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Abstract Wildtype sunXower (Helianthus annuus L.)
seeds are a rich source of �-tocopherol (vitamin E).
The g = Tph2 mutation disrupts the synthesis of �-
tocopherol, enhances the synthesis of �-tocopherol,
and was predicted to knock out a �-tocopherol methyl-
transferase (�-TMT) necessary for the synthesis of �-
tocopherol in sunXower seeds—wildtype (g+ g+) lines
accumulated > 90% �-tocopherol, whereas mutant (g
g) lines accumulated > 90% �-tocopherol. We identi-
Wed and isolated two �-TMT paralogs (�-TMT-1 and �-
TMT-2). Both mapped to linkage group 8, cosegre-
gated with the g locus, and were transcribed in devel-

oping seeds of wildtype lines. The g mutation greatly
decreased �-TMT-1 transcription, caused alternative
splicing of �-TMT-1, disrupted �-TMT-2 transcription,
and knocked out one of two transcription initiation
sites identiWed in the wildtype; �-TMT transcription
was 36 to 51-fold greater in developing seeds of wild-
type (g+ g+) than mutant (g g) lines. F2 populations
(B109 £ LG24 and R112 £ LG24) developed for map-
ping the g locus segregated for a previously unidenti-
Wed locus (d). B109, R112, and LG24 were
homozygous for a null mutation (m = Tph1) in MT-1,
one of two 2-methyl-6-phytyl-1,4-benzoquinone/2-
methyl-6-solanyl-1,4-benzoquinone methyltransferase
(MPBQ/MSBQ-MT) paralogs identiWed in sunXower.
The d mutations segregating in B109 £ LG24 and
R112 £ LG24 were allelic to a cryptic mutation identi-
Wed in the other MPBQ/MSBQ-MT paralog (MT-2)
and disrupted the synthesis of �- and �-tocopherol in F2
progeny carrying m or g mutations—m m g+ g+ d d
homozygotes accumulated 41.5% �- and 58.5% �-T,
whereas m m g g d d homozygotes accumulated 58.1%
�- and 41.9% �-T. MT-2 cosegregated with d and
mapped to linkage group 4. Hence, novel tocopherol
proWles are produced in sunXower seed oil by three
non-allelic epistatically interacting methyltransferase
mutations.

Introduction

Vitamin E (tocol) antioxidants (�-, �-, �-, and �-
tocopherol and tocotrienol) have diverse metabolic
and biological functions in plants and animals and are
essential in human and animal diets (Kamal-Eldin and
Appelqvist 1996; Traber and Sies 1996; Brigelius-Flohe
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and Traber 1999; Bramley et al. 2000; Traber 2004a, b;
PXuger et al. 2004; Sattler et al. 2004; Havaux et al.
2005). The role of �-tocopherol (�-T) in human health
and nutrition has been the primary focus of vitamin E
research because the other forms are rapidly metabo-
lized and have lower vitamin E activities in vivo
(Sheppard et al. 1993; Traber and Sies 1996; PXuger
et al. 2004). However, a greater understanding of the
roles and importance of other tocols is beginning to
emerge and has been stimulated in part by the preva-
lence of �-T in European and �-tocopherol (�-T) in US
diets (Ohrvall et al. 1996; Christen et al. 1997; Bramley
et al. 2000; Jiang et al. 2000; Devaraj and Traber 2003;
Hensley et al. 2004; Wagner et al. 2004). The dietary
diVerence partly traces to the widespread consumption
of �-T-rich sunXower (Helianthus annuus L.) oil in
Europe and �-T-rich soybean (Glycine max L.) oil in
the USA.

Seeds are important natural sources of vitamin E
compounds (Sheppard et al. 1993; Eitenmiller 1997;
Cahoon et al. 2003). �- and �-T accumulate in varying
proportions in the seeds of most dicots. �-T percent-
ages are commonly lower than �-T percentages in oil-
seed crops, e.g., �- and �-T percentages are < 10–20 and
> 70–80%, respectively, in soybean and corn (Zea mays
L.) oils (Sheppard et al. 1993; Eitenmiller 1997; Shin-
tani and DellaPenna 1998; Dolde et al. 1999; Grusak
and DellaPenna 1999; Rocheford et al. 2002; Wong
et al. 2003). The proportions are closer to 50% �- and
50% �-T in cottonseed (Gossypium hirsutum L.) and
oil palm (Elaeis guineensis Jacq.). Wildtype sunXower
produces > 90% �-T and is unique among commodity
oilseeds other than saZower (Carthamus tinctorius L.),
another �-T-rich oilseed in the Compositae. The natu-
ral vitamin E activity of sunXower seed oil was greater
than the other seed oils, nuts, and seeds surveyed by
Sheppard et al. (1993).

The �-T proWle in physiologically mature seeds of
wildtype sunXower is produced by naturally strong 2-
methyl-6-phytyl-1,4-benzoquinone/2-methyl-6-solanyl-
1,4-benzoquinone methyltransferase (MPBQ/MSBQ-
MT) and �-tocopherol methyltransferase (�-TMT)
activities in developing seeds (Shintani and DellaP-
enna 1998; Shintani et al. 2002; Bergmüller et al. 2003;
Cheng et al. 2003; Van Eenennaam et al. 2003).
MPBQ/MSBQ-MT and �-TMT are necessary for the
synthesis of �-T and, when mutated, disrupt �-T syn-
thesis and enhance �-, �-, and �-T synthesis in charac-
teristically and predictably diVerent ways. The
methylation of MPBQ by MPBQ/MSBQ-MT yields
DMPBQ, the substrate for the synthesis of �-T by
tocopherol cyclase (TC) (PorWrova et al. 2002; Cheng
et al. 2003; Van Eenennaam et al. 2003; Kanwischer

et al. 2005); hence, MPBQ/MSBQ-MT mutations dis-
rupt Xow through the MPBQ ) DMPBQ ) �-T ) �-
T branch and redirect Xow through the MPBQ ) �-T
) �-T branch of the tocopherol biosynthetic pathway
(Cheng et al. 2003; Van Eenennaam et al. 2003). The
methylation of �- and �-T by �-TMT yields �- and �-T,
respectively; hence, �-TMT mutations disrupt the syn-
thesis of �- and �-T and cause a build up of �- and �-T,
with proportions of the latter hinging on the activity of
MPBQ/MSBQ-MT (Shintani and DellaPenna 1998;
Shintani et al. 2002; Bergmüller et al. 2003; Cheng et al.
2003; Van Eenennaam et al. 2003; Tang et al. 2006).
Null TC mutations disrupt ring cyclization of MPBQ to
�-T and DMPBQ to �-T and are lethal in Arabidopsis
(PorWrova et al. 2002). Non-lethal TC mutations, how-
ever, aVect tocopherol composition, in addition to
tocopherol accumulation (Kanwischer et al. 2005). Null
MPBQ/MSBQ-MT mutations, in addition to redirect-
ing Xow in the tocopherol biosynthetic pathway and
modifying tocopherol composition, disrupt plastoqui-
none (PQ) biosynthesis and are seedling lethal in Ara-
bidopsis (Cook and Miles 1992; Cheng et al. 2003).

Two non-lethal mutations (m = Tph1 and g = Tph2)
are known to disrupt �-T synthesis and produce novel
tocopherol proWles in sunXower seeds, primarily
increased �- and �-T (Demurin 1993; Demurin et al.
1996; Hass et al. 2003; Tang et al. 2005). The functions
disrupted by the m and g mutations have not been
identiWed. The tocopherol composition phenotypes
produced by the m and g loci, however, are characteris-
tic of MPBQ/MSBQ-MT and �-TMT mutations,
respectively (Shintani and DellaPenna 1998; Shintani
et al. 2002; Bergmüller et al. 2003; Cheng et al. 2003;
Van Eenennaam et al. 2003). We focused on isolating
the g locus and identifying the activity disrupted by the
g mutation in the present study, whereas Tang et al.
(2006), in a companion study, focused on isolating the
m locus and identifying the activity disrupted by the m
mutation. Tang et al. (2006) identiWed two MPBQ/
MSBQ-MT paralogs (MT-1 and MT-2). The m muta-
tion partially disrupts the synthesis of �-T, increases �-
and �-T percentages, and was caused by the insertion
of a 5.2 kb Ty3/gypsy-like retrotransposon in exon 1 of
MT-1. MT-1 was not transcribed in mutant homozyg-
otes (m m); hence, the spontaneous m = Tph1 mutation
discovered by Demurin (1993) is a knockout of one of
two MPBQ/MSBQ-MT paralogs (Tang et al. 2005,
2006). MT-1 and m cosegregated and mapped to link-
age group 1.

The g mutation disrupts the synthesis of �-T and
greatly increases �-T percentages in sunXower seeds—
wildtype homozygotes (g+ g+) produced > 90% �-T and
< 10% �-T, whereas mutant homozygotes (g g) pro-
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duced < 10% �-T and > 90% �-T (Demurin 1993;
Demurin et al. 1996). The phenotype of the mutant is
consistent with the disruption of �-TMT activity in
developing sunXower seeds (Shintani and DellaPenna
1998; Bergmüller et al. 2003; Van Eenennaam et al.
2003). Our initial goals were to isolate genes encoding
�-TMT activities in sunXower and test for associations
between g locus phenotypes and �-TMT locus geno-
types. Fortuitously, a previously unidentiWed mutation
segregated in F2 populations developed for mapping
the g locus (B109 £ LG24 and R112 £ LG24) and
were subsequently targeted for further study and anal-
ysis. The mystery mutations were discovered to be alle-
lic to d, a cryptic MT-2 mutation identiWed in a
population (NMS373 £ SRA16) segregating for MT-1
and MT-2 mutations; the mutant MT-2 allele was epi-
statically masked by the wildtype MT-1 allele in the
wildtype parent (NMS373) (Tang et al. 2006). Here, we
describe the isolation and analysis of �-TMT paralogs
(�-TMT-1 and �-TMT-2), identify the methyltransfer-
ase activity disrupted by the g mutation, describe
oVtype tocopherol proWles produced by interactions
among three non-allelic methyltransferase mutations
(m, g, and d), and substantiate, through forward
genetic analyses, the association between d and MT-2
found by Tang et al. (2006).

Materials and methods

Genetic stocks and segregating populations

Tocopherol phenotypes and m, g, and d locus geno-
types of several of the sunXower inbred lines used in
our study were not known a priori. Genotypes for the
biochemical mutant loci were ascertained, as described
herein and by Tang et al. (2006), from biochemical
phenotypes, �-TMT, MT-1, and MT-2 allele sequences
and INDEL marker genotypes, and �-TMT, MT-1, and
MT-2 transcript proWles. Genetic analyses were per-
formed on wildtype and oVtype inbred lines described
by Tang et al. (2006; RHA280, RHA801, NMS373,
VHG8, HG81, HD55, SRA16, VHB18, VHB45, and
MB17), in addition to the wildtype and oVtype inbred
lines described herein (HA341, HA821, RHA344,
2696-1, Krasnodar 917, B109, R112, and LG24).
Hybrids were produced between B109 and LG24 and
R112 and LG24 by manually emasculating B109 and
R112 Xowers and using LG24 as the pollen parent
(R112, B109, and LG24 are inbred lines).
B109 £ LG24 and R112 £ LG24 F2 seeds were pro-
duced by manually selWng one hybrid individual per
cross. Demurin (1993) developed LG24 (m m g g d+

d+). R112 and B109 (m m g+ g+ d d) were developed
from three-way hybrids (HA341/HA821//Krasnodar
917 and RHA344/2696-1//Krasnodar 917, respectively).
Krasnodar 917 (m m g+ g+ d d) is a single-cross hybrid
(VK373/VK66) (Demurin et al. 1996). VK373 and
VK66 were developed from crosses to LG15 (Demurin
1993). HA341 (PI 509051), HA821 (PI 599984),
RHA344 (PI 509054), and 2696-1 are wildtype inbred
lines (Roath et al. 1986; Miller et al. 1987; Miller and
Vick 2001).

Genomic DNA was isolated from 4- to 6-week-old
leaves using a modiWed CTAB method (Murray and
Thompson 1980). Total RNA was isolated from leaves
(60 days after germination; 60-DAG) and kernels
(seeds) (25 days after Xowering; 25-DAF) using TRI-
ZOL reagent (Invitrogen Life Technology, Carlsbad,
CA, USA). Total RNA samples were treated with
DNase I using TURBO DNA-Free (Ambion Inc., Aus-
tin, TX, USA). RNA quality and quantity were checked
using denatured agarose gels on Agilent Bioanalyzer
2100 (Agilent Technologies, Palo Alto, CA, USA).

Tocopherol phenotyping

Total lipids were isolated from seeds of several inbred
lines (RHA344, HA821, HA341, 2696-1, B109, R112,
and LG24), a single-cross hybrid (Krasnodar 917), 190
B109 £ LG24 F2 progeny, and 239 R112 £ LG24 F2
progeny for tocopherol quantiWcation by reverse-phase
high-performance liquid chromatography (HPLC).
Single-cross hybrids and inbred lines were phenotyped
by sampling and bulking eight seeds per genotype,
whereas F2 progeny were phenotyped by assaying half-
seed samples (the upper half of each F2 seed, distal to
the embryo, was sampled). Tocopherols were extracted
from seeds using protocols described by Burton et al.
(1985) and Podda et al. (1996). The hull (pericarp) was
removed and discarded and whole or half seeds were
weighed, added to 5 ml ethanol and 2.5 ml 1% w/v
aqueous ascorbic acid in a 25 ml screw-top glass tube,
and crushed with a TeXon rod. We added 1.5 ml of con-
centrated potassium hydroxide (KOH) to the ground
samples. Samples were saponiWed at 70°C for 30 min,
mixed every 10 min, and cooled on crushed ice before
adding 2.5 ml of 1% w/v aqueous ascorbic acid and
50 �l 2,6-di-tert-butyl-4-methylphenol as preserva-
tives. Lipids were extracted from the latter using 5 ml
hexane. The supernatant (4 ml) was drawn oV and
dried under vacuum using a SpeedVac (Savant Instru-
ments, Holbrook, NY, USA). The dried samples were
resuspended in 150 �l of 1:1 methanol:ethanol, vor-
texed, and added to an HPLC autosampler tube
(HPLC analyses were perform on 50 �l samples).
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Tocopherols were separated on a Waters 2695
HPLC using a 996 photodiode array detector (Milford,
MA, USA). F2 progeny were phenotyped using a
Waters Nova-Pak C18 3.9 £ 150 mm2 column, whereas
inbreds and hybrids were phenotyped using a Phenom-
enex Develosil RP-Aqueous C30 150 mm £ 4.6 mm
column (Torrance, CA, USA). �- and �-T could not be
separated on the Waters column, whereas �-, �-, �-,
and �-T were separated by the Phenomenex column
and separately quantiWed. The mobile phase was 99%
MeOH and 1% water run under isocratic conditions of
1 ml/min with a run time of 14 min according to the
manufacturer’s directions (Phenomenex, Torrance).
Samples were held at 5°C to prevent oxidation of the
tocopherols, whereas the column temperature was held
at 20°C. UV detection was recorded at 295 nm.

�-, �-, �-, and �-T standards were obtained from
Matreya Inc. (Pleasant Gap, PA, USA). Standards
were dried of all hexane, diluted in 100% ethanol, and
stored at ¡ 20°C. Concentrations of the standards were
measured by absorbance at the �max for each tocoph-
erol on a spectrophotometer (Spectronic 21, Bausch &
Lomb, Rochester, NY, USA) and calculated using
standard E-value divisors. Standards were diluted to an
equal concentration and mixed to create a standard
mixture, and a standard curve was developed by inject-
ing diVerent quantities of the standard mixture (0.05,
0.1, 0.1, 0.5, 1.0, and 2.0 �g) onto the column, recording
areas under response peaks, and graphing the injected
quantities against response peak area.

The isolation of �-TMT and TC

Arabidopsis �-TMT (GeneBank accession nos.
AF104220 and At1g64970; Shintani and DellaPenna
1998; Bergmüller et al. 2003) and TC (GenBank acces-
sion nos. AL022537 and AT4g32770; PorWrova et al.
2002; Sattler et al. 2003) cDNA sequences were used as
query templates to search for sunXower �-TMT and TC
homologs in the Compositate Genome Program Data-
base (CGPdb; http://cgpdb.ucdavis.edu) and NCBI
GenBank (http://www.ncbi.nlm.nih.gov). Once puta-
tive homologs were identiWed, cDNA clones for
selected CGPdb ESTs were isolated and sequenced.
We used 5� and 3� RACE (Rapid AmpliWcation of
cDNA Ends; FirstChoice RLM-RACE Kits, Ambion
Inc.) to amplify 5�- and 3�-UTRs from developing seed
RNAs (25-DAF) of three genotypes (NMS373, R112,
and LG24). Full-length �-TMT and TC cDNAs were
isolated from NMS373, R112, LG24, RHA280, and
RHA801 by RT-PCR using developing seed RNA
templates. Full-length �-TMT and TC genomic DNA
sequences were isolated from NMS373, R112, LG24,

RHA280, and RHA801 by PCR using leaf DNA tem-
plates. DNA sequencing was performed on ABI 3730
and 3730 XL DNA Analyzers (Applied Biosystems,
Foster City, CA, USA). cDNA, genomic DNA, and
protein sequences of �-TMT and TC were aligned
using GeneDoc 2.6 (http://www.psc.edu/biomed/gene-
doc/).

Genotyping and genetic mapping

Goodness-of-Wt of observed segregation ratios for the g
and d loci among 239 R112 £ LG24 and 190
B109 £ LG24 F2 individuals were tested using �2-statis-
tics (Sokal and Rohlf 1981). The two loci were pre-
dicted to segregate 9 g+ _ d+ _ : 3 g+_ d d : 3 g g d+ _ : 1 g
g d d in both populations, where g+ and d+ are domi-
nant (wildtype) alleles and g and d are recessive
(mutant) alleles and g and d locus genotypes were
inferred from �-, �-/�-, and �-T phenotypes. DNA
bulks were developed for g+ g+ d+ d+ and g g d d geno-
types by selecting 10 individuals from the upper tail of
the g+ _ d+ _ �-T distribution and 10 individuals from
the lower tail of the g g d d �-/�-T distribution in the
R112 £ LG24 F2 population (Fig. 1). We performed
bulked segregant analyses (BSA) (Michelmore et al.
1991) by screening R112, LG24, and the two DNA
bulks for polymorphisms among mapped SSR marker
loci (Tang et al. 2003). Polymorphic SSR markers were
genotyped in R112 £ LG24 on an ABI Prism 377
(Applied Biosystems). Genetic mapping analyses were
performed using MAPMAKER (Lander et al. 1987),
as described by Tang et al. (2002).

Single strand conformational polymorphism
(SSCP) and INDEL markers were developed for �-
TMT and INDEL markers were developed for TC and
screened for polymorphisms among several mutant
and wildtype inbred lines (NMS373, R112, LG24,
RHA280, RHA801, SRA16, VHG8, VHB18, VHB45,
HG81, MB17, and HD55) using previously described
methods (Kolkman et al. 2004). �-TMT and MT-2
INDEL markers were genotyped and mapped in
R112 £ LG24 F2 (n = 94) and RHA280 £ RHA801
RIL (n = 94) mapping populations using MAP-
MAKER (Lander et al. 1987), as previously described
(Tang et al. 2002).

�-TMT and TC expression analyses

Quantitative RT-PCR (qRT-PCR) analyses of �-TMT,
TC, and actin (GenBank acc. no. AF282624) transcript
accumulation were performed in triplicate on RNAs
isolated from developing seeds (25-DAF) and leaves
(60-DAG) on an MJ Opticon Detector (MJ Research
123
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Inc., Waltham, MA, USA) using Platinum SYBR
Green qPCR Kits (Invitrogen Life Technology); DNA
sequences for forward and reverse actin primer
sequences were FA = GCAAAAAGCAGCTCGTC
TGT and RA = AGCAGCTTCCATTCCAATCA,
respectively. The reaction contained in a Wnal volume
of 25 �l, 10 or 20 ng of reverse-transcribed total RNA
from seeds or leaves, respectively, 2.0 �M of the for-
ward and reverse primers, and 12.5 �l of 2£ Platinum
SYBR Green qPCR SuperMix. The initial denatur-
ation step was performed at 50°C for 2 min, then 95°C
for 2 min, followed by 40 cycles of 94°C for 15 s, 58°C
for 30 s, and 72°C for 30 s. The PCR reaction was held
at 95°C for 1 min, followed by 50°C for 3 min. Reasso-
ciation curves were produced by ramping the tempera-
ture from 60 to 90°C and recording the Xuorescence
intensity every 0.2°C with 10 s between reads. Standard

curves were produced for �-TMT, TC, and actin using
32, 16, 8, 4, and 2 ng of total RNA isolated from devel-
oping seeds (25-DAF) and 64, 32, 16, 8, and 4 ng of
total RNA isolated from leaves (60-DAG). �-TMT and
TC transcript accumulation was normalized to actin
using comparative threshold (Ct) values calculated
using the Opticon Monitor Analysis Software.

Statistical analyses

The intragenic and intergenic eVects of the g and d loci
on �-, �-/�-, and �-T percentages among B109 £ LG24
and R112 £ LG24 F2 progeny (n = 190 and n = 239,
respectively) were estimated using Type III mixed
model analysis of variance (ANOVA) statistics, where
the independent variables were g and d locus geno-
types (g+ _ d+_, g+ _ d d, g g d+ _, and g g d d) inferred
from phenotypes. SAS PROC GLM (Statistical Analy-
sis System, Cary, NC, USA; http://www.sas.com) pro-
grams were developed to perform statistical analyses
and estimate least square means for each of the four
g £ d genotypic classes (the data were unbalanced with
no missing cells). Type III F-tests (F = MG/MR:G) were
used to estimate the statistical signiWcance of intragenic
and intergenic eVects, where genotype (G) eVects (g, d,
and g £ d) were Wxed, F2 progeny nested in genotype
(R:G) eVects were random, MG is the mean square for
g, d, or g £ d, and MR:G is the residual (R:G) mean
square. The coeYcient of determination (R2) was esti-
mated for the complete 22 factorial (two-locus) model
(three degrees of freedom). ESTIMATE statements
were used to estimate intragenic (g and d) and inter-
genic (g £ d) eVects.

The additive (A), dominant (D), A £ A, A £ D,
D £ A, and D £ D eVects of �-TMT and MT-2 on �-,
�-/�-, and �-T percentages among R112 £ LG24 F2
progeny (n = 94) were estimated using Type III
ANOVA statistics and orthogonal contrasts among �-
TMT £ MT-2 genotype means (Falconer and Mackay
1996; Lynch and Walsh 1998). SAS PROC GLM pro-
grams were developed to perform statistical analyses
and estimate least square means for each of the nine �-
TMT £ MT-2 genotypes; A, D, A £ A, A £ D, D £ A,
and D £ D eVects were estimated using ESTIMATE
statements. The data were unbalanced with no empty
cells (genotypic data were present for each of the nine
�-TMT £ MT-2 genotypes). Type III F-tests (F = MG/
MR:G) were used to estimated the statistical signiW-
cance of each intragenic and intergenic eVect, where
DNA marker genotype (G) eVects (�-TMT, MT-2, and
�-TMT £ MT-2) were Wxed, F2 progeny nested in
genotype (R:G) eVects were random, MG is the mean
square for �-TMT, MT-2, or �-TMT £ MT-2, and

Fig. 1 Tocopherol phenotypes produced by F2 progeny segregat-
ing for the g and d mutations. �- and �/�-tocopherol percentages
among 190 B109 £ LG24 and 239 R112 £ LG24 F2 progeny seg-
regating for the g and d mutations
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MR:G is the residual (R:G) mean square. The coeY-
cient of determination (R2) was estimated for the com-
plete 32 factorial (two-locus) model (eight degrees of
freedom).

Results

Two mutant loci (g and d) segregated, epistatically 
interacted, and produced novel tocopherol proWles in 
sunXower seed oil

Tocopherol percentages were quantiWed in physiologi-
cally mature kernels (seeds) of wildtype and mutant
inbred lines and F2 individuals by HPLC (Table 1).
RHA344, 2696-1, HA821, and HA341 produced 92.0–
96.7% �-T and had wildtype tocopherol proWles,
whereas B109, R112, and Krasnodar 917 produced sig-
niWcantly less �-T (35.3–45.1%) and signiWcantly more
�-T (54.9–64.7%) than wildtype inbred lines
(P < 0.0001). Four non-overlapping phenotypic classes
were produced by the segregation of g and d among
B109 £ LG24 and R112 £ LG24 F2 progeny (Fig. 1).
The observed segregation ratios were not signiWcantly
diVerent from 9 g+ _ d+ _ : 3 g+_ d d : 3 g g d+ _ : 1 g g d
d in B109 £ LG24 (108 g+ _ d+ _ : 44 g+_ d d : 30 g g d+ _
: 8 g g d d; �2 = 4.52; P = 0.21) or R112 £ LG24 (139 g+_
d+ _ : 42 g+_ d d : 46 g g d+ _ : 12 g g d d; �2 = 1.09;
P = 0.78). The intragenic and intergenic interaction
eVects of g and d and least square means for the four
m £ g £ d genotypic classes (m m g+_ d+ _, m m g+ _ d
d, m m g g d+ _, and m m g g d d) were estimated
among 190 B109 £ LG24 and 239 R112 £ LG24 F2
progeny (Tables 2, 3; Fig. 1). The segregation of g and
d produced 91–96% of the phenotypic variability for �-
, �-/�-, and �-T percentages (Tables 2, 3).

The g mutation completely disrupted the synthesis
of �-T and caused the accumulation of �-T in m m d+ d+

individuals and �-T in m m d d individuals, whereas the
d mutation partially disrupted the synthesis of �-T and
caused the accumulation of �-T in m m g+ g+ individu-
als and �-T in m m g g individuals (Fig. 1; Tables 1, 2,
3). The intragenic eVect of g was signiWcant for �-, �-/�-
, and �-T percentages (P < 0.0001), the intragenic eVect
of d was signiWcant for �- and �-T percentages
(P < 0.0001), and the two loci epistatically interacted—
g £ d eVects were signiWcant for �-, �-/�-, and �-T per-
centages (P < 0.0001) (Table 3).

Genetic mapping of tocopherol mutant loci

The mutant loci (g and d) were genetically mapped in
the R112 £ LG24 F2 population using dominant and
recessive genotypes (g+ _ d+ _, g+ _ d d, g g d+ _, and g g
d d) inferred from tocopherol phenotypes (Fig. 1).
Bulked-segregant analyses (Michelmore et al. 1991)
identiWed SSR markers linked to g and d and narrowed
the search for additional linked SSR marker loci down
to two linkage groups (4 and 8) identiWed by Hass et al.
(2003). We screened 78 SSR markers for polymor-

Table 1 Tocopherol proWles, pedigrees, and putative m, g, and d locus genotypes for wildtype and mutant inbred lines. The d locus
genotypes for RHA344, HA821, HA341, and 2696-1 were unknown

Source Pedigree Genotype Tocopherol (% § standard error)

� � � �

RHA344 Miller et al. (1987) m+ m+ g+ g+ 92.0 § 1.9 6.5 § 2.3 1.5 § 1.3 0.0 § 0.0
HA821 Roath et al. (1986) m+ m+ g+ g+ 96.7 § 0.5 1.8 § 0.5 1.5 § 0.1 0.0 § 0.0
HA341 Miller et al. (1987) m+ m+ g+ g+ 95.5 § 0.6 1.9 § 0.2 2.6 § 0.8 0.0 § 0.0
2696-1 Miller and Vick (2001) m+ m+ g+ g+ 95.4 § 0.2 2.3 § 0.1 2.3 § 0.1 0.0 § 0.0
Krasnodar 917 VK373/VK66 m m g+ g+ d d 41.2 § 3.3 56.8 § 4.0 1.7 § 0.4 0.4 § 0.4
B109 HA341/HA821//Krasnodar 917 m m g+ g+ d d 45.1 § 3.5 54.9 § 3.5 0.0 § 0.0 0.0 § 0.0
R112 RHA344/2696-1//Krasnodar 917 m m g+ g+ d d 35.3 § 3.2 64.7 § 3.2 0.0 § 0.0 0.0 § 0.0
LG24 VNIIMK 8931 m m g g d+ d+ 0.0 § 0.0 0.0 § 0.0 88.2 § 0.9 11.8 § 0.9

Table 2 Genotypic means for �-, �/�-, and �-tocopherol percent-
age among 190 B109 £ LG24 and 239 R112 £ LG24 F2 progeny

a g+_ is the dominant genotypic class for the g locus (g+ g+ and g+

g genotypes) and d+_ is the dominant genotypic class for the d lo-
cus (d+ d+ and d+ d genotypes)

Tocopherol (%)

B109 £ LG24 F2 R112 £ LG24 F2

Genotypic classa � �/� � � �/� �

m m g+ _ d+_ 72.3 27.7 0.0 75.5 24.5 0.0
m m g+_ d d 40.7 59.3 0.0 42.0 58.0 0.0
m m g g d+ _ 0.0 89.0 11.0 0.0 86.9 13.1
m m g g d d 0.0 61.5 38.5 0.0 57.0 42.9
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phisms between the parents of the R112 £ LG24, g+ _
and g g F2 DNA bulks, and d+ _ and d d F2 DNA bulks
using the PCR-multiplexes described by Tang et al.
(2003). Twenty-four of the 78 SSR markers were poly-
morphic between R112 and LG24 and one (ORS70)
was polymorphic between g+ _ and g g DNA bulks.
None of the SSR markers in the multiplex set were
polymorphic between d+ _ and d d bulks, so 82 addi-
tional SSR markers were screened. The latter were dis-
persed across the 17 chromosomes in the haploid
genome (x = 17) of sunXower and spanned gaps
between SSR loci interrogated by the multiplexes
(Tang et al. 2003). Twelve of the 82 SSR markers were
polymorphic in R112 £ LG24 and one (ORS676) was
polymorphic between d+ _ and d d DNA bulks.

ORS676 and ORS70 had been previously mapped to
linkage groups 4 and 8, respectively (Tang et al. 2002,
2003; Yu et al. 2003), so 37 additional linkage group
(LG) 4 and 43 additional LG 8 SSR markers were
screened for polymorphisms between R112 and LG24.
Three polymorphic SSR markers from LG 4 and 12
polymorphic SSR markers from LG 8 were genotyped
and mapped in R112 £ LG24 (Fig. 2). g was tightly
linked to ORS70 and mapped to LG 8 and d was tightly
linked to ORS676 and mapped to LG 4.

DNA polymorphisms in �-tocopherol 
methyltransferase (�-TMT) alleles resequenced 
from mutant and wildtype inbred lines

We isolated full-length cDNA and genomic DNA
sequences for �-TMT and resequenced �-TMT alleles
from wildtype and mutant inbred lines to screen for
mutations. GenBank (http://www.ncbi.nlm.nih.gov/)
and the Compositae Genome Database (CGPdb; http://
cgpdb.ucdavis.edu/) were searched for sunXower
cDNA and genomic DNA sequences homologous to
Arabidopsis �-TMT (GeneBank acc. nos. AF104220

and At1g64970; Shintani and DellaPenna 1998; Berg-
müller et al. 2003) and yielded an EST contig (CGPdb
contig5094; 697 bp) and an EST (GeneBank acc. no.
CD852146; 874 bp) with signiWcant homology to Ara-
bidopsis �-TMT (e¡60 and 4e¡96, respectively); three
ESTs (QHK3O09, QHM1I15, and QHM3O15) were
found in the contig. cDNA clones for two ESTs
(QHK3O09 and QHM1I15) were isolated, sequenced,
and aligned with CD852146 and created a 1,291 bp
long contig spanning the complete coding sequence
(CDS). Complete UTR sequences were isolated by
RACE-PCR using R10, R14, or F67 (Table 4).

Full-length cDNA alleles were resequenced from
wildtype and mutant inbred lines (NMS373, R112,
LG24, RHA280, and RHA801). Two �-TMT tran-
scripts were ampliWed from RHA801 (�-TMT-1 and �-
TMT-2), whereas only one (�-TMT-1) was ampliWed
from NMS373, R112, LG24, and RHA280 (Supple-
mental Figure S1). The presence of two �-TMT tran-
scripts in developing seeds of RHA801 and
polymorphisms in DNA sequences isolated from LG24
and RHA801 prompted us to screen for �-TMT para-
logs in other inbred lines. Genomic DNA fragments
ampliWed from several inbred lines using the F1/R19
primer pair produced a single 571 bp band on agarose
(the F1/R19 primer pair ampliWes exon 1 and the Wrst
207 bp of intron 1 in �-TMT-1) (Fig. 3; Table 4). When
separated by SSCP analysis, two loci (four strands)
were observed in the wildtype (g+ g+) inbred line
RHA801 and four mutant (g g) inbred lines (LG24,
VHG8, HG81, and HD55), whereas a single locus (two
strands) was observed in other g+ g+ inbred lines
(NMS373, R112, RHA280, SRA16, VHB18, VHB45,
and MB17)—VHG8, HG81, and HD55 inherited the
mutant g allele from LG24 (Fig. 3). The presence of a
deletion in one of the paralogs (�-TMT-1) facilitated
the development of a codominant INDEL marker
(F67/R78) to screen for the presence of both paralogs

Table 3 CoeYcients of determination (R2) and statistical signiWcance (Pr > F) of the intragenic and intergenic eVects of the g and d lo-
cus on �-, �-/�-, and �-tocopherol percentage among 190 B109 £ LG24 and 239 R112 £ LG24 F2 progeny

g d g £ d

Tocopherol EVect (%) Pr > F EVect (%) Pr > F EVect (%) Pr > F R2

B109 £ LG24 F2
� 56.5 < 0.0001 15.8 < 0.0001 15.8 < 0.0001 0.96
�/� ¡ 31.7 < 0.0001 ¡ 2.1 0.15 ¡ 29.6 < 0.0001 0.93
� ¡ 24.8 < 0.0001 ¡ 13.8 < 0.0001 ¡ 13.8 < 0.0001 0.92
R112 £ LG24 F2
� 58.5 < 0.0001 16.7 < 0.0001 16.7 < 0.0001 0.95
�/� ¡ 30.7 < 0.0001 ¡ 1.8 0.21 ¡ 31.7 < 0.0001 0.91
� ¡ 28.1 < 0.0001 ¡ 14.9 < 0.0001 ¡ 14.9 < 0.0001 0.93
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and a dominant INDEL marker (F69/R78) to screen
for the presence of the second paralog only (Fig. 3;
Table 4).

Full-length genomic DNA sequences were subse-
quently isolated from wildtype and mutant inbred lines
(GenBank acc. no. DQ229828-34; Supplemental Figure
S1). One paralog (�-TMT) was identiWed from NMS373,
R112, and RHA280, whereas two paralogs (�-TMT-1
and �-TMT-2) were identiWed from LG24 and RHA801
(Fig. 3). Six exons encoding 314 amino acids were pres-
ent in both paralogs (intron splice sites were conserved).

The amino acid similarity between sunXower and Ara-
bidopsis �-TMT proteins was 68%. We identiWed 173
SNPs and 33 INDELs in coding and non-coding
sequences. Five haplotypes were present: NMS373 (hap-
lotype 1; 4,294 bp), R112 (haplotype 2; 4,029 bp),
RHA280 (haplotype 3; 4,035 bp), and LG24-1 and
RHA801-1 (haplotype 4; 4,151 bp), and LG24-2 and
RHA801-2 (haplotype 5; 4,304 bp). LG24-1 and
RHA801-1 genomic DNA sequences were 100% identi-
cal (haplotype 4), as were LG24-2 and RHA801-2 geno-
mic DNA sequences (haplotype 5); hence, LG24-1 and

Fig. 2 Genetic mapping of methyltransferase and tocopherol
mutant loci. Genetic mapping of �-tocopherol methyltransferase
(�-TMT-1 and �-TMT-2), 2-methyl-6-phytyl-1,4-benzoquinone/2-
methyl-6-solanyl-1,4-benzoquinone methyltransferase (MPBQ/
MSBQ-MT-2), tocopherol cyclase (TC), and tocopherol mutant
(g and d) loci on linkage groups 4 and 8 in the R112 £ LG24 F2

(displayed on the left in each linkage group pair) and
RHA280 £ RHA801 recombinant inbred line (displayed on the
right of each linkage group pair) mapping populations. Linkage
groups were aligned using SSR marker loci (ORS and CRT pre-
Wxes) genotyped in both mapping populations (highlighted in
bold)
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RHA801-1 were allelic and assigned to paralog 1 and
LG24-2 and RHA801-2 were allelic and assigned to par-
alog 2. Haplotypes 4 and 5 were distinguished by 96
SNPs, but 92% identical (Supplemental Figure S1).
Genomic DNA sequences isolated from NMS373, R112,
and RHA280 could not be unequivocally identiWed as
one paralog or the other. Nucleotide identities were
slightly greater between NMS373 (haplotype 1) and
haplotype 5 (94%) than between NMS373 and haplo-
type 4 (92%), whereas nucleotide identities were slightly
greater between R112 (haplotype 2) or RHA280 (haplo-
type 3) and haplotype 4 (93%) than between R112 or
RHA280 and haplotype 5 (88%); the nucleotide identity
between R112 and RHA280 was 99%.

We identiWed 12 synonymous and three non-synony-
mous SNPs in coding sequences (CDSs). The non-syn-
onymous SNPs—TCT (Ser-84) to TAT (Tyr-84), CCG
(Pro-89) to CTG (Leu-89), and CCT (Pro-157) to TCT
(Ser-157)—were not associated with mutant pheno-
types; SNP alleles identiWed in inbred lines homozy-
gous for mutant g or d alleles were found in one or
more inbred lines homozygous for wildtype g or d alle-
les (Supplemental Figures S1, S2).

The g mutation disrupts �-TMT transcription

�-TMT transcription was 10- to 13-fold greater in
leaves and 36 to 51-fold greater in developing seeds of
wildtype (g+ g+) than mutant (g g) inbred lines (Fig. 4).
�-TMT-1 was alternatively spliced in LG24 (Supple-

mental Figure S3). The alternatively spliced transcript
(LG24-1-AS) was identiWed by sequencing 132 and
251 bp cDNA fragments ampliWed by the F27/R35
primer pair (Xanking intron 2) from RNAs isolated
from leaves and developing seeds of LG24 (g g). The
normally spliced (NS) transcripts isolated from wild-
type and mutant inbred lines were identical (R112-NS
and LG24-1-NS in Supplemental Figure S3). The alter-
natively spliced (AS) transcript (251 bp) isolated from
LG24 harbored the Wrst 102 bp and the last 17 bp of the
intron 2 sequence (LG24-1-AS in Supplemental Figure
S3). Sequences of the normally and alternatively
spliced LG24 transcripts were identical to haplotype 4
(LG24-1) and, consequently, were produced by �-
TMT-1. �-TMT-2 was not transcribed in LG24 (Fig. 5).

Two transcription initiation sites (nt 1 and 39) were
identiWed in wildtype (g+ g+) inbred lines, but only one
(nt 39) was identiWed in mutant (g g) inbred lines—343
and 381 bp cDNA fragments were ampliWed from
NMS373 and R112 (g+ g+), whereas only the 343 bp
cDNA fragment was ampliWed from LG24 (g g)
(Fig. 5). The latter was identical to LG24-1 cDNA and
genomic DNA sequences (Supplemental Figure S1).
The absence of the nt 1 transcription site (T1) in the
mutant was substantiated by RT-PCR analyses using
forward primers upstream (F1) and downstream (F2) of
the nt 39 transcription initiation site (T39) and a reverse
primer (R24) complementary to conserved DNA
sequences in exon 2 (nt 1,452-1,471) (Fig. 5; Table 4).
F1/R24 ampliWed a 411 bp cDNA fragment from leaves

Table 4 Sequences, locations, and orientations for �-tocopherol methyltransferase (�-TMT) and tocopherol cyclase (TC) primers

a The nucleotide (nt) locations of forward (F) and reverse (R) primers are identiWed as shown in reference genomic DNA sequence
alignments for �-TMT (Supplemental Figure S1) and TC (Supplemental Figure S4)

Gene Name Location (nt)a Orientation Sequence (5�–3�)

�-TMT F1 1 F ATGTCTATTTGAACACCACGTA
�-TMT F2 39 F ACGTGCCATTGTTGACACACA
�-TMT F5 73 F CGCCAAATTCACCACTCACT
�-TMT R7 230 R CCTGAGGATTCGTCGTAGAAC
�-TMT F9 297 F ACTCTCCGATCACCGTTCTG
�-TMT R10 343 R GGGCTTGTTCAATCATACGG
�-TMT R19 571 R CACAATCAACTATAGCACCATC
�-TMT R24 1,471 R ACCACACCCGACATCAACTA
�-TMT F27 1,501 F AAAATACGGAGCCGAATGTCA
�-TMT R35 1,832 R AACGGCTGGTTTAAAGCATCA
�-TMT F67 3,086 F TCTTGGAAGGGCATTACTTCA
�-TMT F69 3,169 F ATAGGATTAGGATCAACTACAA
�-TMT R78 3,762 R AGCGCGCCCTATCTCTCTAT
TC R16 970 R GGTGGAACTTCACTGTTTGGA
TC F20 1,193 F TCCAAGTTACTCCCCTGTGG
TC R27 2,392 R AGCCAGCTGTGGACTTCTGTT
TC F34 4,132 F GAGTGGGTGGAAATCCAAGA
TC R38 4,364 R CTCCACCCCAATTCTTCTCA
TC F39 4,490 F AGCAAGTGGAGAAGTTGGTTTG
TC F42 4,716 F AATGGGAAGTTGCTGAGTGG
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and developing seeds of wildtype (NMS373, R112,
RHA280, and RHA801) and mutant (LG24) inbred
lines, although the LG24 cDNA fragment was barely
perceptible (Fig. 5). F2/R24 ampliWed a single cDNA
fragment (343 bp) from wildtype and mutant inbred
lines. The signal was substantially weaker in LG24 than

wildtype inbred lines (Fig. 5). Hence, both �-TMT para-
logs were transcribed in leaves and seeds of RHA801
(g+ g+), whereas only �-TMT-1 was transcribed, albeit
weakly, in LG24 (g g) (Figs. 4, 5).

Cosegregation of methyltransferase and tocopherol 
mutant loci

We tested for an association between �-TMT and g by
developing and mapping a codominant �-TMT INDEL
marker (F9/R24) in R112 £ LG24 and RHA280 £
RHA801 (Figs. 2, 6, 7). F9 and R24 are complementary
to conserved DNA sequences in the Wrst and second
exons, respectively, of both �-TMT paralogs and Xank
1, 8, 9, 10, and 134 bp INDELs in the Wrst intron
(Table 4; Supplemental Figure S1). The F9/R24
INDEL marker was screened for length polymor-
phisms among several mutant and wildtype inbred
lines and ampliWed codominant DNA fragments
(1,037–1,164 bp in length) from 12 inbred lines and a
dominant DNA fragment (786 bp) from 11 of the 12
inbred lines; the 786 bp DNA fragment was not ampli-
Wed from RHA801 (Fig. 6). Genomic DNA fragments
ampliWed from R112 and LG24 were sequenced to
identify the origin of each. The 786 bp DNA fragment
was shorter than any predicted from the reference
sequence and was discovered to be a randomly ampli-
Wed polymorphic DNA (RAPD) (Fig. 6). When the F9/
R24 INDEL marker was genotyped in RHA280 £
RHA801, the RAPD marker (786 bp DNA fragment)
segregated and mapped to linkage group 16 (data not
shown). The 1,164 bp DNA fragment isolated from

     3090 3100    3110      3120
NMS373  CGTTGTCTTGGAAGGGCATTACTTCATTGCTACGTAGTGG
R112    CATTGTCTTGGAAGGGCATTACTTCATTGCTACGTAGTGG
RHA280  CATTGTCTTGGAAGGGCATTACTTCATTGCTACGTAGTGG
LG24-1  CATTGTCTTGGAAGGGCATTACTTCATTGCTACGTAGTGG
RHA801-1 CATTGTCTTGGAAGGGCATTACTTCATTGCTACGTAGTGG
LG24-2  CATTGTCTTGGAAGGGCATTACTTCATTGCTACGTAGTGG
RHA801-2 CATTGTCTTGGAAGGGCATTACTTCATTGCTACGTAGTGG
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R112    TAATGCAAACTTTTTTACTTAAACACACACACACACACAC 
RHA280  TAATGCAAACTTTTTTACTTAAACACACACACACACACAC 
LG24-1  TAATGCAAACTTTTTTACTTAAACACACACACACACACAC 
RHA801-1 TAATGCAAACTTTTTTACTTAAACACACACACACACACAC 
LG24-2  TAATGCAAACTTTTTTACTTAAACACACACACA------- 
RHA801-2 TAATGCAAACTTTTTTACTTAAACACACACACA------- 

     3170 3180    3190      3200
NMS373   ATATATATATGGTATTAGGATCAAATACAAATAGGTTTTA
R112     ATATA-----------------------------GTATTA
RHA280   ATATA-----------------------------GTATTA
LG24-1   ACATATA---------------------------GTATTA
RHA801-1 ACATATA---------------------------GTATTA
LG24-2   -----TATATAGGATTAGGATCAACTACAAATAGGTTTTA
RHA801-2 -----TATATAGGATTAGGATCAACTACAAATAGGTTTTA
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Fig. 3 �-TMT is duplicated in LG24 and RHA801. a The F1/R19
primer pair ampliWed two loci from genomic DNAs isolated from
RHA801, LG24, VHG8, HG81, and HD55 and a single locus
from genomic DNAs isolated from NMS373, R112, SRA16,
VHB18, VHB45, MB17, and RHA280. Genomic DNA fragments
ampliWed by F1/R19 were nearly identical in length and could not
be separated on agarose (lower panel), but harbored several
DNA polymorphisms and were separated by single strand conWr-
mational polymorphism (SSCP) analysis (upper panel); comple-
mentary �-TMT-1 and �-TMT-2 strands are labeled 1 and 2,
respectively. b Locations of F67 and F69 primers in the �-TMT
genomic DNA sequence alignment (nt 3,080 to 3,200). F67 is
complementary to DNA sequences present in both paralogs,
whereas F69 is complementary to DNA sequences present in the
second paralog only (LG24-2 and RHA801-2). c Length polymor-
phisms for two �-TMT INDEL markers (F67/R78 and F69/R78)
among several inbred lines. F67/R78 ampliWed both paralogs
(518, 638, or 665 bp), whereas F69/R78 only ampliWed �-TMT-2
(567 bp) from LG24, VHG8, HG81, HD55, and RHA801.
VHG8, HG81, and HD55 are homozygous for the mutant g allele
transmitted by LG24. NMS373, R112, SRA16, VHB18, VHB45,
MB17, and RHA280 either carry one paralog or two identical
paralogs
123



Theor Appl Genet (2006) 113:767–782 777
LG24 harbored alleles from both �-TMT paralogs,
whereas the 1,037 bp DNA fragment isolated from
R112 harbored the allele from �-TMT-1 only. �-TMT-1
and 2 are either very tightly linked or tandemly dupli-
cated (recombinants were not observed). The �-TMT-1
and �-TMT-2 loci were genotyped in R112 £ LG24
and RHA280 £ RHA801 using the F9/R24 INDEL,
mapped to LG 8, and cosegregated with the g locus
(Fig. 2).

The association between MT-2 and d discovered by
Tang et al. (2006) was substantiated in the present
study by genotyping a codominant INDEL marker

Fig. 4 �-Tocopherol methyltransferase is weakly transcribed and
alternatively spliced in inbred lines homozygous for the g muta-
tion. a RT-PCR analyses of RNAs isolated from developing seeds
25 days after Xowering (25-DAF) and leaves 60 days after germi-
nation (60-DAG) of two wildtype (g+ g+ = +) inbred lines
(NMS373 and R112) and two mutant (g g = ¡) inbred lines
(LG24 and HG81) using a primer pair (F27/R35) Xanking the sec-
ond intron in �-TMT ampliWed a 132 bp cDNA fragment from
wildtype and 132 and 251 bp cDNA fragments from mutant in-
bred lines. The 132 bp amplicon was produced by normal splicing,
whereas the longer amplicon was produced by alternative splicing
of intron 2. F27/R35 ampliWed a 327 bp genomic DNA fragment
from genomic DNA isolated from LG24. M is a DNA ladder. b
Transcript accumulation in developing seeds (25-DAF) and
leaves (60-DAG) of two wildtype (g+ g+) inbred lines (R112 and
NMS373) and two mutant (g g) inbred lines (LG24 and HG81)
quantiWed by real-time RT-PCR using forward and reverse prim-
ers (F5/R7) complementary to conserved DNA sequences span-
ning a 158 bp fragment in the exon 1 of �-TMT. The dependent
(x-axis) variable was calculated using the ratio of the cycle thresh-
old for each inbred line to the cycle threshold for LG24 (x = 1 for
LG24) normalized using a sunXower actin (ACT) gene
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outer primer in exon 2 (R24). Two cDNA fragments (343 and
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(NMS373 and R112), whereas a single cDNA fragment (343 bp)
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cDNA fragment from wildtype (+) inbred lines (NMS373, R112,
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N
M

S
373

R
H

A
801

R
112

LG
24

R
H

A
280

N
M

S
373

R
H

A
801

R
112

LG
24

R
H

A
280

373
411

F1/R24 F2/R24

+ + - + + -+ + + +

C

B

A
 10        20      30

NMS373   : ATGTCTATTTGAACACCACGTAAACTCTGT
R112     : ATGTCTATTTGAACACCACGTAAACTCTGT
RHA280   : ATGTCTATTTGAACACCACGTAAACTCTGT
LG24-1   : ATGTCTATTTGAACACCACGTAAACTCTGT
RHA801-1 : ATGTCTATTTGAACACCACGTAAACTCTGT
RHA801-2 : ATGTCTATTTGAACACCACGTAAACTCTGT 

 40        50      60
NMS373   : GAAGCTTTACGTGCCATTGTTGACACACAT
R112     : GAAGCTTTACGTGCCATTGTTGACACACAT
RHA280   : GAAGCTTTACGTGCCATTGTTGACACACGT
LG24-1   : GAAGCTTTACGTGCCATTGTTGACACACAT
RHA801-1 : GAAGCTTTACGTGCCATTGTTGACACACAT
RHA801-2 : GAAGCTTTACGTGCCATTGTTGACACACGT

F1

F2

T1

T39

N
M

S
373

R
112

LG
24

343
381

+ + -

T1
T39

 10        20      30
NMS373   : ATGTCTATTTGAACACCACGTAAACTCTGT
R112     : ATGTCTATTTGAACACCACGTAAACTCTGT
RHA280   : ATGTCTATTTGAACACCACGTAAACTCTGT
LG24-1   : ATGTCTATTTGAACACCACGTAAACTCTGT
RHA801-1 : ATGTCTATTTGAACACCACGTAAACTCTGT
RHA801-2 : ATGTCTATTTGAACACCACGTAAACTCTGT 

 40        50      60
NMS373   : GAAGCTTTACGTGCCATTGTTGACACACAT
R112     : GAAGCTTTACGTGCCATTGTTGACACACAT
RHA280   : GAAGCTTTACGTGCCATTGTTGACACACGT
LG24-1   : GAAGCTTTACGTGCCATTGTTGACACACAT
RHA801-1 : GAAGCTTTACGTGCCATTGTTGACACACAT
RHA801-2 : GAAGCTTTACGTGCCATTGTTGACACACGT

F1

F2

T1

T39
123



778 Theor Appl Genet (2006) 113:767–782
(F24/R25) for MT-2 in the R112 £ LG24 F2 (n = 94)
and RHA280 £ RHA801 RIL (n = 94) mapping popu-
lations (Figs. 2, 7). The MT-2 locus mapped to LG 4
and cosegregated with the d locus.

�-TMT and MT-2 produce novel tocopherol proWles 
through intragenic and intergenic interactions

The development of codominant INDEL markers
diagnostic for wildtype and mutant �-TMT and MT-2

alleles facilitated the estimation of intragenic and inter-
genic eVects and degree of dominance of the two loci
among R112 £ LG24 F2 progeny (Tables 5, 6). Of the
24 intragenic and intergenic eVects, 21 were signiWcant,
and the two methyltransferase loci were associated
with 94–97% of the variability for �-, �-/�-, and �-T
percentages (Table 6). The additive eVects of �-TMT
were twofold greater than the additive eVects of MT-2,
and of opposite sign because the mutant alleles were
transmitted by diVerent parents (d by R112 and g by
LG24). The dominance eVects of �-TMT were several-
fold greater than the dominance eVects of MT-2 (the
latter were non-signiWcant for �-/�- and �-T). The
degree of dominance for the �-TMT locus was nearly
complete (0.86) to complete (1.00). The wildtype �-
TMT allele (g+) was dominant to the mutant �-TMT
allele (g), as predicted for a null or knockout mutation.
The degree of dominance for the MT-2 locus was
nearly additive (0.12) to incompletely dominant (0.49),
as predicted for a partial loss- or gain-of-function
mutation.

Isolation and genetic mapping of tocopherol cyclase 
(TC)

GenBank (http://www.ncbi.nlm.nih.gov/) and the Com-
positae Genome Database (CGPdb, http://cgpdb.ucda-
vis.edu/) were screened for sunXower cDNA and

Fig. 6 �-tocopherol methyltransferase (�-TMT) and tocopherol
cyclase (TC) INDEL marker length (bp) polymorphisms among
wildtype and mutant inbred lines. �-TMT was genotyped using
the F9/R24 and TC was genotyped using the F34/R38 primer pair.
M is a DNA ladder
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genomic DNA sequences homologous to Arabidopsis
TC (GeneBank acc. nos. AL022537 and AT4g32770;
PorWrova et al. 2002; Sattler et al. 2003). BLAST analy-
ses identiWed two ESTs in the CGPdb, QHB20A01

(720 bp) and QHI13M21 (502 bp), with signiWcant
homology to Arabidopsis TC (9e-28 and e¡20, respec-
tively). The cDNA clone for QHB20A01 was isolated,
sequenced, and supplied 1,540 bp of the TC coding
sequence. The complete 5�-UTR was isolated by
nested 5�-RACE PCR using R16 as the inner and R27
as the outer primer (Table 4). The 3�-UTR in the initial
contig was discovered to be complete by sequencing
cDNA fragments ampliWed by 3�-RACE PCR using
F42 as the inner and F39 as the outer primer.

Complete TC cDNA sequences were isolated from
NMS373, R112, LG24, RHA280, and RHA801 by RT-
PCR using developing seed RNAs. Full-length TC geno-
mic DNA sequences were subsequently isolated by
sequencing and assembling overlapping genomic DNA
fragments ampliWed by PCR; nine exons were identiWed
and encode 383 amino acids (GenBank acc. no.
DQ229845-49; Supplemental Figures S4, S5). The amino
acid similarity between sunXower and Arabidopsis
tocopherol cyclases was 65%. We identiWed two
INDELs and one SNP in non-coding sequences, one
synonymous and two non-synonymous SNPs in coding
sequences, and two haplotypes: NMS373, LG24,
RHA280, and RHA801 (haplotype 1; 5,354 bp) and
R112 (haplotype 2; 5,389 bp). Neither of the non-synon-
ymous SNPs—CTT (Leu-32) to CAT (His-32) and AAT

Table 5 �-TMT £ MT-2 INDEL marker genotype meansa for �-
, �-/�-, and �-tocopherol percentage among 94 R112 £ LG24 F2
progeny

a Numerical genotypes are shown for codominant �-TMT and
MT-2 INDEL marker loci, where R112 transmitted allele 1 at
each locus, LG24 transmitted allele 2 at each locus, and the geno-
types for R112 and LG24 were 11/11 and 22/22, respectively, and
the double heterozygote was 12/12. R112 transmitted mutant m
and d and wildtype g alleles (m, g+, and d), whereas LG24 trans-
mitted mutant m and g and wildtype d alleles (m, g, and d+)

Genotype Tocopherol (%)

�-TMT/MT-2 m g d � �/� �

11/11 m m g+ g+ d d 41.5 58.5 0.0
11/12 m m g+ g+ d+ d 67.1 33.0 0.0
11/22 m m g+ g+ d+ d+ 86.2 13.8 0.0
12/11 m m g+ g d d 37.7 62.3 0.0
12/12 m m g+ g d+ d 67.7 32.3 0.0
12/22 m m g+ g d+ d+ 80.6 19.4 0.0
22/11 m m g g d d 0.0 58.1 41.9
22/12 m m g g d+ d 0.0 83.5 16.5
22/22 m m g g d+ d+ 0.0 92.2 7.8

Table 6 Genetic eVects of �-TMT and MT-2. CoeYcients of determination (R2) for the intragenic and intergenic eVects of �-TMT and
MT-2 (eight degrees of freedom), degree of dominance (|D/A|) of �-TMT and MT-2, and statistical signiWcance (Pr > F) of additive (A),
dominance (D), A £ A, A £ D, D £ A, and D £ D eVects of �-TMT and MT-2 on tocopherol percentages in seeds of 94 R112 £ LG24
F2 progeny

Source

�-TMT A �-TMT D MT-2 A MT-2 D

Tocopherol EVect (%) Pr > F EVect (%) Pr > F EVect (%) Pr > F EVect (%) Pr > F

� 32.5 < 0.0001 ¡ 29.6 < 0.0001 ¡ 14.6 < 0.0001 ¡ 3.9 0.006
�/� ¡ 21.4 < 0.0001 18.5 < 0.0001 8.9 < 0.0001 1.1 0.5
� ¡ 11.0 < 0.0001 11.0 < 0.0001 5.7 < 0.0001 2.8 0.5

Source

�-TMT A£MT-2 A �-TMT A£MT-2 D �-TMT D£MT-2 A �-TMT D£MT-2 D

EVect (%) Pr > F EVect (%) Pr > F EVect (%) Pr > F EVect (%) Pr > F

� ¡ 11.2 < 0.0001 ¡ 1.6 0.4 10.3 < 0.0001 6.9 0.006
�/� 19.7 < 0.0001 5.9 0.007 ¡ 18.8 < 0.0001 ¡ 11.1 < 0.0001
� ¡ 8.5 < 0.0001 ¡ 4.2 0.007 8.5 < 0.0001 4.2 < 0.0001

|D/A|

�-TMT MT-2 R2

� 0.91 0.27 0.969
�/� 0.86 0.12 0.949
� 1.00 0.49 0.941
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(Asn-279) to GAT (Asp-279)—were associated with g
or d mutant phenotypes (Supplemental Figure S5).

TC transcription was not signiWcantly diVerent in
leaves of NMS373, R112, LG24, and SRA16, but was
twofold lower in developing seeds (25-DAF) of SRA16
than NMS373, R112, and LG24 (data not shown);
SRA16 is wildtype for g and d (Table 1). We developed
an INDEL marker for TC by positioning a pair of
primers (F34/R38) upstream and downstream of a
38 bp INDEL found in intron 5 (Fig. 6; Supplemental
Figure S4). Two F34/R38 INDEL marker alleles (195
and 233 bp) were observed among 12 mutant and wild-
type inbred lines. The TC locus was genotyped in the
R112 £ LG24 F2 mapping population using the F34/
R38 INDEL marker, mapped to linkage group 8, and
segregated independently of g and d (Figs. 2, 7).

Discussion

The development of seed oils with dramatically diVer-
ent tocopherol proWles has been accomplished in sun-
Xower without genetic engineering by identifying
spontaneous and induced loss-of-function mutations
that disrupt the synthesis of �-T and enhance the syn-
thesis of �-, �-, and �-T (Demurin 1993; Demurin et al.
1996; Velasco et al. 2004a, b). The diversity of tocoph-
erol proWles found in sunXower is unparalleled because
wildtypes normally accumulate > 90% �-T, the ulti-
mate product of the tocopherol biosynthetic pathway,
and because other tocopherols accumulate when one
or more upstream methyltransferase activities are dis-
rupted by mutations (Table 1; Tang et al. 2006). The
three non-allelic methyltransferase mutations identi-
Wed in sunXower (m, g, and d), when coupled with the
wildtype, produce an unprecedented spectrum of
tocopherol proWles.

Our analyses shed light on the genetic mechanism
underlying the g = Tph2 mutation of Demurin (1993),
substantiated the association between d and MT-2
(Tang et al. 2006), and traced the origin of the mutant
MT-2 allele (d) segregating in B109 £ LG24 and
R112 £ LG24 to B109 and R112. LG24 carries a wild-
type d allele (d+) not found in any of the wildtype
inbred lines we screened (Tang et al. 2006). The preva-
lence of the d+ allele (or of quantitatively diVerent d
alleles) in wildtype germplasm is not known.

The cDNA polymorphisms discovered in �-TMT-1
and �-TMT-2 were diagnostic for the g = Tph2 muta-
tion; however, none of the DNA polymorphisms found
between wildtype and mutant �-TMT-1 and �-TMT-2
alleles were associated with the mutant phenotype—
the �-TMT-1 and �-TMT-2 alleles found in the mutant

(LG24) and one of the wildtype (RHA801) inbred
lines were identical (haplotypes 4 and 5, respectively;
Figs. 3, 4, 5; Supplemental Figures S1, S2). Greatly
diminished transcription of one paralog (�-TMT-1;
Fig. 4), complete loss of transcription of the other par-
alog (�-TMT-2; Fig. 5), loss of a transcription initiation
site (T1; Fig. 5), and alternative splicing (LG24-1-AS;
Supplemental Figure S3) are characteristic of transpos-
able element-induced mutations, particularly transpo-
son insertions in introns and upstream regulatory
sequences (Johns et al. 1985; Varagona et al. 1992;
Weil et al. 1992; Brown 1996; Marillonnet and Wessler
1997; Lal et al. 1999, 2003; Selinger and Chandler 2001;
Cui et al. 2003; Greco et al. 2005). Transposon-induced
mutations often diminish or completely disrupt tran-
scription, cause alternate splicing, and suppress or acti-
vate transcription initiation sites. We identiWed several
DNA fragments homologous to class I and II transpos-
able elements (Bennetzen 2000; Feschotte et al. 2002)
in the introns of �-TMT (Tang et al. 2006); however,
none were associated with the mutant phenotype.
Because g, �-TMT-1, and �-TMT-2 cosegregated, the
mutation must be very tightly linked to the �-TMT
locus and may disrupt regulatory sequences.

The �-TMT paralogs found in RHA801 and LG24
are either very tightly linked or tandemly duplicated
(Figs. 2, 3, 7). The two paralogs cosegregated in the
R112 £ LG24 F2 and RHA280 £ RHA801 RIL map-
ping populations (Figs. 2, 7). Moreover, the duplication
(transmitted by LG24) was present in g g inbred lines
developed by phenotypic selection and SSD among
R112 £ LG24 F2, F3, and F4 progeny (Figs. 3, 4, 6; Tang
et al. 2006). We speculated that the duplication might
be associated with the apparently strong �-TMT activ-
ity found in developing seeds of sunXower wildtypes;
however, paralogs were not identiWed in the other
three wildtype inbred lines we screened (NMS373,
R112, and RHA280). The latter either carry one homo-
log or identical paralogs of �-TMT. The second possi-
bility cannot be ruled out, but seems remote because
several SNPs and INDEL distinguish the paralogs dis-
covered in RHA801 and LG24—the nucleotide iden-
tity between �-TMT-1 (haplotype 4) and �-TMT-2
(haplotype 5) was 91.7% (Supplemental Figure S1).
Unless NMS373, RHA280, and other wildtypes carry
identical paralogs, the duplication and �-T percentage
are uncorrelated and the activity of a single �-TMT
locus is suYcient to produce wildtype tocopherol
proWles. Physical mapping of the �-TMT locus is under-
way using clones isolated from a bacterial artiWcial
chromosome (BAC) library developed for a wildtype
inbred line (HA383; unpublished data; http://
www.genome.clemson.edu), should shed light on the
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structure of the locus and presence or absence of dupli-
cations in other wildtypes, and supply DNA sequences
for identifying the g mutation, if present, in upstream
regulatory sequences.
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