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Ty3/gypsy-like retrotransposon knockout of a 2-methyl-6-phytyl-
1,4-benzoquinone methyltransferase is non-lethal, uncovers
a cryptic paralogous mutation, and produces novel tocopherol

(vitamin E) profiles in sunflower
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Abstract The m (Tph;) mutation partially disrupts
the synthesis of a-tocopherol (vitamin E) in sunflower
(Helianthus annuus L.) seeds and was predicted to dis-
rupt a methyltransferase activity necessary for the syn-
thesis of o- and y-tocopherol. We identified and
isolated two 2-methyl-6-phytyl-1,4-benzoquinone/2-
methyl-6-solanyl-1,4-benzoquinone methyltransferase
(MPBQ/MSBQ-MT) paralogs from sunflower (MT-1
and MT-2), resequenced MT-1 and MT-2 alleles from
wildtype (m* m*) and mutant (m m) inbred lines, iden-
tified m as a non-lethal knockout mutation of MT7-1
caused by the insertion of a 5.2 kb Ty3/gypsy-like ret-
rotransposon in exon 1, and uncovered a cryptic
codominant mutation (d) in a wildtype x mutant F,
population predicted to be segregating for the m muta-
tion only. MT-1 and m cosegregated and mapped to
linkage group 1 and MT-I was not transcribed in
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mutant homozygotes (m m). The m locus was epistatic
to the d locus—the d locus had no effect in m* m* and
m™ m individuals, but significantly increased p-tocoph-
erol percentages in m m individuals. MT-2 and d coseg-
regated, MT-2 alleles isolated from mutant
homozygotes (d d) carried a 30 bp insertion at the start
of the 5'-UTR, and MT-2 was more strongly tran-
scribed in seeds and leaves of wildtype (d* d*) than
mutant (d d) homozygotes (transcripts were 2.2- to 5.0-
fold more abundant in the former than the latter). The
double mutant (m m d d) was non-lethal and produced
24-45% o- and 55-74% p-tocopherol (the wildtype
produced 96% o~ and 4% pB-tocopherol). MT-2 com-
pensated for the loss of the MT-I1 function, and the
MT-2 mutation profoundly affected the synthesis of
tocopherols without adversely affecting the synthesis of
plastoquinone crucial for normal plant growth and
development.

Introduction

Three loci (m = Tph,, g = Tph,, and d) are known to
disrupt the synthesis of a-tocopherol (a-T) and pro-
duce novel tocopherol (vitamin E) profiles in sunflower
(Helianthus annuus L.) seeds—wildtypes normally accu-
mulate 92-98% o-T (Demurin 1993; Demurin et al.
1996; Hass et al. 2006). Loss-of-function m, g, and d
mutations enhance the synthesis of other tocopherols
and produce a broad spectrum of offtype tocopherol
profiles in sunflower seeds. The g mutation knocks out
a y-tocopherol methyltransferase (y-TMT) activity and
causes the accumulation of >90% y-tocopherol (y-T)
in sunflower seeds (Hass et al. 2006). y-TMT was nor-
mally transcribed and spliced in wildtype (g* g*) inbred
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lines, but weakly transcribed and alternatively spliced
in mutant (g g) inbred lines (Hass et al. 2006). The
activities disrupted by the m and d mutations are not
known, but can be predicted from biochemical pheno-
types produced by disrupting methyltransferase activi-
ties in the tocopherol biosynthetic pathway (Shintani
and DellaPenna 1998; Porfirova et al. 2002; Shintani
et al. 2002; Cheng et al. 2003; Collakova and DellaP-
enna 2001; Sattler et al. 2003, 2004).

Thus far, a single mutant m allele has been identi-
fied, is recessive and non-lethal, and partially disrupts
the synthesis of o-T in sunflower seeds (Demurin
1993). The present study was undertaken to unravel
the biochemical effects of the m locus independent of
the g and d loci and identify the activity disrupted by
and genetic mechanism underlying the m mutation.
The biochemical phenotypes produced by the m locus
and non-lethality of the m (mutant) allele (Demurin
1993; Demurin et al. 1996; Hass et al. 2006) are consis-
tent with the partial disruption of an 2-methyl-6-phytyl-1,
4-benzoquinone/2-methyl-6-solanyl-1,4-benzoquinone
methyltransferase (MPBQ/MSBQ-MT) activity, par-
ticularly because null MPBQ/MSBQ-MT mutations
disrupt plastoquinone (PQ) biosynthesis and are lethal
in Arabidopsis (Cheng et al. 2003). The recessivity of
the m allele, however, is consistent with a null or near-
null MPBQ/MSBQ-MT mutation. Loss-of-function
MPBQ/MSBQ-MT mutations are predicted to disrupt
flow through the 2.3-dimethyl-6-phytyl-1,4-benzoqui-
none (DMPBQ) = v-T = o-T branch of the pathway,
redirect flow through the MPBQ = &-tocopherol (8-
T) = B-tocopherol (B-T) branch of the pathway, and
enhance the synthesis and accumulation of 8- and B-T
(Cheng et al. 2003; Motohashi et al. 2003; Van Een-
ennaam et al. 2003).

Fortuitously, a cryptic mutation (d) segregated in
the wildtype x mutant (NMS373 x SRA16) population
we developed for mapping the m locus (NMS373 x
SRA16 was predicted to be segregating for the m
mutation only). The mutant allele (d) was not identi-
fied in earlier phenotypic analyses of the m and g
mutations (Demurin 1993; Demurin et al. 1996). The
biochemical phenotypes produced by the d locus and
non-lethality of the d (mutant) allele in populations
segregating for g and d mutations (Hass et al. 2006) are
consistent with the partial disruption of an MPBQ/
MSBQ-MT activity (Cheng et al. 2003). d locus muta-
tions were first discovered by Hass et al. (2003, 2006) in
segregating populations (B109 x LG24 and R112 x
LG24) developed for mapping the g locus (both were
originally predicted to be homozygous for the m
mutation and segregating for the g mutation). Neither
was predicted to be segregating for d mutations.
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Hass et al. (2003, 2006) mapped the d locus to linkage
group 4 and g locus to linkage group 8 and identified m,
d, and g locus genotypes needed for mapping the m
locus, isolating single, double, and triple mutants, and
unravelling intragenic and intergenic effects among the
three loci. Here, we describe the isolation of MPBQ/
MSBQ-MT paralogs (MT-1 and MT-2) and genetic
mapping of MT-1 and MT-2 loci in a population segre-
gating for m and d mutations (NMS373 x SRA16),
identify MPBQ/MSBQ-MT activities disrupted by the
m and d mutations, unravel the mystery behind the d
locus, and trace the origin of cryptic, partial loss-of-
function d alleles. Further, we describe the intragenic
and intergenic effects of MT-1 and MT-2, nucleotide
diversity among MT-I and MT-2 alleles, sequence-
tagged-site (STS) markers diagnostic for wildtype and
mutant MT-1 and MT-2 alleles, and novel tocopherol
profiles produced in sunflower seeds by MT-1 and
MT-2 mutations.

Materials and methods
Genetic stocks and segregating populations

Sunflower inbred lines (SRA16, MB17, HGS81, HD55,
VHGS, VHB18, and VHB45) carrying mutant m, g, or
d alleles or combinations thereof were developed by
phenotypic selection and single-seed-descent (SSD)
among F,, F;, and F, progeny from assorted crosses
(Table 1). SRA16, MB17, HGS81, and HDS55 were
developed from R112/LG24. Hass et al. (2006) devel-
oped R112. Demurin (1993) developed LG24. We pro-
duced single-cross hybrids (NMS373/F,-81 and
NMS373/F,-17) by crossing male-sterile (msy, msy)
NMS373 individuals to male-fertile (Ms;, Ms,,) R112/
LG24 F, individuals (F,-81 and F,-17, respectively).
NMS373 is a wildtype inbred line (Table 1), segregates
for a recessive nuclear male-sterility gene (ms,,), and is
near-isogenic to RHA373 (Miller 1997; Perez-Vich
et al. 2005). F, seeds were produced by manually sel-
fing one hybrid individual from each cross. VHGS was
developed from NMS373/F,-81. VHB18 and VHB45
were developed from NMS373/F,-17 (Table1).
NMS373 x SRA16 F, seeds were produced by manu-
ally selfing a single hybrid individual from a cross
between NMS373 and SRA16 F;-16-2, a single F; indi-
vidual (m m g* g* d* d*) developed from a cross
between R112 and LG24 (Hass et al. 2006; Table 1).
Genetic analyses were performed on two additional
wildtype inbred lines, RHA280 (PI 552943; Fick et al.
1974) and RHAS801 (PI 599768; Roath et al. 1981). F;,
F,, F;, F,, Fs, and inbred line seeds were harvested
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Table 1 Tocopherol profiles, pedigrees, and putative m, g, and d locus genotypes for wildtype and mutant F, individuals and inbred

lines

Tocopherol (% =+ SE)
Source? Pedigree Genotype o B Y d
NMS373 Miller (1997) m-m*gtgtdd 958 £2.5 42+25 0.0 £0.0 0.0 £0.0
RHA280 Fick et al. (1974) m*m*gtgtdd 94.1 3.0 29 0.0
RHAS801 Roath et al. (1981) mtm*gtgtdd 96.7 33 0.0 0.0
F,-16 R112/L.G24 mmg*gtdtd* 87.5 12.5 0.0 0.0
F5-16-2 F,-16 mmggtdtd* 88.9 42 6.9 0.0
SRA16 F; F;-16-2 mmggtd d 88.5+1.7 88+14 28+ 1.6 0.0 £0.0
F, NMS373/F;-16-2 m-mggtdtd 88.8 7.5 3.8 0.0
F,-81 R112/L.G24 mmggd-d* 0.0 0.0 92.9 7.1
HG81F;s F,-81 mmggd-d* 37+34 0.0£0.0 82.7+5.0 13.6 £ 7.6
F,-8 NMS373/ F,-81 m mggd-d 0.0 0.0 95.9 41
VHGS F; F,-8 m*m'ggdtd" 03+0.8 0.0£0.0 952 +1.1 4.6+09
F,-17 R112/L.G24 mmgrgtdd 41.7 58.3 0.0 0.0
MB17 F; F,-17 mmggtdd 42.0+10.3 57.7+£104 0.0£0.0 03+£0.7
F,-18 NMS373/ F,-17 mmgrgtdd 211 77.8 1.1 0.0
VHBI8 F; F,-18 mmggtdd 303+7.1 69.7+7.1 0.0+0.0 0.0+0.0
F,-45 NMS373/ F,-17 mmggtdd 17.9 81.2 0.0 1.8
VHB45 F; F,-45 mmgrgtdd 24.0+4.1 741 £ 4.1 0.0 £0.0 1.9+0.7
F,-55 R112/L.G24 mmggdd 0.0 0.0 40.0 60.0
HD55 Fs F,-55 mmggdd 0.0+ 0.0 0.0£0.0 327+28 67.3+£28

8F, and F, individuals selected for developing inbred lines and segregating populations (NMS373 x SRA16 F5-16-2 and F,-8, 16, 17, 18,
45,55, and 81) were phenotyped using half-seed samples. RHA280 and RHAS801 were phenotyped using a single bulked seed sample

from greenhouse-grown plants (16 h photoperiod and
19-27°C temperature range). Seeds and plants were
handled and DNA and RNA samples were isolated as
described by Hass et al. (2006).

Isolation of MPBQ/MSBQ-MT paralogs

BLAST searches of the Compositate Genome Pro-
gram Database (CGPdb; http://cgpdb.ucdavis.edu/)
and National Center for Biotechnology Information
(NCBI) GenBank Databases (http://www.ncbi.nlm.
nih.gov/) were performed using cDNA and amino acid
sequences for Arabidopsis MPBQ/MSBQ-MT (Gen-
bank accession No. AB0542571 and At3g63410; Cheng
et al. 2003; Motohashi et al. 2003) as query templates
to identify sunflower MPBQ/MSBQ-MT homologs.
Putative MPBQO/MSBQ-MT ESTs identified in the ini-
tial search were subsequently used as query templates
in BLAST searches and identified several additional
sunflower ESTs homologous to Arabidopsis MPBQ/
MSBQ-MT (Cheng et al. 2003; Motohashi et al. 2003).
MT-1 and MT-2 cDNA ends were isolated using 5" and
3’ rapid amplification of cDNA ends (RACE) on devel-
oping seed RNAs (25-DAF) isolated from NMS373,
R112, LG24, RHA280, and RHA801. RACE-PCR
analyses were performed using the FirstChoice RLM-
RACE kit and protocol (Ambion Inc., Austin, TX,
USA). We isolated the 5’ ends of MT-1 cDNAs by

two rounds of nested RACE-PCR using R39 as the
inner and R41 as the outer primer, the 3’ ends of
MT-1 cDNAs by two rounds of nested RACE-PCR
using a single primer (F58), the 5’ ends of MT-2
cDNAs by two rounds of nested RACE-PCR using
R9 as the inner and R11 as the outer primer, and the
3" ends of MT-2 cDNAs by two rounds of nested
RACE-PCR using F18 as the inner and F16 as the
outer primers.

Full-length MT-1 and MT-2 cDNA sequences were
isolated from NMS373, R112, LG24, RHA280, and
RHAS01 using reverse transcription (RT) PCR and
sequenced on ABI 3730 or 3730 XL DNA Analyzers
(Applied Biosystems, Foster City, CA, USA). Full-
length MT-1 and MT-2 genomic DNA sequences were
subsequently isolated by sequencing amplicons pro-
duced by long-distance (LD) PCR, essentially as
described by Cheng etal. (1994), using AccuPrime
High Fidelity Tag DNA Polymerase (Invitrogen Life
Technology, Carlsbad, CA, USA), an initial denatur-
ation step at 94°C for 2 min, 36 cycles at 94°C for 25s,
58°C for 30 s, and 68°C for 4.5 min, and a final exten-
sion step at 68°C for 20 min.

DNA and amino sequences were aligned and statis-
tical analyses were performed using ClustalW (http://
www.ebi.ac.uk/clustalw/; Thompson et al. 1994) and
GeneDoc 2.6 (http:// www.psc.edu/biomed/genedoc/).
Synonymous and non-synonymous SNPs, other DNA
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polymorphisms, and haplotypes were identified and
nucleotide and haplotype diversity statistics were esti-
mated using DnaSP 4.0 (http:/www.ub.es/dnasp/;
Rozas et al. 2003). Tandem and inverted repeat and
hairpin sequences were identified using Blast 2 (http://
www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi; Tatus-
ova and Madden 1999). MT-1 and MT-2 genomic
DNA sequences were screened for the presence of
transposable elements using The Institute for Genomic
Research (TIGR) Plant Repeat Database (http://
www.tigr.org/tdb/e2k1/ plant.repeats/) and Genetic
Information Research Institute (GIRI) Repeat Ele-
ment Database (http://www.girinst.org/censor/index.
html). Conserved domains in a long-terminal-repeat
(LTR) retrotransposon found in an MT7-1 allele were
identified using the NCBI Conserved Domain Database
(http://www.ncbi.nlm.nih.gov/Structure/cdd; Marchler-
Bauer and Bryant 2004).

MT-1 and MT-2 expression analyses

RT-PCR analyses of MT-1 and quantitative RT-PCR
(qRT-PCR) analyses of MT-2 expression were per-
formed on 60-DAG leaf and 25-DAF developing seed
RNAs isolated from wildtype and mutant inbred lines
using paralog specific primers (F38/R57 for MT-1 and
F10/R14 for MT-2) and protocols and methods
described by Hass et al. (2006). qRT-PCR analyses of
MT-2 expression were performed in triplicate using
actin (GenBank Acc. No. AF282624) for normaliza-
tion. Standard curves were produced for MT-2 and
actin using 32, 16, 8, 4, and 2 ng of total RNA isolated
from developing seeds (25-DAF) and 64, 32, 16, 8, and
4 ng of total RNA isolated from leaves (60-DAG).
MT-2 transcript accumulation was normalized to actin
using comparative threshold (C,) values calculated by
the Opticon Monitor Analysis Software (MJ Research
Inc., Waltham, MA, USA).

Phenotyping, genotyping, genetic mapping,
and quantitative genetic analyses

Bulked segregant analyses (BSA), genotyping and
genetic mapping of biochemical, simple sequence
repeat (SSR), and insertion—deletion (INDEL) marker
loci, HPLC phenotyping of tocopherols, and quantita-
tive genetic analyses of the effects of MT-1 and MT-2
loci on a-, B-, y-, and 6-T percentages were performed
as described by Hass etal. (2006); 190 NMS373 x
SRA16 F, progeny were phenotyped and genotyped.
HPLC analyses were performed on total lipids iso-
lated from half-seed samples of the 190 F, progeny
(lipids were isolated from the upper half of each F,
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seed). The lower half of each F, seed was germinated
and transplanted into 1.8 1 pots filled with sandy loam
soil.

Bulked-segregant analyses (Michelmore et al. 1991)
were performed on DNA samples produced by bulking
10 individuals each from the upper and lower tails of
the o-T distribution among NMS373 x SRA16 F, prog-
eny; m locus genotypes of F, individuals selected from
the upper and lower tails were predicted to be m*™m*
and m m, respectively. NMS373, SRA16, and m*m"*
and m m bulks were screened for length polymor-
phisms using previously mapped SSR markers (Tang
et al. 2002, 2003). INDEL markers were developed for
MT-1 and MT-2 and were screened for length poly-
morphisms among several mutant and wildtype inbred
lines on ethidium-bromide stained agarose gels. Once
SSR marker loci linked to the m locus were identified,
MT-1 and MT-2 INDEL markers and several linkage
group 1 SSR markers were genotyped among 190
NMS373 x SRA16 F, progeny and m, d, MT-1, MT-2,
and SSR marker loci were grouped and ordered using
MAPMAKER (Lander etal. 1987), essentially as
described by Tang et al. (2002) and Hass et al. (2006).
The MT-1 locus was mapped in the RHA280 x
RHAS801 RIL mapping population (n =94 RILs) by
genotyping MT-1 INDEL markers and reordering the
MT-1 locus and SSR marker loci on linkage group 1
(Tang et al. 2002, 2003).

Statistical analyses and SAS PROC GLM (Statisti-
cal Analysis System, Cary, NC; http:// www.sas.com)
programs identical to those described by Hass et al.
(2006) were used to estimate additive (A), dominance
(D), A x A,AxD,D x A, and D x D effects of MT-
1 and MT-2 on o-, B-, y-, and 8-T percentages among
NMS373 x SRA16 F, progeny, the coefficient of deter-
mination (R?) for the complete 3? factorial (two-locus)
model (eight degrees of freedom), and other statistics.

Databases searches for MPBQ/MSBQ-MT homologs

MT-1 and MT-2 cDNA and amino acid sequences were
used as query templates in BLAST searches of NCBI
GenBank nucleotide, EST, and protein databases to
identifty MPBQ/MSBQ-MT homologs in other plants.
Chloroplast transit peptides (CTPs) were predicted
using ChloroP 1.1 (http://www.cbs.dtu.dk/services/
ChloroP/; Emanuelsson et al. 1999). Conserved S-ade-
nosyl methionine binding domains (SAM I, II, and III)
found in S-adenosyl methionine-dependent meth-
yltransferases (Kagan and Clarke 1994; Joshi and
Chiang 1998) were identified in the sunflower MPBQ/
MSBQ-MT amino acid sequence alignment. DNA and
protein sequences were aligned using ClustalW
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with default parameter settings (http://www.ebi.ac.uk/
clustalw/; Thompson et al. 1994).

Results

Transmission of a cryptic mutation (d) by the wildtype
parent in an F, population segregating for the
m mutation

The NMS373 x SRA16 F, population was developed
for forward genetic analyses and genetic mapping of
the m locus by selfing a single hybrid individual from a
cross between NMS373 and SRA16 F;-16-2 (Fig. 1;
Table 1). NMS373 had a wildtype tocopherol profile
(95.8% o-T) and was predicted to be homozygous for
wildtype m, g, and d alleles (m™ m* g* gt d* d*),
whereas SRA16 F;-16-2 produced slightly less o-T than
NMS373 (88.9% o-T) and was predicted to be homozy-
gous for wildtype g and d and mutant m alleles (m m g*
g d* d¥). The tocopherol profile for the hybrid was
nearly identical to the female parent (SRA16 F5-16-2)
(Fig. 1; Table 1).

Transgressive segregation was observed for o- and
B-T percentage among NMS373 x SRA16 F, progeny-
o- and B-T percentages ranged from 17.7 to 100.0%
and 0.0 to 82.4%, respectively; 31.6% of the F, progeny
produced less a- and more B-T than SRA16 (Fig. 1).
The range of phenotypes and complexity of the pheno-
typic distribution were not predicted from the pheno-
types of the parents or previous phenotypic analyses of
the m or g mutations (Demurin 1993; Demurin et al.
1996). NMS373 x SRA16 was predicted to be segre-
gating for the m locus only and, if the original hypothe-
sis had been correct, should have segregated 3 m*:1 m
m. However, m and a second, previously unidentified
locus segregated and produced four non-overlapping

100

+ +
mmg g dd
80 A Y
Y
L)

9
< (Y + 4t
3 60 . mmg*tgtdtd
2 >
g N mmg*g*dtd
g 40+ :\ + + o+
e m mg g dd
A mtmgtgtadt
20 | mtmg*g*dtd*
+ + + _+
SRA16 —, mom g g Z+dd
0-! NMS373 x SRA16 =, mmgg.9.294d
NMS373 m*m*g*tgtdtd

I T
0 20 40 60 80 100

a-Tocopherol (%)

Fig. 1 Tocopherol profiles for F, progeny segregating for the m
and d mutations. a- and B-tocopherol profiles and m, g, and d lo-
cus genotypes for 190 NMS373 x SRA16 F, progeny

phenotypic classes (Fig. 1). The origin of the mystery
mutation was initially unclear and could not be ascer-
tained from biochemical phenotypes; however,
through the forward genetic analyses described here,
the mutation was discovered to have been transmitted
by NMS373, an inbred line with a wildtype tocopherol
profile, and to be allelic to d mutations identified in
segregating populations developed for mapping the g
locus (Hass etal. 2006). Thus, the genotype for
NMS373 was inferred to be m* m* g* g* d d, not m* m*
g" g dt d* as originally predicted from the wildtype
tocopherol profile (Fig. 1).

The observed segregation ratio in the NMS373 x
SRA16 F, population (139 m* _ _ _:12mmd* d*:24
mmd"d:15 m m d d) was not significantly different
from12m*__ _:1lmmdtd :2mmdtd:-1mmdd
(x¥*=0.91; P=0.82), and was predicted to have been
caused by the segregation of epistatically interacting
recessive and codominant mutations (m and d, respec-
tively). The m locus was epistatic to the d locus’the lat-
ter had no effect in individuals and inbred lines
carrying wildtype m alleles (m*). NMS373 x SRA16 F,
progeny producing > 80.3% o-T were inferred to be
m* m* or m* m, whereas progeny producing < 76.9%
o-T were inferred to be m m (the m allele was recessive
to the m* allele). The observed segregation ratio for
the m locus (139 m*_ : 51 m m) was not significantly
different from 3 m* _: 1 m m (x*> = 0.34; P = 0.56). The
phenotypic effects of the d locus were imperceptible
among m* m* and m* m individuals, but significant and
additive among m m individuals (Fig. 1). The d locus
genotypes of m m individuals producing < 35.3, 41.7 to
56.3, and 59.3 to 76.9% o-T were inferred to be d d, d*
d, and d* d*, respectively (the d and d* alleles were
codominant). The observed segregation ratio for the d
locus among m m individuals (12 d* d*:24 d* d:15d d)
was not significantly different from 1 d* d*:2d*d:1d
d(x>=0.53; P=0.77).

Genetic mapping of the m locus

Bulk segregant analyses (BSA) (Michelmore et al.
1991) were performed to identify SSR markers linked
to the m locus. We screened 95 previously mapped and
strategically located SSR marker loci, 78 from the SSR-
multiplexes described by Tang etal. (2003) and
another 17 in intervals not covered by the latter. m* m™*
and m m DNA bulks were produced using 10 individu-
als selected from the upper and lower tails of the
NMS373 x SRA16 o-T distribution (Fig. 1). F, prog-
eny producing 100% o-T were deduced to be wildtype
homozygotes (m* m*), whereas F, progeny producing
< 23.1% o-T were deduced to be mutant homozygotes
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(m m). Of the 95 SSR markers screened for polymor-
phisms, 28 were polymorphic between the parents and
two of the 28 (ORS610 and ORS716) were polymor-
phic between m* m* and m m DNA bulks. ORS610
and ORS716 previously mapped to the upper end of
linkage group 1 (LG 1) (Tang etal. 2002, 2003; Yu
et al. 2003). We screened 23 SSR markers proximal to
ORS610 and ORS716 on LG 1 and identified four
additional polymorphic SSR markers between both the
parents and DNA bulks (ORS822, ORS1285, ORS605,
and ORS965). The six polymorphic SSR markers from
LG 1 were genotyped in NMS373 x SRA16 and
assembled into a group with an order identical to previ-
ously reported orders (Tang et al. 2002; Yu et al. 2003).
The m locus mapped to LG 1 and cosegregated with
ORS605 and ORS610 (Fig. 2).

The isolation and development of single-, double-,
and triple-mutant inbred lines

SRA16 is one of several offtype inbred lines we devel-
oped through phenotypic selection in R112 x LG24 or
crosses between NMS373 and selected R112 x LG24
individuals; inbred lines were developed for six of eight

ORS822 0.0
/ ORS598 1.1
CRT6 28
0.0 ORS822 ORS222 41
\ / m MT-1
A | mT1 ORS610 47
1.5 17 ORs605 ORS605
/ \ORSG10 ORS1285 53
24 ORS1285 ORS1128 73
ORS718 8.6
ORS543 11.4
13.6 ORS965
CRT394 221
ORS965 206
CRT277 252
20.6 ORS716 VG2 285
ORS509 292
ORS606 315
ORS716 342
ORS959 39.2
ORS970 403
ZVG3 443
ORS425 454
ORS371 45.9
ORS552 497
CRT391 515

Fig. 2 Genetic mapping of MPBQ/MSBQ-MT and tocopherol
mutant loci. Genetic mapping of m and MT7-1 in the
NMS373 x SRA16 F, (displayed on the left) and M7T-1 in the
RHA280 x RHA801 recombinant inbred line (displayed on the
right) mapping populations. SSR marker loci (ORS and CRT pre-
fixes) genotyped in both mapping populations are highlighted in
bold
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m x g x d locus homozygotes (m* m* g* g d* d* and
m* m* g g d d inbred lines were not isolated) (Table 1).
R112 x LG24 was homozygous for the m mutation and
segregating for g and d mutations (Hass et al. 2006).
We developed inbred lines for each of the homozyg-
otes produced by the segregation of g and d in
R112 x LG24 by phenotyping half-seed samples,
selecting F, individuals from the tails of the m m g*_
d'_mmggd_mmg_dd,and m m g gd d distribu-
tions, selecting within F; and F, lines, and advancing
selected individuals by single-seed-descent (SSD)
(Table 1). The inbred lines developed from R112 x
LG24 were SRA16 (mm g* g"d* d*),HG81l (mmgg
d*d),MB17(mmg"g"-dd),and HD55 (mm ggd d)
(Table 1). MB17 and HGS81 Fs were isolated by
selecting F, individuals with parental phenotypes (F,-
17 and 81, respectively) and had seed tocopherol pro-
files close to the parents (R112 and LG24, respec-
tively). SRA16 and HDS5S F; were isolated by selecting
F, individuals with non-parental phenotypes (F,-16
and 55, respectively) and had seed tocopherol profiles
different from the parents. SRA16 produced slightly
less o-T than wildtype inbred lines, whereas HDSS5 pro-
duced significantly more 3-T than previously described
mutant inbred lines (Demurin 1993; Demurin et al.
1996).

VHGS8 F; was developed by selecting an individual
(F,-8) from the upper tail of the y-T distribution among
F, progeny from a cross between NMS373 (m* m* g* g*
d d)and R112 x LG24 F,-81 (inm g gd* d*). VHGS is
homozygous for the g mutation only (m* m* g g d* d*)
and produced 95.2% v-T (Table 1). VHB18 and
VHBA45 F; were developed by selecting and selfing two
individuals (F,-18 and 45) from the upper tail of the p-
T distribution among F, progeny from a cross between
NMS373 and R112 x LG24 F,-17 (m m g* g* d d).
VHBI18 and VHB45 are homozygous for m and d
mutations (m m g* g* d d) and produced 69.7 and
74.1% B-T, respectively (Table 1).

Identification and isolation of MPBQ/MSBQ-MT
paralogs

We identified and isolated full-length cDNA and geno-
mic DNA sequences for two MPBQ/MSBQ-MT para-
logs (MT-1 and MT-2) and resequenced MT-1 and
MT-2 alleles from NMS373 (d d), R112 (m m d d),
LG24 (m m g g), and the wildtype parents of the
RHA280 x RHA801 recombinant inbred line (RIL)
mapping population (Supplemental Figs S1, S2; Gen-
Bank Acc. No. DQ229835-39 for MT-1 and DQ229840-
44 for MT-2). BLAST searches of the Compositae
Genome Program Database (CGPdb; http://cgpdb.
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ucdavis.edu/) and GenBank (http://www.ncbi.nlm.nih.
gov/) identified several sunflower ESTs with significant
homology to Arabidopsis MPBQ/MSBQ-MT (Gen-
Bank Acc. No. AB0542571 and At3g63410; Cheng
et al. 2003; Motohashi et al. 2003). The ESTs assem-
bled into two contigs: MT-1 (QH_CA_Contigl1970_1,
QHL18E1S, and AJ318323) and MT-2 (QH_CA_Con-

tig5553, QH_CA_Contigl970, QHLA4J09, and
QHN2M13).
cDNA clones for three ESTs (QHE12G15,

QHJ10MO08, and QHMS8HO03) were isolated, sequenced,
and supplied slightly longer contigs (925 bp for MT-1
and 802bp for MT-2). Full-length MT-1 cDNA
sequences were isolated from NMS373, RHA280, and
RHAS01 using cDNA fragments amplified from devel-
oping-seed RNAs; cDNA fragments could not be
amplified from R112 (m m d d) and LG24 (m m g g)
(Supplemental Fig. S1). Two MT-1 cDNA haplotypes
were identified. The cDNAs isolated from NMS373 and
RHAZ280 (1,560 bp) were identical and longer than the
RHAS801 cDNA (1,454 bp); the RHA801 cDNA lacked
the last 106 bp of the 3'-UTR. Full-length MT-2 cDNA
sequences were isolated from NMS373, RHAZ280,
RHAS801, R112, and LG24 using cDNA fragments
amplified from developing-seed RNAs (Supplemental
Fig. S2). Two MT-2 cDNA haplotypes were identified:
the cDNAs isolated from NMS373, R112, RHA280,
and RHABS801 were identical (1,328 bp) and longer than
the LG24 cDNA (1,298 bp).

MT-1 and MT-2 coding sequences (1,017 and
1,029 bp, respectively) and chloroplast transit pep-
tides (162 and 174 bp, respectively) were identified,
translated, and aligned with Arabidopsis and other
plant MPBQ/MSBQ-MT amino acid sequences (Sup-
plemental Fig. S3). MT-1 and MT-2 encode 339 and
343 amino acids, respectively. The amino acid simi-
larity between MT-1 and MT-2 was 88% (the nucleo-
tide identity between MT-1 and MT-2 cDNAs was
81%). Three conserved motifs (SAM I, II, and III)
characteristic of S-adenosyl methionine-dependent
methyltransferases (Kagan and Clarke 1994; Joshi
and Chiang 1998) were identified in MT-1 and MT-2.
The amino acids sequences for SAM 1 (VVD-
VGGGTGF) and SAM 11 (IEGDAEDLPF), binding
sites for substrate S-adenosyl methionine, were iden-
tical in MT-1 and MT-2. The amino acid sequences
for SAM III ([JLIJK[I/K]GGKAC[V/L]), the binding
site for catalytic products, were 67 % similar between
MT-1 and MT-2. The chloroplast transit peptides
(CTPs) of MT-1 and MT-2 (54 and 58 AAs, respec-
tively) were predicted using ChloroP 1.1 (http://
www.cbs.dtu.dk/services/chlorop-1.1/) and found to
be 37% similar.

The m mutation is a knockout of MPBQ/MSBQ-MT-1
caused by the insertion of a 5.2 kb Ty3/gypsy-like ret-
rotransposon in exon 1

The full-length MT-1 and MT-2 cDNA sequences sup-
plied templates for isolating full-length genomic DNA
sequences for MT-1 and MT-2 from wildtype and
mutant inbred lines (Supplemental Figs S1, S2). Three
exons (557, 307, and 153 bp, respectively), two introns,
and variable length 5’-UTRs (265-267 bp) and 3’-
UTRs (172-280 bp) were identified in an alignment of
NMS373, R112, LG24, RHA280, and RHAS801 allele
sequences for MT-1 (Fig.3). Three MT-1 haplotypes
were identified and distinguished by 136 single nucleo-
tide polymorphisms (SNPs), 26 insertion—deletion
(INDEL) polymorphisms, and double-stranded DNA
hairpin structures in both introns: haplotype 1
(9,460 bp) was found in R112 and LG24, haplotype 2
(3,752 bp) was found in RHAS801, and haplotype 3
(4,517 bp) was found in NMS373 and RHA280 (Fig. 3;
Supplemental Fig. S1). Fourteen long INDELs (51—
5,175 bp) were identified among the three haplotypes.
Three non-synonymous SNPs were identified in MT-1
coding sequences (CDSs)—CTA (Leu-50) to CCA
(Pro-50), CAG (GIn-252) to AAG (Lys-252), and CTT
(Leu-311) to GTT (Val-311)—but none were associated
with phenotypes produced by m or d, e.g., the Leu-50
SNP allele was found in m* m* (NMS373; haplotype 3)
and m m (R112 and LG24; haplotype 1) and the Lys-
252 SNP allele was found in d* d* (LG24) and d d
(R112) inbred lines (Supplemental Fig. S1).

MT-1 haplotype 1 was distinguished from haplo-
types 2 and 3 by the absence of a hairpin structure in
intron 1, presence of a 438 bp insertion in the 3'-UTR
(184 bp downstream of the stop codon), and presence
of a 5,175 bp insertion in exon 1, in addition to other
DNA polymorphisms (Fig. 3; Supplemental Fig. S1).
The 438bp insertion in the 3’-UTR carries a
[CCGATTTTTT]g repeat; significant BLAST hits were
not retrieved from GenBank when the 438-bp INDEL
was used as query template. The 5,175 bp insertion was
identified to be a Ty3/gypsy-like long-terminal-repeat
(LTR) retrotransposon (Song et al. 1994; Bowen and
McDonald 2001; Feschotte et al. 2002) and was pre-
dicted to knockout the MT-1 allele found in R112,
LG24, SRA16, and other inbred lines carrying the m
mutation. The Ty3/gypsy-like retrotransposon inserted
into the SAM I motif found in exon 1 of MT-I and
seems to be complete—gag (1,401 bp) and pol
(3,057 bp) genes were present and flanked by 5" and 3’
tandem LTRs (234 bp) (Marchler-Bauer and Bryant
2004). The protease (PR), reverse transcriptase (RT),
and intergrase (IN) domains in the pol gene were
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Fig. 3 MPBQ/MSBQ-MT-1 insertions, deletions, hairpins, and
haplotypes. Schematic diagram illustrating UTRs (white boxes),
exons (dark gray boxes), introns (lines), insertions (inverted black
triangles), deletions (inverted white triangles), and hairpins found
in three MPBQ/MSBQ-MT-1 haplotypes (1, 2, and 3). UTR, ex-
on, and intron lengths (bp) are shown below each haplotype, IN-
DEL lengths are shown above each haplotype, and hairpin

present in the order (PR-RT-IN) found in Ty3/gypsy-
like retrotransposons; the order in copia-like retro-
transposons is PR-IN-RT (Song et al. 1994; Bowen and
McDonald 2001; Feschotte et al. 2002).

We tested for an association between MT-1 and m
by developing INDEL markers diagnostic for mutant
and wildtype m alleles, screening several wildtype (m”*
m™) and mutant (m m) homozygotes for presence or
absence of the exon 1 and 3'-UTR insertions found in
haplotype 1, screening for cosegregation between
MT-1 and m in the NMS373 x SRA16 F, population,
and screening for MT-1 transcription in wildtype (m*
m*) and mutant (m m) homozygotes. The 438-bp
insertion in the 3’-UTR and 5,175-bp insertion in
exon 1 of haplotype 1 were amplified from genomic
DNAs of R112, LG24, and six other mutant (m m)
homozygotes (SRA16, VHBI18, VHB45, HGSI,
MB17, and HDS5) only (Fig. 4). Neither insertion was
present in wildtype (m* m*) homozygotes (NMS373,
VHGS8, RHA280, and RHA801). RT-PCR analyses
were performed on RNAs isolated from developing
seeds and leaves using MT-1 specific primers flanking
intron 1 (F38/R57); the primer site DNA sequences
were identical among the three haplotypes (Table 2;
Supplemental Fig. S1). MT-1 transcripts of the pre-
dicted length (320 bp) were amplified from m* m*
inbred lines only (Fig. 4). No transcripts were ampli-
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lengths are shown within the bulb of each hairpin. The mutant
MT-1 allele (m) harbors a 5,175 bp Ty3/gypsy-like retrotranspo-
son insertion in exon 1 and was found in R112 and LG24 (haplo-
type 1; 9,460 bp). Wildtype MT-1 alleles (m*) were found in
RHAS801 (haplotype 2; 3,752 bp) and NMS373 and RHA280
(both haplotype 3; 4,517 bp). INDEL lengths are in reference to
haplotype 3

fied from m m inbred lines; hence, as predicted from
R112 and L.G24 allele sequences, MT-1 was not tran-
scribed in m m homozygotes and MT-1 was knocked
out by the insertion of a 5.2 kb Ty3/gypsy-like retro-
transposon in exon 1.

DNA sequences homologous to class I and II
transposons in MT-1 and MT-2 introns

Fourteen DNA fragments homologous to class I or II
transposable elements (Bennetzen 2000; Feschotte
et al. 2002; Jiang et al. 2004) were identified in the
introns of MT-1 and MT-2 (Supplemental Figs. S1,
S2). Nucleotide identities among sunflower and het-
erologous rice, maize, or Arabidopsis transposon
sequences (Jiang et al. 2004; http://www.tigr.org/tdb/
e2kl1/ plant.repeats/) ranged from 54 to 58%. The
first intron of MT-1 harbored DNA sequences (iden-
tified by length) homologous to adh-like miniature
inverted repeat transposable elements (MITEs) (247
and 243 bp), Tyl/copia- and Ty3/gypsy-like retro-
transposons (364 and 426 bp), and en/spm-like
(CACTA) transposons (434 bp). The second intron
of MT-1 harbored DNA sequences homologous to
activator (Ac) (181-bp) and en/spm-like (148-bp)
transposons and tourist-like MITEs (101-bp). The
second intron of MT-2 harbored DNA sequences
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Fig. 4 MPBQ/MSBQ-MT-1 is not transcribed in mutant homo-
zygotes (m m). (a) Ethidium bromide-stained agarose gel show-
ing cDNA fragments amplified by RT-PCR from RNAs isolated
from developing seeds (25-DAF) and leaves (60-DAG) of four
homozygous wildtype (m* m* = +) inbred lines (NMS373, VHGS,
RHA280, and RHAS801) and eight homozygous mutant (m
m = —) inbred lines (R112, LG24, SRA16, VHB18, VHB45,
HG81, MB17, and HDS55) using a primer pair (F38/R57) flanking
the first intron in MT-1. F38/R57 amplified a 320 bp cDNA frag-
ment from wildtype (+) inbred lines only. M is a DNA ladder.
b Ethidium bromide-stained agarose gel showing DNA frag-
ments amplified by LD-PCR from genomic DNAs isolated from
four homozygous wildtype (m* m* = +) inbred lines (NMS373,
VHGS8, RHA280, and RHAS801) and eight homozygous mutant
(m m = —) inbred lines (R112, LG24, SRA16, VHB18, VHB45,
HGS81, MB17, and HD55) using primer pairs in exon 1 (F8/ R39)
and the 3'-UTR (F76/R83) of MT-1. F8/R39 amplified a 239 bp
DNA fragment from wildtype (+) and 5,414 bp DNA fragment
from mutant (—) inbred lines. F76/R83 amplified a 162 bp DNA
fragment from three of the four wildtype (+) and a 600 bp DNA
fragment from mutant (—) inbred lines. F76/R83 did not amplify
a DNA fragment from RHA801 because the reverse primer is
complementary to DNA sequences deleted in the RHAS801 allele.
M is a DNA ladder

homologous to bg transposons (252-bp) and tourist-
like MITEs (230 and 249 bp). Finally, the third intron
of MT-2 harbored DNA sequences homologous to
Ac-Ds transposons (266-bp), adh-like MITEs (553-
bp), and copia-like retrotransposons (796-bp).

Codominant INDEL markers diagnostic for the M7-1
mutation

Codominant INDEL markers diagnostic for mutant
and wildtype MT-1I alleles were developed by combin-
ing three primers in allele-specific combinations target-
ing DNA sequences within (R15 and F32) and
upstream (F8) and downstream (R39) of the retro-
transposon in exon 1 (F8/F32/R39 and F8/R15/R39)
(Fig. 5; Table 2). The F8/R39 primer combination was
used in both genotyping assays, flanks the retrotrans-
poson, and is wildtype allele specific. When used in
standard PCR analyses, F8/R39 amplified a 239 bp
genomic DNA fragment from m* m* inbred lines, but
failed to amplify the 5,414 bp genomic DNA fragment
from m m inbred lines (Fig. 5). R15 and F32 are com-
plementary to retrotransposon DNA sequences; hence,
the F8/R15 and F32/ R39 primer combinations are
mutant allele specificc. When standard PCR analyses
were performed using the F8/F32/R39 primer combina-
tion, the F8/R39 primer pair amplified a 239 bp DNA
fragment from m* m* inbred lines, whereas the F32/
R39 primer pair amplified a 339 bp DNA fragment
from m m inbred lines. Similarly, when standard PCR
analyses were performed using the F8/R15/R39 primer
combination, the F8/R39 primer pair amplified a
239 bp DNA fragment from m* m* inbred lines,
whereas the F8/R15 primer pair amplified a 329 bp
DNA fragment from m m inbred lines. We developed a
third codominant INDEL marker for M7-1 by target-
ing primers (F45/R50) to DNA sequences flanking
INDEL polymorphisms found in intron 1, primarily for
mapping the MT-I locus in reference populations seg-
regating for different wildtype alleles (e.g.,
RHA280 x RHAS801) (Table 2). The F45/R50 INDEL
marker amplified alleles of the predicted length from
mutant and wildtype inbred lines. The MT-1 locus was
genotyped in the RHA280 x RHAS801 RIL population
(n =94) using the F45/F50 INDEL marker and in the
NMS373 x SRA16 F, population (n =190) using two
INDEL markers (F8/F32/R39 and F45/50), mapped to
linkage group 1, and cosegregated with the m locus
(Figs. 2, 6).

MPBQ/MSBQ-MT-2 transcription was twofold greater
in developing seeds of wildtype (d* d*) than mutant (d
d) inbred lines

Once associations between MT-1 and m and y-TMT
and g were discovered and MT-1, y-TMT, and TC loci
were found to segregate independently of the d locus
(Fig. 2; Hass et al. 2006), our search for the function
disrupted by the d mutation narrowed to MT-2. We
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isolated and aligned full-length genomic DNA
sequences from mutant (d d) and wildtype (d* d¥)
inbred lines and searched for non-synonymous SNPs
and other DNA polymorphisms. Three M7-2 haplo-
types were identified and shared 33 SNPs and 11
INDELs: haplotype 1 (3,768 bp) was found in
NMS373, R112, and RHAS801, haplotype 2 (3,312 bp)
was found in LG24, and haplotype 3 (3,780 bp) was
found in RHA280 (Supplemental Fig. S2). Eight SNPs
were identified in MT-2 CDSs, but none were non-syn-
onymous. Several SNPs and INDELs were found in
introns 2 and 3. Other than a 12 bp INDEL in intron 3,
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4.

Fig. 5 MT-1 and MT-2 INDEL marker polymorphisms. a Loca-
tions (nt) for forward (F8 and F32) and reverse (R15 and R39)
oligonucleotide primers for INDEL markers diagnostic for pres-
ence or absence of the Ty3/gypsy-like retrotransposon insertion
(dotted line) in exon 1 (solid line) of MT-1. b Length polymor-
phisms (bp) for MT-1 and MT-2 insertion-deletion (INDEL)
markers among several inbred lines (ethidium bromide-stained
agarose gels showing genomic DNA fragments amplified by PCR
using MT-1 or MT-2 specific oligonucleotide primers). The F8/
R39 primer pair flanks the 5,175-bp Ty3/gypsy-like retrotranspo-
son insertion in exon 1 of M7-1 and, when standard PCR proto-
cols are used, does not amplify genomic DNA fragments from
mutant homozygotes (m m). The F8/F32/R39 and F8/R15/R39
primer combinations are allele specific and amplify wildtype and
mutant MT-1 alleles. F8/R39 amplified a 239 bp allele from wild-
type homozygotes (m* m*), whereas F32/R39 amplified a 339 bp
allele from mutant homozygotes (m m). F8/R39 amplified a
239 bp allele from wildtype homozygotes (m* m*), whereas F8/
R15 amplified a 329 bp allele from mutant homozygotes (m m).
The F45/R50 MT-1 INDEL marker targets INDELSs in the first
intron. The F24/R25 MT-2 INDEL marker targets INDELs in the
third intron. M is a DNA ladder

the SNP and INDEL alleles found in haplotypes 1 and
3 were identical (LG24 carried the opposite SNP or
INDEL allele). We found a 361 bp hairpin structure in
intron 2 of haplotypes 1 and 3. The hairpin structure
was deleted in haplotype 2 and spanned a 372 bp
INDEL. Haplotypes 1 and 3 carried a 30 bp insertion
at the beginning of the 5'-UTR (deleted in haplotype
2). Thus, several SNPs and INDELs distinguish the
MT-2 allele found in LG24 and SRA16 (d* d*) from
the MT-2 allele found in R112 and NMS373 (d d); the
d* allele found in SRA16 was transmitted by LG24
(Hass et al. 2006).

The presence of the 30 bp INDEL at the beginning
of the 5'-UTR was substantiated by using 5'-RACE
PCR to amplify cDNA fragments from developing
seed RNAs isolated from R112, NMS373, and LG24
(data not shown). We developed RT-PCR and geno-
typing assays to screen for the INDEL by targeting a
forward primer (F1) to the inserted DNA sequence
and a reverse primer (R7) to shared DNA sequences
downstream of the insertion site (Fig. 7; Table 2). F1/
R7 amplified MT-2 transcripts (306 bp) and genomic
DNA fragments (582 bp) from d d (mutant) inbred
lines only. We developed a second RT-PCR and
genotyping assay for MT-2 by positioning a forward
primer (F5) upstream and reverse primer (R7) down-
stream of intron 1 (Table 2). F5/R7 amplified MT-2
transcripts (209 bp) and genomic DNA fragments
(485bp) from mutant and wildtype inbred lines;
hence, MT-2 was transcribed in d* d* and d d inbred
lines (Fig 7).
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Table 2 MPBQ/MSBQ-MT-

1 and MT-2 Primer Sequences Gene Name tﬁ;ition Orientation® Sequence (5'-3")
MT-1 F8 427 F AGATGTAGTGTGTCTGTATCA
MT-1 R15 755 R GGTTTACAACGACTACAACTA
MT-1 F32 5,502 F GTCTCCAGCTTCGTTTTCCAT
MT-1 F38 5,819 F CTACTTTGGGGATTGTGGAACA
MT-1 R39 5,840 R TGTTCCACAATCCCCAAAGTAG
MT-1 F45 7,209 F AGAGAAGAACGTAATGCTAGG
MT-1 R50 7,604 R TGGTAAGCAAATGGGACAAGA
MT-1 R57 8,688 R CAACATCCACATGTCTGCAAAG
MT-1 F76 9,737 F AGCTTGTGTGCACTGTTATTTG
MT-1 R8&3 10,336 R TACGAAGCTACATAACCACTTG
MT-2 F1 1 F GATTATCAACAGCCGTATACTTGG
MT-2 F5 98 F TCAATGGTGCTTTGAGTCAAC
#Nucleotide locations in geno- MT-2 R7 582 R ACACTTAGGTACAACTAAGGT
mic DNA sequence align- MT-2 F10 872 F CGAAGCAAAAGGAACCGTTGAA
ments for MT-1 and MT-2 MT-2 R14 1,827 R ATCTTTAGAACTCGATATGCCT
(Supplemental Figs. S1, S2) MT-2 F24 2,913 F CTACTTACCTGTTGATAAACC
MT-2 R25 3,080 R GTTATATCGGTCAATATCGCCA

bForward (F) and reverse (R)

F8/F32/R39

F45/R50

— 380
— 284

T
NMS373 x SRA16 F,

9lVdS

=z
=
(9]
W
X
w

Fig. 6 MT-1 INDEL marker genotyping in the NMS373 x
SRA16 F, mapping population. F8/F32/R39 and F45/R50 MT-1
INDEL marker genotypes among 22 NMS373 x SRA16 F, prog-
eny. M is a DNA ladder

Codominant INDEL markers diagnostic for the MT-2
mutation

We developed an INDEL marker (F24/R25) diagnostic
for MT-2 haplotypes by positioning a forward primer
(F24) upstream and reverse primer (R25) downstream
of an INDEL in intron 3; 12 bp (nt 3,009-3,035) were
deleted in haplotype 1 and 26 bp (nt 3,036-3,047) were
deleted in haplotype 2 (Fig.5; Table 2). The MT-2
locus was genotyped in the NMS373 x SRA16 F, map-
ping population using the F24/F25 INDEL marker and
cosegregated with the d locus. The only putative muta-
tion we found between wildtype and mutant MT-2 alle-
les was the 30 bp insertion at the beginning of the 5'-
UTR in the R112 and NMS373 alleles. The insertion
was predicted to affect MT-2 transcription. We devel-
oped a quantitative RT-PCR assay for MT-2 and
screened LG24 and HG81 (d* d*) and NMS373 and

R112 (d d) for MT-2 transcript accumulation differ-
ences in leaves and developing seeds (Fig. 7); LG24 is
the source of the wildtype d allele found in HGS1
(Hass etal. 2006). The forward (F10) and reverse
(R14) primers used in the RT-PCR assay targeted
DNA sequences in exons 1 and 2, respectively
(Table 2). MT-2 transcription was identical in R112
and NMS373 (d d inbred lines), 2.2 to 2.3-fold greater
in leaves of d* d* than d d inbred lines, and 3.4 to 5.0-
fold greater in developing seeds of d* d* than d d
inbred lines (Fig. 7).

Intragenic and intergenic effects of MT-1 and MT-2

The development of INDEL markers diagnostic for
mutant and wildtype MT-1 and MT-2 alleles supplied
the tools needed to identify MT-I and MT-2 locus
genotypes underlying tocopherol phenotypes, esti-
mate the intragenic and intergenic effects of MT-1 and
MT-2, and estimate MT-1 x MT-2 genotype means
(Tables 3, 4). Segregation ratios for MT-1 (52:88:50;
¥>=1.07; P=0.58) and MT-2 (41:101:48; y*>=1.27,
P =0.53) INDEL marker loci were not significantly
different from 1:2:1 (neither locus had distorted segre-
gation ratios). MT-1 and MT-2 significantly decreased
o- and increased B-T percentages and epistatically
interacted (P <0.0001 for o- and B-T percentage)
(Tables 3, 4). Neither locus significantly affected y- or
0-T percentages (statistics not shown). The additive
effects of MT-1 were fourfold greater than the additive
effects of MT-2 and were of opposite sign because the
mutant alleles were transmitted by different parents
(m by SRA16 and d by NMS373). The intra- and inter-
genic effects of the two loci were associated with 89.0 to
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Fig. 7 MPBQ/MSBQ-MT-2 is more strongly transcribed in wild-
type (d* d*) than mutant (d d) homozygotes. (a) Ethidium bro-
mide-stained agarose gels showing cDNA fragments amplified by
RT-PCR from RNAs isolated from developing seeds (25-DAF)
of wildtype (d* d* = +) and mutant (d d = —) inbred lines using
primer pairs (F1/R7 and F5/R7) flanking intron 1. The MT-2 al-
lele found in mutant inbred lines carries a 30 bp insertion at the
beginning of the 5'-UTR. F1 is complementary to DNA sequenc-
es found in the 30-bp insertion (nt 1-24), whereas F5 is comple-
mentary to DNA sequences 30 bp downstream of the 30-bp
insertion in the 5'-UTR (nt 98-119). The reverse primer (R7) is
complementary to DNA sequences in exon 2 (nt 561-582). M is a
DNA ladder. (b) Ethidium bromide-stained agarose gels showing
genomic DNA fragments amplified from wildtype (d* d* = +) and
mutant (d d = —) inbred lines using primers (F1/R7 or F5/R7)
flanking intron 1 in MT-2. (¢) MT-2 transcript accumulation in
developing seeds (25-DAF) and leaves (60-DAG) of wildtype
and mutant inbred lines quantified by real-time RT-PCR using
forward and reverse primers (F10/R14) flanking 163-bp in exon 1.
The dependent variable (x-axis) was calculated using the ratio of
the cycle threshold for each inbred line to the cycle threshold for
R112 normalized to actin (x = 1 for R112)

90.0% of the phenotypic variability observed among
NMS373 x SRA16 F, progeny (Table4). MT-1 was
epistatic to MT-2"MT-2 significantly decreased o- and
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Table 3 MT-1 x MT-2 INDEL marker genotype means among
190 NMS373 x SRA16 F, progeny

Genotype? Tocopherol (%)
MT-1 x MT-2 mxgxd o B Y 3
11/11 m'm*gtgtdd 96.7 31 01 02
11212 mtmtgtgtdtd  96.1 35 03 01
1122 mmtgtgtd d" 915 1.8 02 06
12/11 m'mggtdd 89.1 107 02 00
12/12 m*mgtgtd-d 91.3 84 02 01
12/22 mmgrgtdtd® 928 70 02 0.0
22/11 mmggtdd 295 705 0.0 00
22/12 mmggtdtd 486 513 0.0 0.1
22/22 mmggtd-d 623 375 00 05

2 INDEL marker alleles for MT-1 and MT-2 transmitted by
NMS373 were coded 1, whereas INDEL marker alleles for MT-1
and MT-2 transmitted by SRA16 were coded 2; hence, MT-
1 x MT-2 genotypes for the parents were 11/11 (NMS373) and
22/22 (SRA16), respectively. NMS373 transmitted wildtype m
and g alleles and mutant d alleles (m*, g*, and d, respectively),
whereas SRA16 transmitted mutant m and wildtype g and d alle-
les (m, g*, and d*, respectively)

increased B-T percentages among F, individuals homo-
zygous for the mutant MT-1 allele (m m), but had no
effect among F, individuals heterozygous or homozy-
gous for wildtype MT-1 alleles (m* m* and m* m). The
additive effects of MT-2, when estimated among
mutant MT-1 (m m) individuals, were —19.9% for o-T
(P<0.0001) and 20.0% for B-T (P <0.0001). The
degree of dominance of MT-I was incomplete (0.77 for
a- and 0.76 for B-T), but sufficient to produce a discon-
tinuous array of a- x B-T phenotypes among hetero-
zygotes (m* m) and wildtype homozygotes (m* m™")
(Tables 3, 4; Fig. 1). The degree of dominance of MT-2
was nearly completely additive (0.11 for o~ and -T).

Discussion

The tocopherol composition variability found in seeds
(Cook and Miles 1992; Sheppard et al. 1993; Demurin
et al. 1996; Kamal-Eldin and Andersson 1997; Dolde
et al. 1999; Grusak and DellaPenna 1999; Rocheford
et al. 2002; Wong et al. 2003) is primarily caused by
genotypic variability among y-TMT and MPBQ/
MSBQ-MT loci (Shintani and DellaPenna 1998; Shin-
tani et al. 2002; Bergmiiller et al. 2003; Cheng et al.
2003; Van Eenennaam et al. 2003). Wildtype y-TMT
and MPBQ/MSBQ-MT activities in developing seeds
of sunflower drive tocopherol synthesis towards o-T.
The unparalleled diversity of wildtype and offtype
tocopherol composition phenotypes found in sunflower
is caused by the apparently strong y-TMT and MPBQ/
MSBQ-MT activities in developing seeds leading to
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>90% o-T in wildtypes, mutations affecting y-TMT

A oo
2 x & S3 and MPBQ/MSBQ-MT activities upstream of o- and f-
% < e - = T (the terminal products of the pathway), the multi-
gj _ § S S functionality and redundancy of MPBQ/MSBQ-MT
£h < g &= S loci, and epistatic interactions among y-TMT and
Ea‘ g = e e MPBQ/ MSBQ-MT loci (Tables 1, 3, 4; Hass et al.
o3 ~ 2006).
= 3
S § 9 A g Using genomic approaches and forward genetic
§0'§ é R~ S analyses, we isolated genes encoding methyltransfe-
£ —8 Q rases (MT-1, MT-2, v-TMT-1, and y-TMT-2) necessary
E < ) E ~lez for the synthesis of tocopherols in sunflower and iden-
= 0 S |@S | tiied MPBQ/MSBQ-MT and y-TMT mutations under-
SE : - lying tocopherol composition phenotypes produced by
'gE ol § § four epistatically interacting loci (MT-1, MT-2, yv-TMT-
g ° = A NV 1, and y-TMT-2); y-TMT paralogs were found in
o /LT: X Q‘: vV Vv .
g A a RHAS801 and LG24, but were not found in several
é < 518 | v wildtype inbred lines (Tables 1, 3, 4; Hass et al. 2006).
89 SlExR| v The independence of m, g, and d and associations
S s §D Q between MT-1 and m, MT-2 and d, and y-TMT-1, v-
p g g T = TMT-2, and g were substantiated in the present and a
5 EDL,;* E Q/s:\: § § companion study by allele resequencing, transcript
% § 2 X profiling, and genetic mapping (Hass et al. 2003, 2006;
SE é N 5 o o Tang et al. 2005; Fig. 2). Our analyses focused on the
532 SElel| == m = Tph, and g = Tph, mutations identified by Demu-
g g g < rin (1993) and d mutation identified by Hass et al.
ES g 9 S8 (2006) and supply molecular tools for rapidly identify-
Ss7Z s S 2 ing new methyltransferase and cyclase mutations. Sev-
) o = AN oo g y
’§f§ S < | & vV eral additional mutant inbred lines (T589, T2100,
§~,§ E = IAST-1, IAST-4, TAST-5, and TAST-540) have been
E E § E 2 S 3 fil described (Demu.rin et al. 2004; V_elasco e.t al. 20043,
2% 2 Eﬂ ~ b), have biochemical phenotypes virtually identical to
% i% A Y the mutant inbred lines we screened (Demurin 1993;
b= g g Q f e Demurin et al. 1996; Hass et al. 2006; Table 1), and are
z g § g %3 2 ‘o\l 5 predicted to carry novel y-TMT, MT-1, or MT-2 muta-
° s 2 ~ tions.

s & —
& 'g S @ § § Transposable element-induced mutations, other

Q A d

=32 A << than the Ty3/gypsy-like retrotransposon knockout of
23 E & Vv o .
593 S o MT-1, have not been identified in sunflower, but are
0 Eog E ey S 3 common in other plant genera (Johns etal. 1985;
Ei«,: = Sl = Grandbastein et al. 1989; Varagona et al. 1992; Weil
; £ E 3 88 et al. 1992; Purugganan and Wessler 1994) and could
332 é iRy be common in sunflower. Tyl/copia- and Ty3/gypsy-
>a g Rl . like retrotransposons (class I transposable elements
= il s} ? N p
§°% Elesl 22 are found in sunflower (Santini etal. 2002), have
s 8 = = | m<| o . k
8 5% == undoubtedly played a central role in enlarging and
-_5 S § 3 S8 reshaping the sunflower genome, as they have in
g %D% Q;A: vy monocots (SanMiguel etal. 1996, 1998; Bennetzen
28018133 oo 2000, 2002; Ma et al. 2004; Lal and Hannah 2005), and
E‘): S § E % B a UNF have apparently proliferated at different rates among
g E 2T progenitor and homoploid hybrid sunflower species
< 5 : f:; (Baack et al. 2005).
= Zx |8 We identified several DNA fragments (101-796 bp
ESn |8 3 in length) in MT-1, MT-2, yv-TMT, and TC introns
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(Supplemental Fig. S1, S2; Hass et al. 2006) homolo-
gous to class I and II transposable elements identified
in corn, rice, and Arabidopsis (Jiang et al. 2004; http://
www.tigr.org/tdb/e2k1/plant.repeats/); specifically, mini-
ature inverted repeat transposable elements (e.g., tour-
ist- and adh-like MITEs), DNA-mediated transposons
(e.g., Ac—Ds and en/spm), and RN A-mediated transpo-
sons (e.g., Ty3/gypsy- and Tyl/copia-like). Transpo-
sons typically cause mutations through intronic
insertions that decrease transcription, yield multiple
transcripts through alternative splicing, or activate or
suppress transcription initiation sites (Varagona et al.
1992; Weil etal. 1992; Brown 1996; Lal et al. 1999,
2003; Marillonnet and Wessler 1997; Cui et al. 2003).
The LTR-retrotransposons found in spontaneously
induced mutant alleles are usually present in low to
medium copy number (1-50) in the host genome
(Purugganan and Wessler 1994; Marillonnet and Wess-
ler 1998; Feschotte et al. 2002), in contrast to the LTR-
retrotransposons found in very high copy numbers that
constitute the bulk of rice, corn, and other large plant
genomes (SanMiguel et al. 1996; Feschotte et al. 2002;
Ma et al. 2004). The copy number of the Ty3/gypsy-like
retrotransposon found in the mutant M7-1 allele is not
known. Unlike DNA-mediated transposons (e.g., Ac—
Ds), most LTR-retrotransposons are inactive (Johns
et al. 1985; Grandbastein et al. 1989; Varagona et al.
1992; Weil et al. 1992; Feschotte et al. 2002), and tend
to induce stable mutations when active. The DNA
sequences of the LTRs (234 bp) found in the MT-1 ret-
rotransposon were 100% identical (Supplemental
Fig. S1) and suggest recent transposition (SanMiguel
etal. 1998; Ma et al. 2004). The retrotransposon har-
bored the complete set of elements needed for autono-
mous transposition (Purugganan and Wessler 1994;
Song etal. 1994; Bowen and McDonald 2001; Fes-
chotte et al. 2002) and thus has the potential to be reac-
tivated by biotic and abiotic stresses (Grandbastein
1998), as has been reported for spontaneous mutations
induced by Ty3/gypsy- and Tyl/copia-like retrotrans-
posons in other genera (Johns et al. 1985; Grandba-
stein et al. 1989; Purugganan and Wessler 1994).

The null MT-1 (m) and near-null y-TMT (g) alleles
we identified originated in LG15 and LG17 and seem
to have arisen spontaneously in open-pollinated popu-
lations (VMIIK8931 and VIR44, respectively; Demu-
rin 1993; Demurin et al. 1996). The cryptic partial loss-
of-function MT-2 alleles (d) we uncovered in
B109 x LG24, R112 x LG24, and NMS373 x SRA16
spontaneously arose, but were masked by wildtype
MT-1 and y-TMT alleles found in wildtype inbred lines
(Fig. 1; Table 1; Hass etal. 2006). T589 and T2100
carry spontaneous mutations found in open-pollinated
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populations, PI 307937 and CO-77-256, respectively
(Velasco et al. 2004a). The biochemical phenotypes for
T589 and T2100 were virtually identical to LG15 (m m)
and LG17 (g g); hence, T589 and T2100 probably carry
loss-of-function MT-1 and y-TMT mutations, respec-
tively. The mutant alleles found in TAST-1, IAST-4,
IAST-5, and TAST-540 were induced using ethylme-
thane sulfonate (EMS) (Velasco etal. 2004b) and
could harbor G/C-to-A/T or other single nucleotide
transitions leading to non-synonymous amino acid sub-
stitutions in y-TMT, MT-1, MT-2, and TC (Hoffmann
1980; Greene etal. 2003). The spontaneous and
induced mutations carried by T- and I[AST-series
inbred lines (Velasco et al. 2004a, b) can be rapidly
identified by resequencing y-TMT, TC, MT-1, or MT-2
alleles and screening for non-synonymous SNPs and
other DNA polymorphisms using the genomic DNA
sequences and locus-specific primers described herein
(Table 2; Supplemental Fig. S1, S2; Hass et al. 2006).

The discovery of genetic mechanisms and cDNA
and DNA polymorphisms underlying the m, g, and d
mutations and development of single, double, and tri-
ple mutant inbred lines (Figs. 1, 2; Tables 1, 2, 3 and 5,
6; Hass et al. 2006) facilitated the development of mod-
els for understanding and predicting tocopherol com-
position phenotypes and unravelling the often complex
phenotypic effects produced by the duplicated, epistati-
cally interacting methyltransferase loci found in sun-
flower. Hass et al. (2006) observed a decrease in o-T
among R112 x LG24 F, individuals homozygous for
the MT-1 knockout mutation (m)—m m g* g* d* d*
genotypes produced 86.2% o-T and 13.8% B-T. The m
m g* g" d* d* inbred line (SRA16) we isolated from
R112 x LG24 produced 88.5% o-T and 8.8% f-T
(Table 1). The decrease in o-T and increase in B-T per-
centage were consistent with partially diminished
MPBQ/MSBQ-MT activity and increased flow through
the MPBQ = 3-T = B-T branch of the pathway
(Cheng et al. 2003; Van Eenennaam et al. 2003). MT-2
activity seems to have nearly completely compensated
for the loss of MT-1 activity in m m g* g* d* d* geno-
types because flow through the MPBQ = DMPBQ
= v-T = o-T branch of the pathway was only slightly
diminished.

The d alleles we identified produced quantitative
effects and may have been segregating in one or more
of the populations phenotyped by Demurin et al.
(1996) and Velasco et al. (2004a, b). The development
and genetic mapping of MT-2 DNA markers should
facilitate the identification of novel d alleles uncovered
by non-allelic methyltransferase mutations (Fig. 1;
Hass et al. 2006). The phenotypic effects of the partial
loss- or gain-of-function d alleles transmitted by R112,
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B109, and NMS373 were masked by m* alleles—m* m™
g g" d d inbred lines produced wildtype tocopherol
profiles (> 90% o-T) and were phenotypically indistin-
guishable from m* m* g* g* d* d* inbred lines
(Table 1). The o-T percentage for NMS373 (95.8%)
was close to the upper end of the phenotypic range
(96.7% o-T) among the wildtype inbred lines we
screened (Table 1; Hass et al. 2006). The presence or
absence of strong MT-2 alleles (d*) might underlie sub-
tle continuous differences in o-T percentage among
wildtype inbred lines. Unless the effects of MT-2 are
completely masked by strong wildtype M7-1 alleles, a-
T percentages in g* g* or y-T percentages in g g inbred
lines might be maximized by identifying and selecting
strong MT-2 alleles. We did not specifically screen for
d* alleles or identify or develop m* m* g* g* d* d*
inbred lines. The d* allele we identified originated in
LG24 (Demurin 1993; Demurin et al. 1996). We sus-
pect other cryptic d alleles are floating around in wild-
type germplasm. Such alleles are difficult if not
impossible to identify phenotypically (without produc-
ing populations segregating for non-allelic mutations),
but can be identified through quantitative transcript
profiling (Fig. 7), allele resequencing (Supplemental
Figs. S1, S2), and TILLING or ECOTILLING (Till
etal. 2003; Comai et al. 2004; Comai and Henikoff
2006) and, if identified, might produce even more
extreme phenotypes than have been identified so far.

When MT-1 and MT-2 were homozygous for mutant
alleles (im m g* g* d d), flow through the MPBQ
= DMPBQ = y-T = o-T branch of the pathway was
diminished and flow through the MPBQ = 6-T = B-T
branch of the pathway was enhanced—a-T percentages
ranged from 24.0 to 45.1 and B-T percentages ranged
from 54.9 to 74.1 among m m g* g* d d inbred lines
(Table 1; Hass et al. 2006). The tocopherol profiles of
the latter were consistent with greatly diminished
MPBQ/MSBQ-MT activities (Cheng et al. 2003; Van
Eenennaam etal. 2003). Using allele sequences,
INDEL marker genotypes, and biochemical pheno-
types, several m m g* g* d d inbred lines were identified
(B109, R112, MB17, VHBI18, and VHB45) and had
tocopherol phenotypes either close or virtually identi-
cal to the tocopherol phenotype for IAST-5 (Velasco
et al. 2004b; Hass et al. 2006; Table 1); hence, IAST-5
has the biochemical phenotype predicted for dimin-
ished MPBQ/MSBQ-MT activity (Cheng et al. 2003;
Van Eenennaam et al. 2003) and could harbor a novel
MT-1 or MT-2 mutation.

o- and B-T synthesis was disrupted and y- and &-T
synthesis was enhanced in lines carrying null M7-1 and
v-TMT alleles (im m g g d* d*), (Table 1; Fig. 1). The
phenotype for the m m g g d* d* inbred line (HGS81)

was analogous to the phenotype for SRA16 (m m g* g*
d* d*): flow through the MPBQ = DMPBQ = y-T
branch of the pathway was diminished, whereas flow
through the MPBQ = &-T branch of the pathway was
enhanced in HG81, the double null mutant (Table 1).
Finally, when MT-1, MT-2, and y-TMT were homozy-
gous for mutant alleles (m m g g d d), o- and B-T synthe-
sis were disrupted and y- and &-T synthesis were
enhanced (Table 1). 3-T percentages were twofold
greater than y-T percentages in the triple mutant and
matched pathway predictions (Cheng et al. 2003). The
tocopherol phenotypes for the triple mutant inbred line
HDS55 (32.7% v- and 67.3% 6-T) and TAST-4 (34.3% v-
and 58.2% 6-T), an inbred line developed by Velasco
et al. (2004b), were virtually identical; hence, IAST-4
could be a triple mutant. The growth, development, and
reproduction of the single, double, and triple mutant
individuals and inbred lines we isolated were normal;
however, in-depth analyses of the physiological and
metabolic consequences of the mutations are needed.
The knockout MT-1 and partial loss-of-function
MT-2 alleles we identified shed some light on the func-
tions of the MPBO/MSBQ-MT paralogs in sunflower,
although additional biochemical and functional analy-
ses are needed. Knockout mutations of MPBQ/
MSBQ-MT are lethal in species harboring a single
MPBQ/MSBQ-MT locus (Cheng et al. 2003; Motoh-
ashi et al. 2003; Van Eenennaam et al. 2003). Unless
sunflower carries an as yet unidentified MPBQ/MSBQ-
MT paralog, the non-lethality of the MT-1 knockout
mutation suggests that MPBQ/MSBQ-MT-2 can meth-
ylate MSBQ to yield plastoquinone, in addition to
methylating MPBQ to yield DMPBQ, and has the dual
functionality of the plant methyltransferases first
reported by Cheng et al. (2003). The synthesis of PQ, a
lipid-soluble plastid-localized electron carrier, is vital
for normal plant growth and development (Cook and
Miles 1992), whereas the synthesis of y- and o-T from
DMPBQ can be disrupted without impairing plant
growth and development when tocopherol biosynthesis
is redirected through the MPBQ = §-T = B-T branch
of the pathway (Table 1; Cheng et. al. 2003; Hass et al.
2006). The disruption of DMPBQ synthesis by non-
lethal MPBQO/MSBQ-MT mutations produces novel 9-
and B-T phenotypes, apparently without adversely
affect plant growth and development. While MT-2
seems to have the multifunctionality of the MPBQ/
MSBQ-MT identified by Cheng et al. (2003) and may
play the dominant role in PQ biosynthesis in sunflower,
we did not perform the biochemical analyses or have
the null M T-2 mutations needed to assess the function-
ality of MT-1 and thus cannot assert whether MT-1
methylates MSBQ. Clearly, MT-1 methylates MPBQ
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and, when knocked out, yields tocopherol phenotypes
predicted by the disruption of MPBQ = DMPBQ
methylation (Cheng et al. 2003; Motohashi et al. 2003;
Van Eenennaam et al. 2003).
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