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Abstract Germplasm from closely related diploid
relatives of tobacco (Nicotiana tabacum L.) could be of
value for continued genetic modification of this species
and for mapping quantitative trait loci (QTLs). We
examined near isogenic tobacco lines and hybrids
differing for an introgressed genomic region from N.
tomentosa Ruiz and Pavon designated as Many Leaves
that exhibits a large influence on leaf number and cor-
related traits. Within a ‘Red Russian’ genetic back-
ground, the region acted in an additive to partially
dominant fashion to delay flowering time, and increase
leaf number, plant height, and green leaf yield. Evi-
dence of epistasis was observed as the region affected
these traits to varying degrees in diverse near isogenic
hybrids. Fifteen amplified fragment length polymor-
phism (AFLP) markers of N. tomentosa origin were
mapped within a single linkage group of 34.5 cM using
a population of 207 BC,F; individuals segregating for
Many Leaves. Composite interval mapping produced
2-LOD confidence intervals for likely QTL positions
influencing leaf number (3.1 cM region), plant height
(2.9 cM region), and days to flowering (3.3 cM region).
These intervals were overlapping. Results demonstrate
that genomic regions with large genetic effects can be
transferred to tobacco from closely related diploid
relatives, and that sufficient recombination within these
regions may permit mapping of genes controlling
quantitative traits. Materials and results described here
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may be useful in future research to gain insight on the
genetic control of the transition from vegetative to
reproductive development in Nicotiana.

Abbreviations

AFLP Amplified fragment length polymorphism
IL Introgression line

NIH  Near-isogenic hybrid

NIL  Near-isogenic line

QTL  Quantitative trait locus

RAPD Random amplified polymorphic DNA
RFLP Restriction fragment length polymorphism

Introduction

Vegetative development in plants, including the num-
ber of leaves produced, is regulated by a complex net-
work of signaling pathways that are controlled by
genes and their interactions with environmental condi-
tions such as photoperiod and temperature (Amasino
1996; Koornneef et al. 1998; Mouradov et al. 2002).
The number of leaves produced is often closely tied to
days to flowering. These traits are of interest for sev-
eral reasons. From a biological standpoint, there is
curiosity in understanding the factors that stimulate
transition from vegetative development to reproduc-
tive growth. In a sense, these are ‘adaptability’ genes
that contribute to reproductive success in specific envi-
ronments. Mapping experiments have led to the clon-
ing of genes involved in flowering response in a
number of species such as Arabidopsis thaliana, barley,
wheat, tomato, and rice (Yano et al. 2000; El-Din El-
Assal etal. 2001; Yan etal. 2004; Abe etal. 2005;
Turner et al. 2005; Wigge et al. 2005; Lifschitz et al.
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2006). Although rapid progress is being made in this
intense area of research, much remains unresolved.

From a more applied point of view, there is interest
in leaf number and flowering time because of their
relationship with crop plant yields. Unlike most agro-
nomic crop plants, tobacco is cultivated for its leaves
rather that its reproductive parts. In cultivated tobacco,
leaves continue to develop on a central stalk until
development of the primary reproductive structures is
initiated. Leaf number and days to flowering are conse-
quently components of yield. Plant genetics that con-
tribute to increased leaf numbers may aid in the
development of higher-yielding cultivars (King 1986),
and also play a role in alternative production regimes
that de-emphasize harvest of leaves at lower stalk posi-
tions (Wernsman and Matzinger 1980).

Leaf number and flowering time are highly corre-
lated traits in N. tabacum populations (Legg et al. 1965;
Matzinger et al. 1966; Legg and Collins 1971; Pandeya
et al. 1983). The species is generally considered to be
day neutral or indeterminate, although spontaneous
mutants of tobacco that flower only under short-day
conditions do occur. Such mutants were used in initial
experiments to investigate photoperiodism in plants
(Allard 1919; Garner and Allard 1920). Outside of the
two loci involved in this condition, leaf number and
days to flowering have been found be polygenic traits,
primarily under the control of genes with additive
effects (Robinson etal. 1954, Matzinger and Mann
1962; Marani and Sachs 1966; Pandeya et al. 1983). The
effect of different temperature and light regimes on
these traits may be genotype-dependent (Kasperbauer
1966; Kasperbauer and Lowe 1966). There is interest in
gaining increased insight on the genetic control of flow-
ering time and its relationship with leaf number in
N. tabacum for both theoretical and practical reasons.

A relative lack of polymorphism for RAPD (ran-
dom amplified polymorphic DNA), AFLP (amplified
fragment length polymorphism), and RFLP (restricted
fragment length polymorphism) markers within
tobacco has limited their usefulness for mapping genes
of N. tabacum origin. In crops such as tomato and rice,
near isogenic lines (NILs) or introgression lines (ILs)
possessing small segments of a wild relative’s genome
within the genome of the cultivated species have been
useful for introducing DNA polymorphism, facilitating
identification of favorable exotic alleles, and for dis-
secting corresponding quantitative trait loci (QTLs)
(Eshed and Zamir 1996; Brouwer and St. Clair 2004;
Fridman et al. 2004; Gur and Zamir 2004). NILs and
ILs are identical for the entire genome except for a sin-
gle introgressed region, and therefore all genetic varia-
tion between these lines is associated with the
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introduced segment. The use of such materials in
molecular quantitative genetic studies increases the
power of QTL identification and dissection by elimi-
nating background effects of other segregating QTLs.

Chromosome segments from wild Nicotiana rela-
tives have been introduced into cultivated tobacco
mainly through efforts to introgress simply inherited
disease resistance traits (Gerstel 1945; Clayton 1947;
Valleau et al. 1960; Apple 1962; Clayton 1969; Lewis
2005). Relatively speaking, however, these gene
donors are not closely related to the likely progenitor
species of N. tabacum (N. sylvestris Spegazzini and
Comes, and N. tomentosiformis Goodspeed), and
recombination has often been suppressed in introgres-
sed regions (Bai et al. 1995; Johnson et al. 2002; Lewis
2005; Lewis et al. 2005; Milla et al. 2005). While abun-
dant marker polymorphism has been introduced in
these transfers, the relative lack of recombination has
limited the ability to map positions of valuable genes
precisely within the introgressed regions.

Diploid species more closely related to N. tabacum
(N. sylvestris, or species from section Tomentosae)
might be valuable sources of alleles for improvement
of quantitative traits in cultivated tobacco (Wernsman
and Matzinger 1966). Introduction of germplasm from
these materials should also introduce DNA polymor-
phism that might facilitate mapping of favorable genes
derived from the exotic source. N. tomentosa Ruiz and
Pavon (2n =24), is a very large branching Nicotiana
species that is native to Peru and Bolivia, and that has a
high degree of taxonomic relationship to N. tomentosi-
formis (2n = 24), one of the probable progenitor spe-
cies of N. tabacum (Goodspeed 1954; Chase et al. 2003;
Knapp et al. 2004). Clausen and Cameron (1944) pro-
vided a brief description of a NIL of the tobacco line
‘Red Russian’ possessing an introgressed N. tomentosa
chromosome segment on chromosome B. This region
carries a genomic region designated as Many Leaves
(MI) that delays flowering by approximately 10 days
and increases leaf number by nine relative to Red Rus-
sian in field environments in North Carolina (personal
observations). These materials may be useful for inves-
tigating the potential of wild Nicotiana relatives as
sources of genes for continued genetic modification of
N. tabacum, for mapping loci involved in the control of
quantitative characters, and also for gaining increased
insight on the genetic control of the transition from
vegetative to reproductive growth in Nicotiana.

The first objective of this research was to investigate
the phenotypic effect of the introgressed N. tomentosa
chromosome segment on leaf number and correlated
traits when in heterozygous and homozygous condition
in the Red Russian genetic background. The effect of
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the introgressed QTL(s) was also examined in six
diverse near isogenic hybrids (NIHs) that varied widely
for plant type and leaf number. The third objective was
to identify ALFP markers that were polymorphic
between the two NILs and to use these to genotype a set
of 207 field-grown BC,F, individuals segregating for the
introgessed chromatin. The goal was to identify markers
linked to the introgressed flowering time QTL, to deter-
mine the degree of recombination between N. tabacum
and N. tomentosa chromatin, and to more precisely map
the genetic factor(s) influencing leaf number, plant
height, and days to flower. If sufficient recombination
occurs, diploid relatives closely related to N. tabacum
might be valuable for molecular quantitative genetic
studies in Nicotiana, and also as sources of alleles for
continued genetic modification of the cultivated species.

Materials and methods
Plant materials

The genetic stock Red Russian MIMI was created by
transferring an introgressed chromosome region origi-
nating from N. tomentosa to germplasm line Red Rus-
sian (hereafter referred to as Red Russian m/ml/) using
an unreported number of backcrosses (Clausen and
Cameron 1944). Seed of this NIL has been maintained
by the North Carolina State University tobacco breed-
ing and genetics program. Seed of the line Red Russian
mliml, as well as two accessions of N. tomentosa (TW
140 and TW 141) were obtained from the United States
Nicotiana Germplasm Collection (Oxford, NC). Nicoti-
ana tomentosa accessions ITB 1015 and 914750067
were obtained from Altadis Institut du Tabac (Berge-
rac, France) and The Botanical and Experimental Gar-
den of the Radboud University of Nijmegen
(Nijmegen, The Netherlands), respectively.

In order to evaluate the genetic effect of the intro-
gressed region on measured characteristics (see below)
in a uniform genetic background, Red Russian mlml
was crossed with Red Russian MIMI to generate F,
seed designated as Red Russian MIml. It was also of
interest to determine the effect of the alien region in
diverse F; hybrids with different genetic potentials for
leaf number and flowering time. Therefore, both Red
Russian miml and Red Russian MIMI were crossed
with Petite Havana, ‘Connecticut Shade 8212°, “TN 86’,
‘NC 2326’, ‘Speight 168’, and ‘Xanthi’ to produce six
pairs of near-isogenic hybrids (NIHs). Petite Havana is
a very early flowering genetic stock of tobacco with
very low leaf number. Connecticut Shade 8212 is a
cigar wrapper tobacco cultivar with high plant height

and relatively high leaf number. TN 86 is a burley
tobacco cultivar that flowers relatively late and has a
high leaf number. NC 2326 and Speight 168 are flue-
cured tobacco cultivars that produce, on average 16
and 22 leaves, respectively. Xanthi is an oriental
tobacco cultivar that produces a relatively high number
of smaller leaves on an average-size stalk.

Field evaluation of lines and hybrids

The effects of genetic factors within the Many Leaves
region were tested in a total of three environments.
The first two environments involved evaluation of a
total of 21 entries in replicated field experiments at the
Central Crops Research Station located near Clayton,
NC, during 2003 and 2004. The third environment
involved evaluation of 207 BC,F; field-grown plants
segregating for Many Leaves during 2005 (see below).
The replicated field experiment during 2003 and 2004
included the following entries: Red Russian m/ml, Red
Russian MIMI, Red Russian MIml, the six diverse
tobacco lines described above, and the six NIH pairs.
The experimental design each year was a randomized
complete block design with three replications. Individ-
ual plots consisted of single, 5-plant rows. Rows were
spaced 1.22 m apart with 0.53 m between plants within
rows. Plants were decapitated (topped) one leaf below
the lowest branch of the apical inflorescence at approx-
imately the day of opening of the first flower. Suckers
(lateral axillary branches) were controlled by hand
approximately every other day after topping.

Data were collected for each plot for the following
traits: average days to flower; leaf number; plant height
(cm); leaf length (cm) for the 3rd, 8th (when present),
and 13th (when present) leaves from the base of the
plant; leaf width in cm for the same leaves; and green leaf
yield (g plot™!) at the point of plant maturity. Days to
flower was based on the point when corollas were visible
on 50% of the plants within the plot. Measurements for
leaf number, plant height, leaf lengths, and leaf widths
were made for each plant within the plot and averaged.

An analysis of variance was performed on collected
data using PROC MIXED of SAS (SAS Institute Inc.,
Cary, NC). Entries were considered as fixed factors
and years were considered as random. Entry means
were calculated using the LSMEANS statement.
PROC CORR was used to calculate Pearson correla-
tion coefficients between measured traits. The genetic
effects of the introgressed region on the measured
traits within the Red Russian genetic background were
estimated using entry means according to Edwards
et al. (1987), where the additive value, ‘a,’ was esti-
mated as a = (MIMIl-milml)/2. The dominance value,
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‘d’, was estimated as d = MImi-(MIMI + miml)/2. The
dominant/additive ratio was calculated as d/a.

ESTIMATE statements were used in PROC
MIXED of SAS to test for the following: (1) significant
differences for measured characteristics between mem-
bers of a NIH pair, (2) the significance of the effect of
MI over all seven genetic backgrounds (Miml genotypes
versus mlml genotypes), (3) significant differences
between the effects of the introgressed QTL in different
genetic backgrounds. Tests for significant heterosis for
measured traits were also made for F; hybrid combina-
tions using ESTIMATE statements in PROC MIXED
of SAS according to Stalder and Saxton (2004).

Marker-trait associations

A total of 160 AFLP primer combinations (LI-COR, Lin-
coln, NE) were screened for their ability to reveal poly-
morphisms between DNA from Red Russian miml and
Red Russian MIMI. DNA was isolated according to John-
son et al. (1995), except that a BIO 101 FastPrep machine
(BIO 101 Inc., Vista, CA) was used for tissue grinding.
AFLP reactions were performed according Myburg and
Remington (2000), and gels were run on a LI-COR
model 4200 automated sequencer. Gels were scored ini-
tially by the software package AFLP-Quantar 1.0 (Key-
gene Products B.V., Wageningen, The Netherlands), and
scoring was subsequently verified visually. Markers pres-
ent for Red Russian M/MI but absent for Red Russian
mliml were tentatively assigned to the introgressed chro-
mosome region from N. tomentosa. Four accessions of N.
tomentosa (specified above) were subsequently geno-
typed with these markers to provide insight on their ori-
gin. AFLP marker names were designated according to
the primers used to amplify the DNA, followed by the
band size in base pairs. E primers refer to those corre-
sponding to EcoR1 restriction sites, while M primers refer
to those corresponding to Msel restriction sites.
Polymorphic AFLP markers were subsequently
mapped on BC,F, individuals from the cross Red Rus-
sian MIMI/Red Russian miml//Red Russian miml that
were grown in the field at the Central Crops Research
Station during 2005. Plants were grown in five rows of 45
plants each (225 individuals total), with row and plant
spacing as described above, and border rows surround-
ing the entire experiment. Days to flowering was
recorded for each plant, and plants were subsequently
topped as described above. At plant maturity, data were
also collected for leaf number, leaf length (cm) and
width (cm) of the 5th and 10th leaves from the base of
the plant, plant height (cm), and green leaf yield (g).
PROC CORR of SAS was used to determine pheno-
typic correlations between the measured traits. DNA
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was successfully isolated from 207 of the 225 plants.
These plants were genotyped with those AFLP markers
found to be present for Red Russian MIMI, but absent
for Red Russian miml. Chi-square tests (Steel et al.
1997) were applied to each marker to test for segregation
distortion, and estimation of recombination fractions
and linkage map construction were performed using
MAPMAKER/EXP 3.0 (Lander etal. 1987). Linkage
order was established by first selecting a subset of eight
markers on the basis of LOD scores and pairwise link-
ages and then identifying the best order using the Com-
pare command. Remaining markers were added using
the Try command. The final marker order was checked
by the Ripple command with the default log-likelihood
threshold value of 2.0. Map distances (centimorgan, cM)
were estimated from recombination fractions and the
Kosambi mapping function (Kosambi 1944).

Polymorphic AFLP markers were subsequently
tested for statistical associations with traits measured
in the field-grown BC,F; population. The GLM proce-
dure of SAS was used to conduct single degree of free-
dom F-tests for each marker (Liu 1998) to determine if
mean trait ratings differed significantly for the two
AFLP genotype classes. Significance at the P =0.05
level was considered evidence of linkage between the
marker and a genomic region involved in the control of
the trait. R? values were also calculated for each
marker locus to determine that marker’s contribution
to the total variation for the measured traits. Compos-
ite interval mapping was also performed using Win-
dows QTL Cartographer (Wang etal. 2001-2004).
Log-likelihood (LOD) plots for statistically significant
associations between markers and the measured traits
were generated by calculating LOD scores at 0.5-cM
intervals along the linkage group. LOD threshold sig-
nificance levels (o =0.01 level) for each of the mea-
sured traits were determined using 1,000 permutations
of the procedure of Churchill and Doerge (1994). 1-LOD
and 2-LOD empiric confidence intervals for likely
QTL positions were also determined using QTL
Cartographer under the criteria of a 5cM minimum
distance between QTLs, and a minimum of 1 LOD
from the top to the valley of a QTL peak.

Results

Field evaluation of lines and hybrids

Twenty-one entries were evaluated in a replicated field
experiment during 2003 and 2004. Significant differ-

ences between years were detected for all measured
traits except the length of the 13th leaf (Table 1). Very



845
4

1-85

14:84

et (2007) 1
1 Gen

App

Theor

ed one
Observ en()type d
also . nt g sure
re ionifica €a
we Signi all m f the
ces its. d for inly o i
ifferen d tra Ive ainly nvi
ficant di casure 1so obse ere m over e
ignifica all m re als ions w oled le 2).
Slg ieS for tiOnS we 'nteraCt ere pO s (Tab MlMl
entrie terac The 1 data w mean ssian st
T inter tics. and entry dRu almo
yea teris pe, an of /,Re ced d
ac er ty ation Iml, rodu I, an
i Char OSSOV esent Sian m ter7 p talle ’ lot
ot L« non-cr ts for pr Red Ruslo days la ely 63 .cﬂé per phe
- ?}‘ & 2 ~ 8 onmen ed to . tely ximat f ylel foft
B R g g8 r mpar xXima pro lea ird lea ea-
% g5 £S5 Co d appro s, was ap green f the thir same m ¢
S 5 a2 re cs, e . o) he leaf,
=] " owe leav mor idth ivetot ighth
it ¥, ﬂ. more 326¢ nd w lative eig da
e , a ela the an
?\. *O g nm duced 2 e length reater r e. For length Using
N 248 pro 2). Th ere g s Tnaf D OAS
3 Sl P 5 ble e w [ ge ater noty in SA
£ 3 2RE 60 (Ta enotyp he mlm a gre Iml ge ED in S
§§ Tag %» MIMI g ts for t pe had to the mOC MIX difference
[ ¥y Z emen enoty lative PR the nd to
¥ 5 sur Ml g idth re nt of only e ’fol_l e
=R " i Z & the Ml af widt tateme types, ield wer ithin th
= 3 o .an p 3 rle Es no dyi W ed
§ 2. £33 = malle MAT two ger t, an ever. gress
) 522 ERAN g s ESTI hese height, 1, how intro t the
%’ = = SR = the pare t r, plant 05 level, nd. the it eXcePf the
ke R 3 om ber, 0. ound, rai o
g =3 3 = toc f num the kgr dt idth of t
t . ac re 1 on
2 5 - a for lea ificant a netic b Il measu th and w. nt fashi e
2:0 3 “g i" @ N= [5 § "g be sign ssian geﬂuence 3 the lengi domlnahese thre
g = N 3 = Ru in n ially rt
s £ = N NN = Red ted to leaf a arti nt fo .
S o0’ Lo = . ac ird itive to p rese f six
N 55 2 < egion he th ditiv asp h o
3 - ° o B : idth of tf in an ad inance w Ls to eac ed that
E * i,. ir b < W hth lea erdom ian NI develop essed
. RS 233 = = eig Ov ssia re dev ogresse
S S2823 : (Table 3). s of NIFs we ierent aoneti
E — < [¢3) 2] N (0] t -
S =5 2 poy S . . the irs of fect ifferen om
S SE a2 5 traits. ssing airs he effect h di .Inc
S. B = g . § By Crl?nes’ S1X I:;is()n of tunds W]tf numberigniﬁcant
> % ?)(.o o § 2 iverse compa backgro nd lea pair, S irs for
2| HERE £33 : Mowed for ion in b g time and of the six and for
Q Oo w’a@mf & allo : reg erm IS O of ‘ht’a -
9 gb HEE = 8 genontl};ls for ﬂorvlvmembfz1 for five ant helz%; was a tetllly
o Q= ~ « o B tenti twee erve irs for P Ther rea
= — S iy T 5 pote s be obser airs 4). re g ids
k= ol 5 © on re p le o Ti
0 % (33\] & 2 2 § paris nces we ur of Slx.dth (Tabion to .m in hyb er-
= & 5 e S § 3 differe mber, foth leaf wi sed reg ﬂOWerlnglater flow 26
5 \Domg‘f’ s 8 f nu ig res lay flo for lats N
o Q8 =39 kS lea ir for e . trog de al ng f
< = N = o Y =) air e In and tenti involvi lea
§ a § ~ g N ,.g E one p fOr thnumber enetic po brids 1nVOf Ml on und
—g § ~ ::i 2 dency e leaf eased g ber (hy effect was fo foI'
= &~ . S % incfeasd an incrl af num212)- The HaVanab erved 86
= £ . = e 8 ite obs N
: S E : ino and higher e valving Peti 1> a1
) & « oER S & h and icut S involving the e 12 an vels,
: 5| E5ERE S : o Conne(fltybrids ifrent e Shade 0005 iZgion
> — 50 — . . a . .
B g g < § § § a?lmber ll}ﬁcant]y Cgonnectlcg _ 0'034gen0mlc mber in
= ¥ % 23 n igni : he nu ing,
= 3 sig Ing tt tosa af ring
E slE_ it n|%E e i“VOIZuffefe“t; o imeronsed lerly S
» 3 52 = w B r tly . inc ea ly. .
Q © NRE SR hy ifican The nd (an ificant y Ti-
£ =g o e o 2 ionifi ). ime a na ionific pa
= 5 o 1 ivel . 1m va n om .
s e ¥ % 5 B (ZiecquO{Veﬂng It>etite })Iabut not Slli NIH (i:ﬁcant n
5| w i3 = 3 T d ing ©), bu 1I's ign
2|8 foBE 5 2 clayed | volvin notyp mn all lly s
= ) ! . S . a
g 5 S & 2 g = E 2 ﬁybrlds lnumber geher yleldot statistic enotypes
= @ - S N — S afn hlg cn lg sig-
5 g e % g S| E % w le had S wer . Mim and
212142 Ay lg(;notyl[’esdiffere“‘:e I, hybrids, A
= - % o o 3 but Tall Iy days ight,
- oF 0 - B o ns, ove d helg
5 TIZZ 5 < o red laye ant
E 23 8 = = any ca compa ntly de ber, pl
= =& =g When co nifica f num
.g < 5 ¥ c ibited S1g ter lea
- |5 >y e exhi ntly grea
: Seef|r s nifia
5 i 2
z i
=g F233é
=| &
E A

9 Springer



Theor Appl Genet (2007) 114:841-854

846

vl (44 Syl LTI €0¢ 0 I€ €67 961 10T (1e94 X A11ud) % AD
L09 06 £€9 08 7801 6'1€1 €661 0'ch Sy o€l (1894 x £nud) 60°0 AST
0'8CE L'EIS £81¢ 8'T6y 88T L'68E  9geh Soel 01 8T A I ueissny pay x Tyiuex
- - 9IS v'Tes £0LT 0'88¢ $€9¢ £8L 9¢l chp T ‘pujus ueissny poy X Iyiuex
L'90T $'89¢ SH61 8T 0°SST 9'97¢  888C 968 r'Le S6b gyuey
T'85¢ 7879 TELE L'S59 879¢ T6SS  P6OL 0TSt 6'CC SLS A i weissny pay x 891 1ydradg
8YLE 8'879 0'20p 789 £Tee 8T8y £2€9 101 Lyl (A1 ' ‘i wetssny poy] x 89T 1ysrodg
L70€ $'80L 143 8°00L $20¢€ 88ES  0€8L AV 6'€C $€9 891 1ySrads
SLLE L'9¥9 £09¢ 6'129 80LE LTS LTL9 9191 LT 065 A I eissy poY X 97€C ON
- - ssty 6'699 0'6€€ 0'88Y 1559 L'€0T 9¢l 0°0S ' ‘quspu wetssny pay x 976 ON
$06¢ $'989 143 1569 (4313 SIS 1889 6’101 LT 065 9Z€CON
SH6E 189 €SIy L'LLY T'85¢ 0SS 88LL 6'S61 8'8C 99 A I wetssny pay X 98 NLL
Tsey $'869 S6er 9'¥89 L'SEE 0'L0S  89SL QLI 991 Ses T ‘quius werssny poYy X 98 NLL
L'€8C S'H8¢ 0'LYE $'859 6'7SE 916S  9VIL 8'9LT (4¢3 708 98 N.L
9PLE €665 TTeE ¥'819 ¥'29¢ L8y 86+9 6'01C 6'SC Sv9  d I ueissY poy X ¢[T8 9PRYS INONIdUL0)
THov 8719 LTy SPE9 L'SEE 0'L9% 9SS €8¢l 91 TES N ‘wijui ueissmy pay X TT8 9PRYS INONdduuo)
Seee LTSS 01LE L'8LS SH0g vISh 1+8S v'1ee 9'6C €0L T1T8 2peyS 1MdIIIUU0)
- - L'L8T 8'98% €I 0TLE  PhEC ¥'€9 601 $'8e A I ueIssTY oY X BURARH R

- - - - L'L0T 0'65¢ 681 6'SP 78 Spe T ‘quius welssny poY X BUBABH 9M10d

- - - - S0t €9 65 Shb LS 0 BUBARH 91194
816€ TTss 6'€LE Y98 SLEE geLy  8LTS TIel L91 LTS A I wRIsSIY Y X Judju URISSIY POy
$'89¢ 019 3493 6'5SS 8Lt Lvly  Tss S9ET $0z €6S TN uelssIy poYy
- - T19¢ $€0S 0'99C €v9e 86I¢ TeL 911 €Sy Juiu weIssy poy

(uo) yeap  (wo) yeay (wo)yeoy  (wo)jesy  (wo)jes]  (wd) Jed (3) (uo)
wer Jo gt Jo s ysie jo parys jo pmyrjo  pEk Jydrey ‘ou Tomopy

WPIM LRELES Jo yIpIm y3uo] WPIMm LRELES 101d ey jeor  orskeq adfjousn

SIUQWIUOIIAUD BUI[OIR)) Y}ION OM] UI PIIBN[BAS UOISI oWOoUdT $240277 Auvjy passaISoIiur oY) INOYIIM pue Yiim SpLIqAy ' pue saul| 10J sueaw AU g d[qeL,

pringer

Qs



Theor Appl Genet (2007) 114:841-854

847

Table 3 Effect of the M/ genomic region on six measured traits
within the Red Russian genetic background

Trait a d d/a R?

Days to flower 5.0 24 048  0.929
Leaf number 4.5 0.7 015  0.993
Plant height (cm) 31.7 16.4 052 0918
Yield (g plot™!) 1163.0  917.0 0.79  0.828
Length of third leaf (cm) 55.2 53.8 097  0.760
Width of third leaf (cm) 30.9 40.6 131 0.635
Length of eighth leaf (cm) 26.2 345 1.32  0.634
Width of eighth leaf (cm) -35 162 —4.68 0.121

a is the additive value (Edwards et al. 1987) estimated by (MIM—
miml)/2, positive scores indicates allele with positive effect de-
rived from N. tomentosa. d is the dominance value (Edwards et al.
1987) estimated by MIml-(MIMI + miml)/2. d/a is the dominant/
additive ratio. R is the amount of variation explained

yield relative to mlml hybrids (Table 5). The width of
the eigth leaf was significantly lower for MIml geno-
types relative to miml genotypes.

Significant negative heterosis was observed for leaf
number in F; hybrids involving crosses of Red Russian
mlml with Connecticut Shade 8212, TN 86, and Xanthi
(data not shown). Significant heterosis was not
observed for this trait in their NIH counterparts involv-
ing Red Russian MIMI. Significant positive heterosis
was detected for plant height in hybrids involving
crosses of Red Russian MIMI with TN 86 and NC2326.
This was not observed for corresponding hybrids
involving Red Russian miml. For yield, significant posi-
tive heterosis was only observed for the TN86 x Red
Russian mlml hybrid. The only other cases of signifi-
cant heterosis were for the lengths and widths of the
eigth leaves. For these cases, the degree of heterosis
was greater and more significant for hybrids involving
Red Russian mlml as compared to those involving Red
Russian MIMI.

In the replicated field study, days to flower, leaf
number, plant height, and plot yield were all highly and
significantly positively correlated with each other
(Table 6). Plot yield was also found to be significantly
positively correlated with the lengths of the 3rd, 8th,
and 13th leaves, and also the widths of the third and
eighth leaves. Most leaf length and width measure-
ments were also found to be significantly positively
correlated.

Marker-trait associations

Screening of 160 AFLP primer combinations on DNA
isolated from Red Russian MIM! and Red Russian
miml revealed 15 unambiguous and reproducible
markers that were present for the former genotype and
absent for the latter (Table 7). These markers were

Table 4 Tests of significance for differences between nearly isogenic hybrids (NIH’s) for 10 measured traits

Difference?

Comparison

Plant Plot Third leaf Third leaf  Eighthleaf  Eighthleaf  13th leaf 13th leaf

Leaf
no.

Days to
flower

yield (g) length (cm) width (cm) length (cm)  width (cm)  length (cm)  width (cm)
449

height(cm)

4.7

13.0

2.7 17.5

4.0

P. Havana x R. Russian MIMIF; vs.
P. Havana x R. Russian mi/m! F,

933 20.8 26.8 —16.0 —22.5 1 29.6

72.6%*

11.3

C. Shade 8212 x R. Russian MIMI F, vs.
C. Shade 8212 x R. Russian milml F;
TN 86 x R. Russian MIMI F; vs.
TN 86 x R. Russian m/ml F;

22.5 —6.9 —24.2 7.3 30.7

38.0

220

78.1%*

12.7

31.8 —48.1 —65.2%%

9.1 %% 58.0% 176 36.8

9.0

NC2326 x R. Russian MIMI F, vs.
NC2326 x R. Russian mlml F;

40.5 —26.5 —28.8 0.7 16.7

76.3

771

50.9*

8.2%%*

Speight 168 x R. Russian MIMI F, vs.
Speight 168 x R. Russian miml F;
Xanthi x R. Russian MIMI F; vs.

Xanthi x R. Russian mim! F,

700 1.7 14.5 —29.6 —33.3

422

7.4%%

8.5

Indicate significant differences at the 0.05, 0.01, 0.001, and <0.0001 levels, respectively

2 Differences represent mlml phenotypic values subtracted from MIml phenotypic values

’

s

)
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Table 5 Tests of significance for differences between M/ml and
mlml genotypes over seven genetic backgrounds

Table 7 AFLP markers used to genotype BC,F, individuals, and
corresponding Chi-square values for testing for significant devia-
tions from 1:1 segregation ratios

Trait Difference
(MIml — miIml) Marker $?
Days to flower 8.5%* M2 E-AAC/M-CGT-109 11
Leaf number 7.8 A M15 E-AGT/M-CCA-130 0.8
Plant height (cm) 52 .5k M12 E-ATG/M-CCG-125 1.1
Plot yield (g) 761.5% M14 E-AGG/M-CAA-136 14
Third leaf length (cm) 422 M4 E-ACC/M-CGA-481 1.1
Third leaf width (cm) 30.3 M5 E-ATA/M-CCA-433 1.7
Eighth leaf length (cm) —-11.0 M1 E-ACT/M-CCT-130 6.3*%
Eighth leaf width (cm) —26.9%%* M10 E-AAC/M-CGA-368 4.3%
13th leaf length (cm) -85 M3 E-AAT/M-CGC-595 4.4%
13th leaf width (cm) —25.7 M6 E-AGT/M-CGC-439 4.6*
s o% we e Ind] — - M7 E-AGT/M-CGC-331 4.6*
, R ndicate s1gn1ﬁcgnt differences at the 0.05, 0.01, M9 E-AGT/M-CCG-410 4.6%
0.001, and <0.0001 levels, respectively Mil E-AGA/M-CGA-375 4.6%
M8 E-ACT/M-CCC-427 5.3*
subsequently mapped on 207 field-grown BC,F; indi- M13 E-AGT/M-CAG-289 6.3%

viduals from the cross Red Russian M/MI/Red Russian
mlml//Red Russian miml, and found to reside in a sin-
gle linkage group of 34.5 cM (Figs. 1, 2). Nine markers
exhibited slight segregation distortion because of lower
than expected transmission to female gametes
(Table 7). These nine markers all mapped together
within a 4 cM region near the end of the linkage group
(Figs. 1 and 2). All 15 markers were found to be pres-
ent in N. tomentosa accessions TW 140, ITB 1015, and
91475006. All markers except M12 were found to be
present for accession TW 141.

Application of F-tests to data collected from the 207
BCF, individuals indicated significant associations
between all markers and days to flower, leaf number,
and plant height (data not shown). For markers most
significantly associated with these traits, R? values were
0.46, 0.61, and 0.47, respectively. Histograms represent-
ing phenotypic distributions for these three traits are
provided in Fig. 3. Significant associations were also
found between most markers and length and width
measurements for the fifth and eight leaves. No signifi-
cant associations were detected between any marker
and yield.

*Indicates deviation from an expected 1:1 ratio at the 0.05 level of
significance

The composite interval mapping approach indicated
that 10 markers within the introgressed linkage group
had LOD scores that exceeded the calculated LOD
threshold significance levels (Churchill and Doerge
1994) of 2.28, 2.32, and 2.43 for days to flower, leaf
number, and plant height, respectively (Fig. 1). Over-
lapping 2-LOD confidence intervals (Cls) were identi-
fied for a QTL influencing plant height, leaf number,
and days to flower. The QTL had 2-LOD ClIs of 2.9,
3.1, and 3.3 cM in length, and had LOD peaks of 18.3,
29.2, and 18.7 for the three traits, respectively (Fig. 1).
The QTL within the region accounted for 27, 37, and
28% of the observed phenotypic variation for these
traits (Table 8), respectively, and was adjacent to
AFLP marker M1. BC,F, plants possessing the N. tom-
entosa QTL had delayed flowering (8.1 days),
increased leaf number (7.2 leaves), and increased plant
height (35.6 cm) (Table 8). No significant QTLs were
identified for yield using composite interval mapping

(Fig. 1).

Table 6 Pearson correlation coefficients for relationships between characteristics measured on lines and their F; hybrids

Leaf Plant Plot yield Third Third Eighth Eighth 13th 13th

number height leaf length leaf width leaf length leaf width  leaflength leaf width
Days to flower 0.906**#*  (0.861**** (.820%#** (.827**** (). 754**** (.494%* 0.196 0.256 —0.164
Leaf number 0.831##*%  (.625%* 0.604+* 0.498* 0.096 —0.163 —0.256 —0.469
Plant height 0.700%%*  0.664%* 0.718*#*  0.360 0.368 0.105 0.330
Plot yield 0.954%***  (0.891****  (.906%*** 0.602%#* 0.913**#*  (.423
Third leaf length 0.904#**% (0 887**** 0.532%* 0.819%#* 0.325
Third leaf Width 0.810%s##* 0.805%##*  0.727%* 0.736%*
Eighth leaf length 0.733%%* 0.959%##*  0.496
Eighth leaf width 0.666** 0.91 4%
13th leaf length 0.499

* Rk wwsk kkxk Represent significance at the 0.05, 0.01, 0.001, and <0.0001 levels, respectively
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24.0

18.0

LOD

6.0 1

Days to Flower
Leaf Number
Plant Height
-—- . Yield

LOD threshold
significance
levels

0.0 1=

Fig.1 QTL map for introgressed N. fomentosa genomic region
produced using composite interval mapping for days to flower,
leaf number, plant height, & yield. Markers are indicated beneath
the X axis, with intervals between them indicated in cM immedi-
ately above the X axis. 2-LOD & 1-LOD confidence intervals for
QTL positions are indicated by thin and thickened horizontal
bars, respectively, above the X axis (corresponding to plant
height, leaf number, & days to flower, from top to bottom).

For leaf measurements, calculated LOD threshold
values were exceeded only for the width of the 10th
leaf (Fig.2). Nine contiguous markers exceeded the
threshold LOD value of 2.22 for this trait. QTL Car-
tographer generated a 2-LOD CI of 7.6 cM for a QTL
affecting the width of the 10th leaf, and this CI over-
lapped with those identified for plant height, leaf num-
ber, and days to flower. This declared QTL had a LOD
peak of 3.52, and explained only 8% of the observed
phenotypic variation for this trait (Table 8). BC,F,
plants possessing the QTL had an average reduction in
the width of the 10th leaf of 34.1 cm.

In the BC,F, population, very significant positive
correlations were found for relationships between days
to flower, leaf number, and plant height (Table 9). Sig-
nificant negative correlations were observed for the
relationships of days to flower and leaf number with
the lengths and widths of the 5th and 10th leaves. Posi-
tive significant correlations were observed between
measurements for lengths and widths of the 5th and
10th leaves. Plot yield was found to be significantly and
positively correlated with plant height, and the lengths
and widths of the 5th and 10th leaves.

M1 = AFLP marker EACT/MCCT-130, M2 = EAAC/MCGT-
109, M3 = EAAT/MCGC-595, M4 = EACC/MCGA-481, M5 =
EATA/MCCA-433, M6 = EAGT/MCGC-439, M7 = EAGT/
MCGC-331, M8 = EACT/MCCC-427, M9 = EAGT/MCCG-410,
M10 = EAAC/MCGA-368, M11 = EAGA/MCGA-375, MI12 =
EATG/MCCG-125, M13 = MAGT/MCAG-289, M14 = EAGG/
MCAA-136, M15 = EAGT/MCCA-130

Discussion

This investigation demonstrates that diploid Nicotiana
species closely related to N. tabacum can contribute
alleles with large positive effects on the phenotype of
cultivated tobacco. It also demonstrates the potential
for sufficient recombination within chromatin intro-
gressed from such species, such that localization of cor-
responding QTLs may be achieved. This is in contrast
to past experiments dealing with chromosome seg-
ments carrying disease resistance genes introgressed
from Nicotiana species more distantly related to N.
tabacum’s probable progenitor species, N. tomentosi-
formis and N. sylvestris (Bai et al. 1995; Johnson et al.
2002; Lewis 2005; Lewis et al. 2005; Milla et al. 2005).
Hence, efforts to simultaneously transfer and map use-
ful/interesting genes derived from more closely related
species such as N. otophora Grisebach, N. tomentosi-
formis, N. kawakamii Ohashi, N. tomentosa, or N. syl-
vestris may be feasible. Wernsman and Matzinger
(1966) previously outlined methods for transferring
germplasm from these diploid relatives to the amphi-
diploid species N. tabacum. Previous research has also
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Fig.2 QTL map for introgressed N. tomentosa genomic region
produced using composite interval mapping for width of 5th leaf,
length of 5th leaf, width of 10th leaf, & length of 10th leaf. Mark-
ers are indicated beneath the X axis, with intervals between them
indicated in cM immediately above the X axis. 2-LOD & 1-LOD
confidence intervals are indicated by thin and thickened horizon-
tal bars, respectively, above the X axis for the position of a likely
QTL influencing the width of the 10th leaf. M1 = AFLP marker

demonstrated that beneficial alleles likely exist in these
species (Wernsman et al. 1976). Exploitation of this
diversity has been difficult, however, because of unfa-
vorable associations between alien gene introgression
and reduced cured leaf quality (Oupadissakoon and
Wernsman 1977). This might be overcome, however,
through the use of approaches involving simultaneous
favorable QTL identification and precise, marker-
assisted transfer to elite genetic backgrounds (Tanks-
ley and Nelson 1996; Huang et al. 2003).

Although several AFLP markers exhibited slight
segregation distortion, linkage mapping is robust in
the presence of these effects (Hackett and Broadfoot
2003) and we were able to map the likely position of a
genetic factor(s) with significant influence on leaf
number, flowering time, and plant height within a
3.3 cM region introgressed from N. tomentosa. Within
a Red Russian genetic background, the Many Leaves
region was found to act in an additive to partially
dominant fashion on days to flower, leaf number,
plant height, yield, and the width of the third leaf.
Overdominance was observed for the length of the
third leaf, and the width and length of the eighth leaf.

@ Springer
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EACT/MCCT-130, M2 = EAAC/MCGT-109, M3 = EAAT/MC
GC-595, M4 = EACC/MCGA-481, M5 = EATA/MCCA-433,
M6 = EAGT/MCGC-439, M7=EAGT/MCGC-331, M8 =EA
CT/MCCC-427, M9 = EAGT/MCCG-410, M10=EAAC/MC
GA-368, M11 = EAGA/MCGA-375, M12 = EATG/MCCG-125,
M13 = MAGT/MCAG-289, M14 = EAGG/MCAA-136, M15 =
EAGT/MCCA-130

Further work may provide additional insight on this
QTL. In tomato, Eshed and Zamir (1995) subjected
NIL regions to fine scale mapping using markers to
select for recombinants within these regions. Upon
fine mapping, a 37 cM introgressed region possessing
factors influencing total soluble solids yield was sub-
divided by recombination into a partially dominant
QTL that increases the trait and a second QTL that
decreases the trait when in homozygous condition.
Also, a 55 cM region initially identified to influence
fruit mass was found to contain at least three separate
QTLs.

Many QTL identified in crop plants have been dem-
onstrated to be involved in epistatic relationships
(Lark etal. 1995; Eshed and Zamir 1996; Lin et al.
2000). Three types of epistasis might affect complex
traits: (1) interactions between QTLs, (2) interactions
between QTLs and ‘background’ (modifying) loci, and
(3) interactions between ‘complementary’ loci. (Li
1998). The development and testing of NIHs differing
for the presence/absence of the M/ QTL allowed for
testing for variability in the effect of M/ in different
genetic backgrounds. The null hypothesis was that M/
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Table 8 Biometrical parameters of quantitative trait loci affect- would have the same effect in all genetic backgrounds
ing phenotypic variation for four measured traits in a BC,F,; pop- ~ (low or high genetic potential for leaf number). The
ulation segregating for AFLP markers within an introgressed N. effect of M/ on flowering time varied from 4.0 to
fomentosa genomic region 12.7 days, and its effect on leaf number varied from 2.7
Trait (locus) Map Effect? R* LOD  to 12.3 leaves. It was interesting that, in the materials
position (cM) studied here, M! appeared to have a greater effect in
Days to flower (M-a) 302 811days 028 18.74 hyl?rlds Wlth increased genetic potentlal. for these
Leaf number (MI-b) 30.2 7.17 leaves 0.37 29.24  traits. This observed result may reflect the importance
Plant height (Ml-c) ~ 30.2 3559em 027 1830  of epistasis, or modifying factors, on the expression of
Width of 10th 30.2 —34.07 cm 0.08 3.52 these traits
leaf (MI-d) ’

R? indicates the percentage of the total phenotypic variation that
is attributed to variation at each locus

? Effect is calculated as [marker heterozygote mean (+/—)-mark-
er homozygote mean (—/—)]. A positive value indicates a positive
effect of the N. tomentosa allele

The introgressed chromosome region from N. tom-
entosa exhibited a significant positive influence on leaf
number in N. tabacum. Modern flue-cured tobacco cul-
tivars are typically topped (decapitated) at 18-20 har-
vestable leaves plant™'. Tobacco cultivars with genetic
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Table 9 Pearson correlation coefficients for relationships between measured traits for BC1F1 individuals

Leaf Plant Plot yield Fifth Fifth 10th 10th

number height leaf width leaf length leaf width leaf length
Days to flower 0.876%#** 0.806%##* —0.094 —0.345% % —0.324 %% —0.41 7% —0.280%***
Leaf number 0.907 sk 0.107 —0.285%* —0.248##* —0.323 %k —0.206%*
Plant height 0.327 ##% —0.049 —0.003 —0.073 —0.010
Yield 0.660% % 0.672%#*%* 0.668###* 0.617%##%*
Fifth leaf width 0.816%#** 0.6807% 0.585 %%
Fifth leaf length 0.568###* 0.548##:#%
10th leaf width 0.674##%%

wk GkkxRREE represent significance at the 0.01, 0.001, and <0.0001 levels, respectively

potential for increased leaf number can be topped at
much higher leaf numbers, as many as 30 leaves
plant™!. To date, these cultivars have typically been
developed through the use of recessive alleles confer-
ring photoperiod sensitivity and continued vegetative
development in temperate regions until the number of
hours of light day~! declines to a certain point. Culti-
vars with increased leaf number offer the potential for
increased yields and increased flexibility in crop man-
agement (Wernsman and Matzinger 1980; King 1986).
In the current investigation, leaf number was highly
correlated with yield in the replicated field experiment
involving lines and hybrids, but not significantly corre-
lated with yield in the segregating BC,F; population.
Yield was significantly higher in lines and hybrids pos-
sessing M! as compared to mliml lines and hybrids.
Although yield was greater in BC,F; plants possessing
N. tomentosa markers, these differences were not sta-
tistically significant. In both the replicated experiment
and in the BC,F, population, increases in leaf number
came at the expense of decreases in the widths and
lengths of leaves at upper stalk positions.

Practices in which cultivars are topped at higher leaf
numbers have not been widely adopted in commercial
production because of a tendency of these practices to
contribute to reductions in profit hectare™! due to
reduced cured leaf quality. If cultivars with increased
genetic potential for leaf number are to be cultivated at
higher leaf numbers in the future, this must be accom-
panied with new production practices and/or plant
genetics that contribute to improved cured leaf quality
at these leaf numbers. Genetic factors located within
the M! region may be useful as an additional source of
variation for leaf number in future tobacco breeding
populations.

There is interest in gaining additional insight on the
control of the transition of vegetative to reproductive
development in plants, including the role of genetic
factor(s) within the MI region. NILs have been useful
for aiding in the isolation of genes controlling quantita-
tive traits, including those influencing flowering time

@ Springer

(Doebley et al. 1995; Frary et al. 2000; Yano et al. 2000;
Fridman et al. 2004). Genetic materials and results
described in this report may be of value in future
experiments to investigate the control of this trait in
Nicotiana. Future work may include a candidate gene
approach (Pflieger et al. 2001) to test whether or not
Nicotiana sequences orthologous to those previously
shown to affect these traits in other species (Yano et al.
2000; El-Din El-Assal et al. 2001; Yan et al. 2004; Abe
et al. 2005; Turner et al. 2005; Wigge et al. 2005; Lifs-
chitz et al. 2006) also affect the same characteristics in
tobacco populations segregating for MI. Such an
approach has been tested in soybeans (Tasma and
Shoemaker 2003).

Acknowledgements The authors would like to thank to Philip
Morris, USA, for their financial support of the N.C. State Univer-
sity tobacco breeding and genetics research program.

References

Abe M, Kobayashi Y, Yamamoto S, Daimon Y, Yamaguchi A,
Ikeda Y, Ichinoki H, Notaguchi M, Goto K, Araki T (2005)
FD, A bZIP protein mediating signals from the floral path-
way integrator FT at the shoot apex. Science 309:1052-1056

Allard HA (1919) Gigantism in Nicotiana tabacum and its inher-
itance. Am Nat 53:218-233

Amasino RM (1996) Control of flowering time in plants. Curr
Opin Genet Dev 6:480-487

Apple JL (1962) Transfer of resistance to black shank (Phytoph-
thora parasitica var. nicotianae from Nicotiana plumbaginifo-
lia to N. tabacum). Phytopath 52:1 (abstract)

Bai D, Reeleder R, Brandle JE (1995) Identification of two
RAPD markers tightly linked with the Nicotiana debneyi
gene for resistance to black root rot of tobacco. Theor Appl
Genet 91:1184-1189

Brouwer DJ, St. Clair DA (2004) Fine mapping of three quanti-
tative trait loci for late blight resistance in tomato using near
isogenic lines (NILs) and sub NILs. Theor Appl Genet
108:628-638

Chase MW, Knapp S, Cox AV, Clarkson JJ, Butsko Y, Joseph J,
Savolainen V, Parokonny AS (2003) Molecular systematics
and the origin of hybrid taxa in Nicotiana (Solanaceae). Ann
Bot 92:107-127

Churchill GA, Doerge RW (1994) Empirical threshold values for
quantitative trait mapping. Genetics 138:963-971



Theor Appl Genet (2007) 114:841-854

853

Clausen RE, Cameron DR (1944) Inheritance in Nicotiana taba-
cum. XVIII. Monosomic analysis. Genetics 29:447-477

Clayton EE (1947) A wildfire resistant tobacco. J Hered 41:171-
175

Clayton EE (1969) The study of resistance to the black root rot
disease of tobacco. Tob Sci 13:30-37

El-Din El-Assal S, Alonso-Blanco C, Peeters AJ, Raz V, Koorn-
neef M (2001) A QTL for flowering time in Arabidopsis
reveals a novel allele of CRY2. Nat Genet 29:435-440

Edwards MD, Stuber CW, Wendel JF (1987) Molecular-marker-
facilitated investigations of quantitative-trait loci in maize. I.
Numbers, genomic distribution and types of gene action.
Genetics 116:113-125

Eshed Y, Zamir D (1995) An introgression line population of
Lycopersicon pennellii in the cultivated tomato enables the
identification and fine mapping of yield-associated QTL.
Genetics 141:1147-1162

Eshed Y, Zamir D (1996) Less-than-additive epistatic interac-
tions of quantitative trait loci in tomato. Genetics 143:1807-
1817

Frary A, Nesbitt TC, Grandillo S, Knapp E, Cong B, Liu J, Meller
J, Elber R, Alpert KB, Tanksley SD (2000) fw2.2: a quantita-
tive trait locus key to the evolution of tomato fruit size.
Science 289:85-88

Fridman E, Carrari F, Liu Y-S, Fernie AR, Zamir D (2004)
Zooming in on a quantitative trait for yield using interspe-
cific introgressions. Science 305:1786-1789

Doebley J, Stec A, Gustus C (1995) Teosinte branchedl and the
origin of maize: evidence for epistasis and the evolution of
dominance. Genetics 141:333-346

Garner WW, Allard HA (1920) Effect of the relative day and
night and other factors of the environment on growth and
reproduction in plants. J Agric Res 18:506-553

Gerstel DU (1945) Inheritance in Nicotiana tabacum. XIX. Iden-
tification of the tabacum chromosome replaced by one from
N. glutinosa in mosaic-resistant holmes samsoun tobacco.
Genetics 30:448-454

Goodspeed TH (1954) The genus Nicotiana. Chronica Botanica,
Waltham, MA

Gur A, Zamir D (2004) Unused natural variation can lift yield
barriers in plant breeding. PLoS Biol 2:1610-1615

Hackett CA, Broadfoot LB (2003) Effects of genotyping errors,
missing values and segregation distortion in molecular marker
data on the construction of linkage maps. Heredity 90:33-38

Huang XQ, Coster H, Ganal MW, Roder MS (2003) Advanced
backcross QTL analysis for the identification of quantitative
trait loci alleles from wild relatives of wheat (Triticum
aestivum L.) Theor Appl Genet 106:1379-1389

Johnson ES, Miklas PN, Stavely JR, Martinez-Cruzado JC (1995)
Coupling and repulsion-phase RAPDs for marker-assisted
selection of PI 181996 rust resistance in common bean. Theor
Appl Genet 90:659-664

Johnson ES, Wolff MS, Wernsman EA (2002) Marker-assisted
selection for resistance to black shank disease in tobacco.
Plant Dis 86:1303-1309

Kasperbauer MJ (1966) Interaction of photoperiod and tempera-
ture on flowering of burley tobacco. Tob Sci 10:119-120

Kasperbauer MJ, Lowe RH (1966) Flowering of three types of
Nicotiana tabacum under controlled-environments. Tob Sci
10:107-108

King MJ (1986) Leaf number at topping and yield, grade index,
and leaf chemistry of a mammoth-type tobacco. Agron J
78:913-915

Knapp S, Chase MW, Clarkson JJ (2004) Nomenclatural changes
and a new section classification in Nicotiana (Solanaceae).
Taxon 52:73-82

Koornneef M, Alonso-Blanco C, Peeters AJM, Soppe W (1998)
Genetic control of flowering time in Arabidopsis. Annu Rev
Plant Physiol Plant Mol Biol 49:345-370

Kosambi DD (1944) The estimation of map distance from recom-
bination values. Ann Eugen 12:172-175

Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ, Lincoln
SE, Newburg L (1987) MAPMAKER: an interactive computer
package for constructing primary genetic linkage maps with
experimental and natural populations. Genomics 1:174-181

Lark KG, Chase K, Adler F, Mansur LM, Org JH (1995) Interac-
tions between quantitative trait loci in soybean in which trait
variation at one locus is conditional upon a specific allele at
another. Proc Natl Acad Sci USA 92:4656-4660

Legg PD, Collins GB (1971) Genetic parameters in burley popu-
lations of Nicotiana tabacum L. 1. ‘Ky10’? x‘Burley 21.” Crop
Sci 11:365-367

Legg PD, Matzinger DF, Mann TJ (1965) Genetic variation and
covariation in a Nicotiana tabacum L. synthetic two genera-
tions after synthesis. Crop Sci 5:30-33

Lewis RS (2005) Transfer of resistance to potato virus Y (PVY)
from Nicotiana africana to Nicotiana tabacum: possible influ-
ence of tissue culture on the rate of introgression. Theor
Appl Genet 110:678-687

Lewis RS, Milla SR, Levin JS (2005) Molecular and genetic char-
acterization of Nicotiana glutinosa L. chromosome segments
in tobacco mosaic virus-resistant tobacco accessions. Crop
Sci 45:2355-2362

Li Z (1998) Molecular analysis of epistasis affecting complex
traits. In: Paterson AH (ed) Molecular dissection of complex
traits. CRC, Boca Raton, FL, pp 119-130

Lifschitz E, Eviatar T, Rozman A, Shalit A, Goldshmidt A, Am-
sellem Z, Alvarez JP, Eshed Y (2006) The tomato FT ortho-
log triggers systemic signals that regulate growth and
flowering and substitute for diverse environmental stimuli.
Proc Nat Acad Sci USA 103:6398-6403

Lin HX, Yamamoto T, Sasaki T, Yano M (2000) Characterization
and detection of epistatic interactions of 3 QTLs, Hdl, Hd2,
and Hd3, controlling heading date in rice using nearly iso-
genic lines. Theor Appl Genet 101:1021-1028

Liu BH (1998) Statistical Genomics—Linkage, mapping, and
QTL analysis. CRC, New York, NY

Marani A, Sachs Y (1966) Heterosis and combining ability in a
diallel cross among nine varieties of oriental tobacco. Crop
Sci 6:19-22

Matzinger DF, Mann TG (1962) Hybrids among flue-cured vari-
eties of Nicotiana tabacum in the F; and F, generations. Tob
Sci 6:127-134

Matzinger DF, Mann TJ, Cockerham CC (1966) Genetic variabil-
ity in flue-cured varieties of Nicotiana tabacum. 11. Dixie
Bright 244 x Coker 139. Crop Sci 6:476-478

Milla SR, Levin JS, Lewis RS, Rufty RC (2005) RAPD and
SCAR markers linked to an introgressed gene conditioning
resistance to Peronospora tabacina D.B. Adam. in tobacco.
Crop Sci 45:2346-2354

Mouradov A, Cremer F, Coupland G (2002) Control of flowering
time: interacting pathways as a basis for diversity. Plant Cell
14 (Suppl):S111-S130

Myburg AA, Remington DL (2000) Protocol for high-throughput
AFLP analysis using LI-COR IR? automated sequencers.
Forest biotechnology group, dept of forestry, NCSU.
Publicly available from the website http:/www.up.ac.za/
academic/fabi/eucgenomics/euc_mapping/ AFLP_proto-
col.pdfftsearch="AFLP’%20myburg’

Oupadissakoon S, Wernsman EA (1977) Agronomic perfor-
mance and nature of gene effects in progenitor species-
derived genotypes of tobacco. Crop Sci 17:843-847

@ Springer



854

Theor Appl Genet (2007) 114:841-854

Pandeya RS, Dirks VA, Poushinsky G (1983) Quantitative genet-
ic studies in flue-cured tobacco (Nicotiana tabacum). 1. Agro-
nomic characters. Can J Genet Cytol 25:336-345

Pflieger S, Lefebvre V, Causse M (2001) The candidate gene
approach in plant genetics: a review. Mol Breed 7:275-291

Robinson HF, Mann TG, Comstock RE (1954) An analysis of
quantitative variability in Nicotiana tabacum. Heredity
8:365-376

Stalder KJ, Saxton AM (2004) More estimation of genetic param-
eters. In: Saxton AM (eds) Genetic analysis of complex traits
using SAS. SAS institute, Cary, NC, pp 35-54

Steel RG, Torrie JH, Dickey DA (1997) Principles and proce-
dures of statistics, a biometrical approach. McGraw-Hill,
New York, NY

Tanksley SD, Nelson JC (1996) Advanced backcross QTL analy-
sis: a method for the simultaneous discovery and transfer of
valuable QTL’s from unadapted germplasm into elite breed-
ing lines. Theor Appl Genet 92:191-203

Tasma IM, Shoemaker RC (2003) Mapping flowering time genes
homologs in soybean and their association with maturity (E)
loci. Crop Sci 43:319-328

Turner A, Beales J, Faure S, Dunford RP, Laurie DA (2005) The
pseudo-response regulator Ppd-H1 provided adaptation to
photoperiod in barley. Science 310:1031-1034

Valleau WD, Stokes GW, Johnson EM (1960) Nine years’ expe-
rience with the Nicotiana longiflora factor for resistance to
Phytophthora parasitica var. nicotianae in the control of
black shank. Tob Sci 4:92-94

@ Springer

Wang S, Basten CJ, Zeng Z-B (2001-2004) Windows QTL car-
tographer 2.0. Department of statistics, North Carolina State
University, Raleigh, NC. http://statgen.ncsu.edu/qtlcart/
WQTLCart.htm

Wernsman EA, Matzinger DF (1966) A breeding procedure for
the utilization of heterosis in tobacco-related species hybrids.
Crop Sci 6:298-300

Wernsman EA, Matzinger DF, Mann TJ (1976) Use of progeni-
tor species germplasm for the improvement of a cultivated
allotetraploid. Crop Sci 16:800-803

Wernsman EA, Matzinger DF (1980) Mammoth genotypes and
tobacco management regimes for reduced production of
downstalk tobaccos. Agron J 72:1047-1050

Wigge PA, Kim M, Jaeger KE, Busch W, Schmid M, Lohmann
JU, Weigel D (2005) Integration of spatial and temporal
information during floral induction in Arabidopsis. Science
310:1056-1059

Yan L, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W,
SanMiguel P, Bennetzen JL, Echenique V, Dobcovsky J
(2004) The wheat VRN2 gene is a flowering repressor down-
regulated by vernalization. Science 303:1640-1643

Yano M, Katayose Y, Ashikari M, Yamanouchi U, Monna L,
Fuse T, Baba T, Yamamoto K, Umehara Y, Nagamura Y,
Sasaki T (2000) HdI, a major photoperiod sensitivity quanti-
tative trait locus in rice, is closely related to the Arabidopsis
flowering time gene CONSTANS. Plant Cell 12:2473-2482



	Analysis of an introgressed Nicotiana tomentosa genomic region aVecting leaf number and correlated traits in Nicotiana tabacum
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Field evaluation of lines and hybrids
	Marker-trait associations

	Results
	Field evaluation of lines and hybrids
	Marker-trait associations

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


