTCTGTCGA GACAAATCTA AATCCGAAAA GTTCTTGCCA GTGGCATCGC GGTTTGAATA TTTCTTTCTG GATAACGAAT
1041 CGTGGTGTAA CGAATTATTT CTGGATAACG AATCATTGGG TAAAGATTTA TTTCTGAATA TATCCCTTAC CCGCACAATG
1121 ATATATTCTT CTGAACCCGG TTGGCACTGC TCCTGGCCAA GTCCTCTTCT CGAAGAAGAT CCATTTCGGG GCGTCGATCA
1201 TCTTGTTAGA GTGTTGGACC TGGGGTGCAT CAACATTGGC AATACCTTTC CTCCGAAAAT AGAAAGGCTT GTGCTTTTGA
1281 GATTTTTGTC ACTTCAAGGT CGCATGACAG TCATTCCCTC TTGGATTTCC AAGCTCTGGA ACTTAGAAAC TTTCCTAGTG
1361 AAAGGAACAA AAGGTGAGGT AGCATTACCA GATACATTTT TCGGTATGAC AAGGCTGAGA CATGCACATA TAGATAACTG
1441 TACCTTCTCA GACTCCAACT TGTCCCAATT GGATTGTTTG CAGACCTTAT CCACCCCATC TCTTTCTTAT GACAAAGGGA
1521 ACATAATGAG AAGTTTTCCT TTCCTTCAAA AACTAAAATG CATATTTTTG GAATCATGGG GTCATGACGA GAAATCGGGG
1601 GAATCTTGCA ATCGATTTCC AGTTTTGGAT TTCTTGAATC AGCTTGAATC GCTCAATGTG ATATATCAAG GCCGAGTGCT
1681 TCTGCCTTGT GAATTTAACT TCCCCTCAAA CCTTAGGAAA TTGACCTTAT CAAAGTTTAG GCTGCCATGG GTTGAAACTT
1761 CTGCGATCGC AGCATTACCA AACCTTGAAA TTTTGAAACT GCTTTCAAAA TCTTTTGAGG GAGAAGAGTG GAATGTGAGT
1841 GATGAGGAAT TTCCAAAGCT CAAATACTTG AAATTGGGAA ATCTGAACAT TACACATTGG AATATATCAG ATGATGCCTT
1921 CCCATGTCTT GAGCATATAG TGCTGCAAAA TTGCAAGCAG CTTATTGAGA TTCCTTCTGA GTTTGGTGAT AGTTGTTCCC
2001 TGCAAAAGAT TGAGGTGTTC ATGTGTGGAG ACTCTGTTTC TCAATCAGTC AGAAAAATTG AGGAAATTCA GTGTGAAGAG
2081 ATGGCAAACA GCAAGTTCAA GGTCATCATT CAGAACCCAA ACAGGGACTG AAGAAAACGA ATCTTGTTTT CAATCTCCAC
2161 GTTCTCTTGC AAGTAAATTT GATATAATTT TTACTCTAGG CTAGTATTAC TGTTCTCTAT GTATATATGT GTGTGCGCGG
2241 GG
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Figure A4.5. Sequence of a fragment for Nafr_R1-like_2

1

81
161
241
321
401
481
561
641
721
801
881
961
1041
1121
1201
1281
1361
1441
1521
1601
1681
1761
1841
1921

TAATAATGGG
CACTTTGTTT
GAAGCCCTGA
CCTACAAGGG
GCTCAGCTCA
AGTTTTGGTC
CATTTGGTGC
CTTCTCCCAG
CAATTGCTAA
GACCAACGAG
TGAATACTTC
ACATTGTTGA
ATCATTGATG
TAATACTATT
CAGATCACTG
TCTATTGTTG
GTTACATAAA
CAGATAATCA
GTTCGCTTGT
ATTTCGCAAA
CTCTGGCCAT
TTTAGTTCAA
TAAGACAATG
AGTGAAGGAT
GAGCC

CCCAACGACG
GGCAGAGGAT
AAGTTTTACC
CCGATAACAG
CTGCTAGTAT
GTTCATTAAC
AAAAGATGGG
ATTGATAGTT
GGTTAAACTT
GAAAGCGTAA
TTGTTTCGGC
ATTTTCGCAA
AAGCAGTTGT
CCTGTCATTG
TGACATTCGA
ATCCGAGCAA
GGAAGATACC
TAATGGAAGC
TGACTCCGAA
CCCCCAATTC
TGTTTTGGTA
AAAATTAATC
TTTTCTATAT
TTTTACGAAG

TCAACAATTG
TCGGATGATT
CTCAGTGCTA
AGCTCAATTC
ATATCTTATG
TCATTGGACA
GCCCTTGGCA
TGGGATGTAT
CAGATTAAAT
GGAAGTGTTA
TTTATTACAA
ATCTACACAG
AGGCTTGGAG
GCATGCCAGG
GCATGGTGTT
TGGCATTTAC
TCATTGTTTT
AGAATTCTTG
AGAGAGTTGG
CAAATGAGAA
GCTGGGTTTC
GTGATGTAGG
TTTGCAGCAT
TGATGAGGTG

CTGGGATTGT
GCATTAGTTT
AGCTTCAGCT
TCGGTCTTAT
CAATGAAGTT
ACCGAGAAAT
TCAAAGATTT
AGATTTGGTA
TTGTACTGGC
GATGTTTGCA
ATGGAACAAT
AAAAAAAGGA
GACCAGTTAG
GATTGGTAAG
CTGTTTCTCC
AAGTCAGAGG
AGATGAAGTG
TTACCAGCGG
GAGTTACTAC
TTATCCTGCT
TTGTCAGTTT
AGACTGCAAT
TGCCAATGAG
AAGAAACCAG
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GTCGCAGGTA
AATCCTTGTA
GGAAATTGGA
CTTCTGGTCT
CAAAAGGAAA
GGATGAAGTT
TGCAGTGTAC
TCGCAGAATT
TGAGCTTAAA
ATCTGATGAC
CTGCTACACA
TGTTCCAAGT
AAATATTAAT
ACAACACTCG
TGGACATACA
AGGGGAAGGA
TGGGATTCGG
CCGAAAATAT
AAGTGTAGTA
GAAGTTGGAA
AGAGGACAAC
GAAATAATAG
TACAGAAATT
AGGAGGTAGC

TAGTAAAATA
GATCTATTAA
TGCCTTTGCA
ACAAAGATCG
GCTTGATAAT
TTGGGCAAAG
TATCATGGTA
TGCTGAGATT
ATTTTCAACC
CAATTTATCT
ATGTCATTGA
GATTGTCAAG
GGCACGGGTA
CCAAAAGAAT
GTGAGTGAAT
GCTAGATTAT
ATATACTTGA
GATGATCCAT
TAATTACCTT
AGGAAATTGC
AGCGATTGGT
AATTGAGCTA
TCACTTTCAG
ACAAGATTAC

AGCAGCAAGT
AGAGCAGTAA
AAGGTCTTTG
TGTTCAAAAC
CTTTGATCTT
AATTTGATCT
CAAAGGTCTT
GTTGGATCAT
CCTTTCTTGA
GTCAAATTTG
AGAAATTAAG
CATCAAAACC
ATTGGTGGAG
TTACAATGAC
TGGCCCAAGA
CTTGATCTTT
TGAGCTGCAC
TGTTTGATGA
CGCTTATGTA
CGCAAATTGT
TAACCATTAC
CAAAAATATG
AACTAAAATG
CTGAATGATC

TGTATCTCTT
ACCTTATGTT
TTAATTTCAT
TCCAAAATTT
GTAGTCAATG
TGCTATATCC
CTGGATTGGG
AGTAATGATT
AAATAATGTT
AGTATGTTGT
TTCTTCAAGG
TAGCACTCCG
GGACCGGGCT
AAAAGAACTT
TATTTTAATT
TACGTAGACA
AGGTGTTTTC
ACCTCTTTTG
CTCAAGAAGA
CGAGGGCTAC
TGAAGAGGCA
CCTAGTTATC
GTTATGGGCT
TTATGGGGAG



Figure A4.6. Sequence of a fragment for Nfor_R1-like_1.

1 GGCATCGCGG TTTGAAGATT TCTCTCTGGA TATGCCACAT ATTTCCCTTA CCCGCACAAT GATATATTCT TCTGAACCCG

81 GTTGGCACCG CTCCTGGCCA AGTCCTCTTC CCGAAGAAGG TCCATTTCGC GGTGTCAAAG AGCTTGTTAG AGTGTTGGAC
161 TTGGGGTGCA TCAACATTGG CAATACCTTT CATCCGGAAA TAGAAAGGCT TGTGCATTTG AGATTTTTGT CACTACAGAG
241 TGACATGACG GTCATGCCCT CTTGGATTTC CAAGCTCTGG AGCTTAGAAA CTTTGCTAGT GAAAGGAACA AAAGGTGAGG
321 CAGCATTACC AGATACATTT TTCAGTATGA CAAGGCTGAG GCATGCACAT ATAACAAAGG GATTGTTTGC AGAGCTTATC
401 CAACCCATCT CTTTCTTATA ACAAAGGGAA CATAATGAGA AGCTTTCCTT TCCTTCAAAA ACTAAAATAC ATATTTTTGG
481 AATCTTGTGG TCATTCTGAG AACTTGGGAG AATATTGAAT CGCTCAATGT GATTTATGTG CTTCTGCCTT GTGAATTTAA
561 CTTCCCCTCG AACCTTAAGA AATTGACCTT ATCAAAGTTT CAGCTGCCAT GGGTTGAAAT TTCTGCAATT ACAGCATTAC
641 CAAACCTTGA GGTTTTGAAA CTGCTCTCAG AGGATTTTGA GGGAGAAGAG TGGAATGTGA GTGATGAGGA GTTCGCAAGA
721 CTCAAGTTCT TGAAATTGGG AAGTCTGAAC ATTACACTTT GGAATATATC AGATGATGCC TTCCAATCTC TTGAGCATAC
801 AGTGCTGCAA AATTGCAAGC AACTCATTGA GTTTCCTTCC GAGTTTGGTT ATAGTTGTTC CCTGCAAAAG ATTGAGGTGA
881 TCTTGTGTGG AGACTCTGTT TCTCAATCAG TCAGAAAAAT TGAGGAAATT CAGTGTGAAG AGATGGCAAA CAGCAAGCTC
961 AAGGTCATCA TTCAGAACCC AAGCAGGGAC CGAAGAAAAC GGATCTCGTC TTCAATTTCC GCTCAGTTGT AAGTAAATTT
1041 GAGATATATA TGTGTGTIGCG CGGGG
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Figure A4.7. Sequence of a fragment for Nfor_R1-like_2.

1 TTGACCAACA AGGAGAGCGT AAGGATGTGT TAGATGTTTG CAATCATATG ACCAATTTAT TTGTCAAATT TGAGTGCGTT

81 GTTGAAAACT TCGTGGTTAA TCCTTATTCC ACACGTAGCT TCTTGTTTAA TCATGTAGAC TATGCCATTG CAGAAATTAA
161 GCTTTTCAAG GACATTGTTG AATTTGTGCA TATCTTCATA GAAAATAAGG ATGTCCCAAG TGATTGTCAA ACATCAAAAC
241 CTAGCACTCC AATCATTGAT GAAGTAGTITG TAGGCTTGGA GGATCAGATA GAAATATTAA TGGCGCGGGT AATTGGTGGA
321 GGGGCTAAGC TTAATACCAT TCCTGTCATT GGCATGCCAG GGATTGGTAA GACAACACTC GCCAAAAGAA TTTACAATGA
401 CAGAAGAACT TCAGATCACT TTGATATTCG AGCATGGTGT TCCGTTTCTC CTAGACATAC GGTGAGTGAA TTAGCCCAAG
481 ATATTTTAAT TTCTATCGTT GATCTGAGCA ATGACATTCA CAAGAAGGAG CTAGATTATC TTGATCTTTT ACGTAGGCAG
561 CTACATAGAG GAAGATACCT CACCGTTTTA GATGAAGTGT GGGATTCTGA TATATTTGAT GAGTTGCACA TGTGCTTTCC
641 GGATAATCAT AATGGAAGCA GAGTITCTTGT TACCAGCGGC CGAAAATATG AGGATCCATT GTTTGATGAG CCTCTTTTGG
721 TTCGCTTGCT GATTCCGGAA GAGAGTTGTG AGCTATTACA AGTGAAGTAT AATCACCTITC GCTTATGTAC TCGAGAAGAA
801 TTTCGCAAAC CCCCAATTCC AAATGAGAAC TGTCCTGCTG AAGTTGGAAA GGAAATTGCC GTAAATTGTC GAGGGCTACC
881 TCTGGCCATT GTTTTGGTAG CTGGGTTTCT TGTCAATTTA GAGGACGACA ACGATTGGCT AACCATTACT GATGAGGCAT
961 TTAGTTCAGG AACTAATCAT GATGTAGGGG ACTGCAATGA AATAATAGAA TTGAGCCGCA AAAATATGCC TGGTTATCTA
1041 AGACAATGTT TTCTATGTTT TGCGGCATTA CCAATGAGTA CAGAAATTTC AGTTTCAAAA CTAGCATGGT TATGGGTTAG
1121 TGAAGGATTT TTACGAAGAG ATGAGGTGAA GAAACCAGAG GAAGTAGCTG AAGATTACCT GAATGATCTT ATGGGGAGGA
1201 GCC
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