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Abstract Oleic acid is one of the three major unsaturated
fatty acids in soybean oil. Expression of the embryo-spe-
cific Fad2-1 gene correlates with fatty acid biosynthesis
and oil deposition in developing seeds. Elevated levels of
oleate in the X-ray-induced mutant line M23 have been
shown to be associated with the deletion of a Fad2-1 gene.
In soybean, two homologs of the Fad2-1 gene, termed
Fad2-1a (L43920) and Fad2-1b (AY611472), presumably
encode functional embryo-specific fatty acid desaturase.
The objectives of this investigation were to determine
which copy of the Fad2-1 gene is associated with the in-
creased oleate content in the mutant line and what is the
relative transcript abundance of these two embryo-specific
genes. PCR and DNA blot analyses showed that increased
oleate content in M23 mutant was associated with the
deletion of Fad2-la. These results were further validated
using five independent soybean populations developed by
crossing mid-oleate and normal-oleate parents. Investiga-
tion of the soybean expressed sequence tag database and
reverse transcription PCR analyses revealed that Fad2-1b
is the predominantly transcribed copy of the Fad2-1
gene. We hypothesize that null mutation in Fad2-1b in the
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fad2-1a mutant background should further elevate the oleic
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Introduction

Soybean is one of the most important oilseed crops in the
world. The quality of soybean oil depends on its fatty acid
composition. Polyunsaturated fatty acids in soybean seed
reduce the stability of oil and lead to off-flavors. Chemical
hydrogenation improves oxidative stability, but results in
the formation of frans fatty acids that are undesirable for
cardiovascular health. Oleic acid is one of the most stable
of the three unsaturated fatty acids in soybean oil [1].

In Arabidopsis, a single gene, fatty acid desaturase-2
(Fad2), metabolizes oleic into polyunsaturated fatty acids
such as linoleic acid and «-linolenic acid [2]. In soybean,
two genes, Fad2-1 and Fad2-2, encode w-6 fatty acid
desaturase. Fad2-1 is embryo-specific, whereas Fad2-2 is a
constitutively expressed gene [3]. They share 73% identity
at the amino acid level, suggesting that Fad2-1 and Fad2-2
are very closely related and functionally redundant genes.
They were subfunctionalized; one for embryo or cotyledon
and the other, most likely, for all organs [3]. The soybean
gene Fad2-2 showed higher sequence identity than Fad2-1
to the Arabidopsis Fad2 gene; therefore, soybean Fad2-2
most likely is the ortholog of Arabidopsis Fad2. In com-
plementation assays, however, both soybean genes com-
plemented the Arabidopsis fad2 mutation [3].

In soybean, variation in linolenic acid content has been
correlated with the deletion of the w-3 desaturase gene [4].
Deletion of Fad2-1 in the X-ray-induced mutant M23 re-
sulted in the elevation of oleic acid contents [5-7]. A recent
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study revealed that there are two copies of the Fad2-1 gene
[8]. These two copies were designated as Fad2-la
(L43920) and Fad2-1b (AY611472) [3, 8, 9]. Comple-
mentary DNAs (cDNAs) for these two genes show 94%
nucleic acid identity. The objectives of this study were to
determine (1) which copy of the Fad2-1 gene is associated
with increased oleic acid content in the M23 mutant line
and (2) which transcripts of which copy of the gene are
most abundant. Our results suggest that the steady-state
transcript level of Fad2-1b is fourfold greater than that of
Fad2-1a and, therefore, mutation of Fad2-1b in M23 mu-
tant should further increase the oleic acid contents of
soybean oil.

Experimental Procedures
Materials Used

An F, population was developed from a cross between the
mutant line M23 and the cultivar Archer [5]. DNA was
isolated from leaves of individual F, plants. The F, plants
were harvested individually. Eleven individual F3 seeds
from each of 69 F, plants were analyzed for fatty ester
content [10].

Five segregating populations were developed at Iowa
State University by crossing mid-oleate, 1% linolenate
lines related to M23 to normal-oleate, 1% linolenate lines.
The mid-oleate, 1% linolenate parents were the Fs-derived
lines AX18895-6, AX18896-2, AX18894-1, and AX18894-
6. AX18894-1 and AX18894-6 are experimental lines from
the cross 1A2064 x AX18434. AX18895-6 is an experi-
mental line from the cross IA3017 x AX18434. AX18896-
2 is an experimental line from the cross A15647B039 x
AX18434. AX18434 is the population from the cross A97-
553017 x M23. A15647B039 and A97-553017 are normal-
oleate, 1% linolenate experimental lines. IA2064, IA2073,
TA3017, and IA3024 are normal-oleate, 1% linolenate
cultivars.

The parents were crossed in July 2004 at the Agricul-
tural and Agronomy Research Center near Ames, IA, USA.
The cross IA3024 x AX18895-6 was designated AX19716,
TA3024 x AX18896-2 was designated AX19717, IA2073 x
AX18894-1 was designated AX19721, IA2073 x AX18895-
6 was designated AX19722, and IA2073 x AX18894-6 was
designated AX19723. The F; seeds from each cross were
planted during October 2004 at the Illinois Crop Improve-
ment Association (ICIA) research station at Ponce, Puerto
Rico. The plants were grown under artificial light to extend
the day length to enhance seed production. The soil type is a
fine-loamy, mixed, superactive, isohyperthermic Cumulic
Haplustolls. The F; plants from each population were
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harvested individually, and ten individual seeds were ana-
lyzed from each plant. Plants with seeds that segregated for
oleate content were considered to be hybrids. The F, seed
from the F; plants of the same population were bulked
together.

A random sample of 125 F, seeds of AX19716 and
AX19717 and 84 F, seeds of AX19721, AX19722, and
AX19723 were used for fatty ester analysis [10]. Each seed
was cut into two parts with a razor blade. The third of the
seed that did not contain the embryonic axis was used for
fatty ester analysis and other two thirds of the seed with the
embryonic axis was planted in January 2005 at the ICIA
research station at Ponce, Puerto Rico. The F, plants from
split seeds were grown under artificial light to extend the day
length to enhance seed production. One leaf was harvested
from each F; plant and DNA from the leaf was tested for the
deletion conferred by M23 [5]. A total of 125 F, plants from
all the populations produced 38 or more seeds that were
required for analysis and progeny testing. The plants were
harvested individually in May 2005, and two five-seed bulks
were analyzed from each plant for fatty ester content.

In May 2005, one set of 130 entries was grown at two
locations. The set consisted of the F5 progeny of the 125 F,
plants harvested in Puerto Rico; two mid-oleate lines,
FA22 and N98-4445A; two 1% linolenate cultivars,
IA2073 and IA3024; and one conventional -cultivar,
IA3203. The set was grown in two replications of a ran-
domized complete-block design at the Agronomy Farm and
the Burkey Farm of the Agricultural and Agronomy
Research Center near Ames, IA, USA. The soil type for
both farms is a Nicollet loam (fine-loamy, mixed, super-
active, mesic Aquic Hapludoll). For each entry, up to 20
seeds were planted in rows 76-cm long, with 102 cm
between rows. There was a 107-cm alley between the ends
of the plots. If an entry did not have 80 seeds, its seeds
were divided among the four replications.

At harvest, the first five plants were harvested from each
plot of the F,.5 lines. Two five-seed bulks from each plant
were analyzed for fatty ester content. The fatty ester con-
tents of the two-five seed bulks were averaged to obtain a
mean for each plant. All F; plants from an F,.; line were
averaged to obtain the mean fatty ester content of the line.

DNA Analysis

Genomic DNA was prepared for DNA gel blot and PCR
analyses [11]. Ten micrograms of genomic DNA was di-
gested with the restriction enzyme EcoRI and electropho-
retically separated on 0.8% agarose gels [12]. DNA was
blotted from the gel onto a nylon membrane (Zeta Probe,
Bio-Rad Laboratories, Hercules, CA, USA) using capillary
action with 0.4 M NaOH overnight at room temperature.
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Probe Preparation, Hybridization, and Autoradiography

About 80 ng DNA was labeled with 50 uCi of [o°P]-
dATP [13]. Hybridization was performed in 10 ml of
hybridization buffer (50% formamide, 1% sodium dodecyl
sulfate, SDS, 1 M NaCl, 5x Denhardt’s solution, 100 pg/ml
herring sperm DNA), incubated at 42 °C for 16-18 h in a
hybridization rotisserie oven. Blots were washed with 2x
saline/sodium citrate (SSC) for five min at 42 °C followed
by 0.2x SSC, 0.1% SDS solution at 65 °C for 45 min, and
once more at 65 °C with 0.1x SSC, 0.1% SDS for 45 min.
Blots were exposed to X-ray films.

Marker Analysis

For PCR analysis, 30 ng genomic DNA was used as the
template in 10 pl reaction mixtures containing 1x buffer
[10 mM tris(hydroxymethyl)aminomethane—HCI, 50 mM
KCl, pH 8.3], 2.0 mM MgCl,, 0.25 uM of each primer,
200 pM deoxyribonucleoside triphosphates and 0.25 units
of Biolase DNA polymerase (Bioline USA, Boston, MA,
USA). The forward and reverse PCR primers were 5’-GGG
CCA TAG TGG GAG TTA TGG AAG-3" and 5-GCT
ATA AGC AGA ACA CTT TCC ACA T-3, respectively
(Fig. 1). The PCR conditions were as follows: initial cycle
of 2 min at 94 °C followed by 35 cycles with denaturation
at 94 °C for 30 s, primer annealing at 58 °C for 30 s, and
extension at 72 °C for 1 min. A single cycle of 8 min at
72 °C for extension was provided at the end of the
amplification reactions. The amplification products were
size-separated on a 4% agarose gel.

Sequence Analysis

NCBI BLASTN and BLASTX programs were used for
identification and analyses of soybean Fad2-I-specific
expressed sequence tags (ESTs). ClastalW and BLAST2
programs were used in identifying individual ESTs of the
Fad?2-1a and the Fad2-1b genes. The sequence of Fad2-1b
was assembled from two ESTs and a cDNA sequence by
applying ClastalW and BLAST?2 programs.

Reverse Transcription PCR Analysis

For expression analysis embryos were collected at three
developmental stages from the cultivar Williams 82.
Average weights were 14, 41, and 79 mg, for stage 1, 2,
and 3 embryos, respectively. Tissues were frozen quickly
in liquid nitrogen and ground to fine powder using a mortar
and pestle. Total RNA was extracted from tissue powder
using the Qiagen RNeasy Plant Mini kit (Qiagen, Valencia,
CA, USA). RNA concentration was determined using a
Unico UV-2000 spectrophotometer (Unico, Dayton, NJ,

USA). RNA was treated with deoxyribonuclease I for
30 min at 37 °C to eliminate any contaminating DNA.
Reverse transcription (RT) was conducted with gene-spe-
cific PCR primers (primer sequence mentioned in ‘‘Marker
Analysis’’) using a RT-PCR kit (Qiagen). To determine the
extent of amplification from contamination, a control
reaction lacking reverse transcriptase was conducted for
each RNA sample. Primers specific to actin gene GmACT]1
(gi 18531) were spiked in the PCRs in order to determine
the variation in RNA amounts among the samples. RT was
conducted at 50 °C for 30 min. The samples were then
incubated at 95 °C for 15 min to initiate the hot start DNA
polymerase enzyme. Twenty-five cycles with an initial
melting temperature at 94 °C for 30 s, primer annealing at
52 °C for 30 s, and extension at 72 °C for 1 min, were
followed by a 10-min extension at 72 °C. PCR products
were electrophoresed in 3% agarose gel for separating PCR
products of the Fad2-1a and Fad2-1b genes and also on
0.8% agarose gels to resolve the GmACT1 band. A 100-bp
DNA ladder (Life Technologies, Rockville, MD, USA) was
used as a DNA marker. Band quantification was done using
a GS-800 calibrated densitometer (Bio-Rad, Hercules, CA,
USA).

Results and Discussion
Soybean Fad2 Homologs

The Fad?2 gene was first cloned from Arabidopsis through T-
DNA mutagenesis experiments [2]. Fad2 encodes fatty acid
desaturase that is involved in desaturation of oleic acid into
polyunsaturated fatty acids. An NCBI database search
identified three soybean cDNA sequences (143920, 143921,
and AY611472) with high similarity to the Arabidopsis
Fad? gene. One cDNA sequence (L43921) represents the
transcript of the Fad2-2 gene. The other two cDNAs
(AY611472 and 1.43920) share very high nucleic acid se-
quence identity (94%) and most likely represent duplicated
copies of the Fad2-1 gene [3, 9]. These two paralogous
genes were designated recently by Tang et al. [8] as Fad2-
la and Fad2-1b. Sequence comparison between these two
closely related genes revealed that there is an 18-bp deletion
at the 3’ untranslated region of Fad2-1b (Fig. 1).

Fad2-1a Is Deleted in the M23 Mutant Line

The 18-bp deletion in Fad2-1b was used to distinguish this
gene from Fad2-Ia through PCR analysis (Figs. 1, 2).
PCR-amplified fragments generated using primers that
flank the deletion were expected to be 184 bp in Fad2-1a
and 163 bp in Fad2-1b. When these primers were used to
investigate the parental lines, M23 and Archer, a single
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Fig. 1 Development of a PCR Fad2-la CCATATACTAATATTTGCTTGTATTGATAGCCCCTCCGTTCCCAAGAGTATAAAACTGCA 60
marker that distinguishes the Fad2-1b = oo oo GGGGA 5
Fad2-1a and Fad2-1b genes. Fad2-1a TCGAATAATACAAGCCACTAGGCATGGGTCTAGCAAAGGAAACAACAATGGGAGGTAGAG 120
The sequence for the Fad2-1b Fad2-1b AATGATACTACAAGCCACTAGGCATGGGTCTAGCAAAGGAAACAATAATGGGAGGTGGAG 65
khkkhk Khkkhhkhkhkhhhkhhhkhkkhhhkhkkhkhhkhhhkhkkhhhkhkkhkhkhkhhhkhkkhkh *,khkhkrhkkhkhkhkhk **k%k
gene was assembled from two Fad2-1a GTCGTGTGGCCAAAGTGGAAGTTCAAGGGAAGAAGCCTCTCTCAAGGGTTCCAAACACAA 180
expressed sequence tags, Fad2-1b GCCGTGTGGCCAAAGTTGAAATTCAGCAGAAGAAGCCTCTCTCAAGGGTTCCAAACACAA 125
Kk kkkhkkhkkhkhkkhkkhkhkhkk Khkk hxkk Khkhkkhkhkhkhkhkhkkhkrhkhkkkhkhkhhkkkhkhhxkhkkhkkhkkhxkkk
Al748158 and AI735881, and a Fad2-1la AGCCACCATTCACTGTTGGCCAACTCAAGAAAGCAATTCCACCACACTGCTTTCAGCGCT 240
complementary DNA sequence, Fad2-1b AGCCACCATTCACTGTTGGCCAACTCAAGAAAGCCATTCCACCGCACTGCTTTCAGCGTT 185
AY6]1472 S n dfr Ak hkkhkhhhkkhkhhhkkhkhkhkhhkhkhkhkhhhkhhkhhhhhhkhhdx khhkhkhkhhkhkhk *hkhkhrhkhkhkhrkhkkhhxkx *
+/2. sequences used 1o Fad2-1la CCCTCCTCACTTCATTCTCCTATGTTGTTTATGACCTTTCATTTGCCTTCATTTTCTACA 300
developing the primers are Fad2-1b CCCTCCTCACTTCATTGTCCTATGTTGTTTATGACCTTTCATTGGCTTTCATTTTCTACA 245
d l. d ATG and TAG Khkhkkkhkhkhkhkhkkhkhkhhkhkkhkh *hkkhkkhdhkrhkhkkhkhhkrhkhkkhkhkrhkhkhkkhkhkrhkkhkkhk *k Khkhkhkhxkkhkkhkkhxkhkkhkkxk
unaertined. ! Fad2-1a TTGCCACCACCTACTTCCACCTCCTTCCTCAACCCTTTTCCCTCATTGCATGGCCARTCT 360
codons are shown in bold. Fad2-1b TTGCCACCACCTACTTCCACCTCCTCCCTCACCCCTTTTCCCTCATTGCATGGCCAATCT 305
Fadz_lb shOWS an ]8_b Kdhhkhkkhkhkhkhkkhkhkhkhkhkhkhkkhhkrhkkhkhkhrhkhkx *kxx%k khkkhkhkhkhkkhhkhkhkkhhkrhkkhkhkhkhkhkhkhkkhkkhxxkkx
. P Fad2-la ATTGGGTTCTCCAAGGTTGCCTTCTCACTGGTGTGTGGGTGATTGCTCACGAGTGTGGTC 420
deletion Fad2-1b ATTGGGTTCTCCAAGGTTGCATTCTTACTGGCGTGTGGGTGATTGCTCACGAGTGTGGTC 365
hhhkhkhhkhkhkkhkhhkhkkhkhkhkhkhhkhkhk *hkkhkhk K hhhhk hrxkhkhkhrdhhkhkhkkhhkrhkhkhkrhkkhhhkhhxkkhx
Fad2-1la ACCATGCCTTCAGCAAGTACCAATGGGTTGATGATGTTGTGGGTTTGACCCTTCACTCAA 480
Fad2-1b ACCATGCCTTCAGCAAGTACCCATGGGTTGATGATGTTATGGGTTTGACCGTTCACTCAG 425
hhhkhkkhhkhkhkkhkhkhkhkkhkhkhkhhhhkhkh *,khhkhkhkhhkhkhkkhhhkhkhkhdx hhkhkkhhkrhkhkhhk *hkkhkkhxxkk
Fad2-la CACTTTTAGTCCCTTATTTCTCATGGAAAATAAGCCATCGCCGCCATCACTCCAACACAG 540
Fad2-1b CACTTTTAGTCCCTTATTTCTCATGGAAAATAAGCCATCGCCGCCACCACTCCAACACGG 485
Kk hkhkhhk Ak hkhk Ak hkhk Ak hk kA Ak Ak hkhkhk Ak hkhhk Ak hkhkhrkhkhkhkrdhhkhkhkkhkhkrdx hrkhkhkhkrkhkhrxk *
Fad2-1la GTTCCCTTGACCGTGATGAAGTGTTTGTCCCAAAACCAAAATCCAAAGTTGCATGGTTTT 600
Fad2-1b GTTCCCTTGACCGTGATGAAGTGTTTGTCCCAAAACCAAAATCCAAAGTTGCATGGTACA 545
Ak hkkhhkhkhkkhkhkhkhkhkhhhkhkhhkkhkhhhkhkhkhhhhhkhkkhkhrhkhkhkhhkhkhkhkhkhkrhrkhkhkhkhkkhhkhhkkhxx
Fad2-la CCAAGTACTTAAACAACCCTCTAGGAAGGGCTGTTTCTCTTCTCGTCACACTCACAATAG 660
Fad2-1b CCAAGTACCTGAACAACCCTCTAGGAAGGGCTGCTTCTCTTCCCATCACACTCACAATAG 605
Khhhkhkhhhkk h Khhkhkhkhdhhhhkhhkhkhkhkhhkkhhkhhkdhh ,khkhkrkhhhdx * *khkhkrhkkhhkrhkhhxkkhx
Fad2-1la GGTGGCCTATGTATTTAGCCTTCAATGTCTCTGGTAGACCCTATGATAGTTTTGCAAGCC 720
Fad2-1b GGTGGCCTTTGTATTTAGCCTTCAATGTCTCTGGCAGACCCTATGATGGGTTTTGCAGCC 665
Khhhkhkkhkhhk hhkhkkhhkhkhkhhhkkhkhkhhkkhhkhkhkkhhkhkhkkhhx khkhkhhhhkkhkhxxxk *  kk ok * Kk ok
Fad2-la ACTACCACCCTTATGCTCCCATATATTCTAACCGTGAGAGGCTTCTGATCTATGTCTCTG 780
Fad2-1b ACTACCACCCTTATGCTCCCATATATTCAAATCGTGAGAGGCTTTTGATCTATGTCTCTG 725
hhhkhkhhhkhkkhkhrkhkhkhkhkhkhrrhkhkrkrkhkhkhhkh *k hrxkhkkhkhrkhhkhkhhkh *,khkhrhkhhkrhkkhhxkkhx
Fad2-1la ATGTTGCTTTGTTTTCTGTGACTTACTCTCTCTACCGTGTTGCAACCCTGAAAGGGTTGG 840
Fad2-1b ATGTTGCTTTGTTTTCTGTGACTTACTTGCTCTACCGTGTTGCAACTATGAAAGGGTTGG 785
Khhhkhkkhkhkhkhkkhkhkhkhkkhkhkhkhkhkhrhkkhkhkhhxkkkxxk Kk hkkkkhkkkkkhkkkkkkkxk * ok ok kkkkkkkkk
Fad2-la TTTGGCTGCTATGTGTTTATGGGGTGCCTTTGCTCATTGTGAACGGTTTTCTTGTGACTA 900
Fad2-1b TTTGGCTGCTATGTGTTTATGGGGTGCCATTGCTCATTGTGAACGGTTTTCTTGTGACCA 845
Kk hkhkhhhkhkkhkhrkhkhkhkhkhkhhrhkhhhkkhhkhhkh *hkkhhrhkhkhrdhhhkhkkhhkrhrkhkhkrhhkhkrkhkhrxkx *
Fad2-1la TCACATATTTGCAGCACACACACTTTGCCTTGCCTCATTACGATTCATCAGAATGGGACT 960
Fad2-1b TCACATATCTGCAGCACACACACTATGCCTTGCCTCACTATGATTCATCAGAATGGGATT 905
Khhhkhkkhkhhkk hhkhkkhkhkhkkhkhkhkhkkhkhkhhkk, *hhkkhhhkhkkhhhkhkhkhk *,k *khhkrhkkhkhkhkhkhhhkkhkkhxxxk *
Fad2-la GGCTGAAGGGAGCTTTGGCAACTATGGACAGAGATTATGGGATTCTGAACAAGGTGTTTC 1020
Fad2-1b GGCTGAGGGGTGCTTTGGCAACTATGGACAGAGATTATGGAATTCTGAACAAGGTGTTTC 965
Khhhkhkhkh Khkkh Khhkhhkhhhkrhkhhhkkhkhkhhkdhhkhhkkhhrhkhkhrdhkh *hhhrhrkhkhkrhkhhhrhkhrxkkhx
Fad2-1la ATCACATAACTGATACTCATGTGGCTCACCATCTCTTCTCTACAATGCCACATTACCATG 1080
Fad2-1b ACCACATAACTGATACTCATGTGGCTCACCATCTTTTCTCTACAATGCCACATTACCATG 1025
Kh kkkhkhkhkkhkhhkhkkhkhkhkhkhhhkkhkhhhkkhhkhkhhhkhhkhhdx hhhkhhhkhkkhhkrhkhkhkrhhkhkhkhkhrxkkx
Fad2-la CAATGGAGGCAACCAATGCAATCAAGCCAATATTGGGTGAGTACTACCAATTTGATGACA 1140
Fad2-1b TAACGGAGGCAACCAATGCAATGAAGCCAATATTGGGTGAGTACTACCGATTTGATGACA 1085
* k KAk hhkhkhhkhkhkhhrkhhkhhkh *hkhhrhkkhkhrdhhkhkhkkhhkrhkkhkhkrkhhkhkrk *rxkhkkhhhxkkhkhx*k
Fad2-1la CACCATTTTACAAGGCACTGTGGAGAGAAGCGAGAGAGTGCCTCTATGTGGAGCCAGATG 1200
Fad2-1b CACCATTTTACAAGGCACTGTGGAGAGAAGCAAGAGAGTGCCTCTATGTGGAGCCAGATG 1145
hhhkhkkhkhkhkhkkhkhkhkhkhkhkhkkhkhkrhkkhkhkhhkkhkkhkhxxxk khkkhkhkhkhkkhhkhkhkkhhkrkhkkhkhkhkhkhkhkhkkhkkhxxkkx
Fad2-la AAGGAACATCCGAGAAGGGCGTGTATTGGTACAGGAACAAGTATTGATGGAGCAACCAAT 1260
Fad2-1b AAGGAGCATCCGAGAAGGGCGTGTATTGGTACAGGAACAAGTATTGATGAACCAAGCAAT 1205
Khhhkhkkh KAk khhhkhkhkhkhhhhrhkhhrkhkhkhhkdhhhhkhhrhhkhrkhhkhkhkkhkhkrrkhkhx * *k* *k*k*
Fad2-1la GGGCCATAGTGGGAGTTATGGAAGTTTTGTCATGTATTAGTACATAATTAGTAGAATGTT 1320
Fad2-1b GGGCCATAGTGGGAGTTATGGAAGTTTTGTCACTTATCACT-——TAATTAGTAGAATGTT 1262
Kk hkkhk kA kkkhkkkhkkkk kX kkkkkkkkkkkxkx*kxk *k*k Kk Kx K hkkkkhkkkkkkkkkkk
Fad2-la ATAAATAAGTGGATTTGCCGCGTAATGACTTTGTGTGTATTGTGARACAGCTTGTTGCGA 1380
Fad2-1b ATAAATAAGTGGATTTGCCGCGTAATGACTT-GTGTGCATTGTGAAACAGCTTGTAGCGA 1321
hhhkhkhhhkhkkhkhkrkhkhkhkhkhkhhrkhkhhkhrkhkhkhkhkkhhhh hrxkhkhkh ,hhkhkkhhkrhkhkhkrhkhhkrhkh *kkx
Fad2-1la TC-ATGGTTATAATGTAAAAATAATTCTGGTATTAATTACATGTGGAAAGTGTTCTGCTT 1439
Fad2-1b TCCATGGCTATAATGTAAAAATA—————————————— - TGTGGAAAGTGTTCTGCTT 1363
K*khk kkkhkk khkhkhkkhkkhkkhkkhkkkkkx Kk k Xk kkkkkkkkkk*x %k k k%
Fad2-la ATAGCTTTCTGCCT 1453
Fad2-1b ATAGCTTTCTGCC- 1376

EEEE R

DNA fragment was amplified in M23, whereas two were
amplified in Archer. In M23, the Fad2-1a-specific 184-bp
PCR fragment was absent, suggesting that Fad2-la was
deleted in this mutant. This PCR-based marker was used in
conjunction with DNA gel blotting to analyze 69 F, plants
for determining the association between deletion and ele-
vated oleic acid content (Fig. 2). In all 69 F, plants, the
Fad2-1b-specific 163-bp fragment was amplified. Segre-
gation of the Fad2-1a-specific 184-bp fragment was ob-
served among the F, progenies.
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On the basis of DNA gel blot analyses, F, plants were
placed into three classes: (1) normal homozygous for
Fad2-1a (two copies), (2) heterozygous for Fad2-1a (one
copy), and (3) homozygous for the deletion (no copy).
Plants carrying the deletion in homozygous conditions
lacked a 4.6-kb EcoRI fragment, as determined from the
gel blot analysis (Fig. 2c). On the basis of the PCR data, we
concluded that this 4.6-kb EcoRI fragment is Fad2-la-
specific. The Fad2-1b-specific EcoRI fragment is about
2.1 kb and is about half the intensity of the 4.6-kb fragment
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Fig. 2 The deletion in Fad2-1a is associated with the increased oleic
acid content among F, segregants obtained from the cross M23 x
Archer. a The oleic acid contents of 15 F, plants. Segregation of
Fad?2-1a among these 15 F, plants is shown following PCR (b) and
DNA blot analysis (¢). The primers shown in Fig. 1 were used for the
PCR analysis and Fad2-1b was used as the probe for the DNA blot
analysis. In the DNA blot, copy numbers of Fad2-1a are shown at top
of the gel (¢). The genotypes with either one copy or two copies were
distinguished on the basis of the intensities of the Fad2-la band
compared with that of the homozygous Fad2-1b 2.1-kb band

on DNA blots (Fig. 2¢). The copy number of Fad2-1a was
estimated by comparing both bands of an individual
genotype. If the 4.6-kb band was about double the intensity
of the 2.1-kb band then this meant there were two copies of
Fad2-1a, and if both bands were of similar intensities, then
there was a single copy of Fad2-1a. On the basis of DNA
gel blot analyses, 16 out of 69 F, plants were shown to
contain two copies of Fad2-1a, 41 had one copy, and 12
plants had no copy. Plants containing one Fad2-la copy
showed modest increases in oleic acid contents compared
with the increase in wild-type plants containing two copies
(Fig. 3). Plants with no Fad2-1 copies showed significantly
higher oleic acid contents compared with the other two
classes (Fig. 3). Twelve plants were homozygous for the
deletion in both PCR and DNA gel blot analyses (Fig. 2b,
c). These 12 plants showed elevated levels of oleic acid
content. The PCR marker was named as Fad2-1a-ol. The
marker can identify genotypes that are homozygous for
the deletion, and will be a useful tool for introgressing the
deletion into soybean lines in order to improve the oleic
acid contents.

Segregation Analysis

To validate our results, we tested the Fad2-1a-ol marker
on lines developed from five independent populations
segregating for oleate content (see ‘‘Experimental Proce-
dures’’). The oleate content of F,.; lines missing the
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Oleic Acid content (%)
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Fig. 3 Oleic acid contents of individuals carrying varying copy

numbers of Fad2-1a. Standard errors are represented by error bars.

Of the 69 plants, 16 had two copies, 41 had one copy, and 12 had no
copy

o I Fad2-1a-ol-specific band is missing.
[] Fad2-1a-ol-specific band is present.
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Fig. 4 Segregation analyses of five independent populations using
the Fad2-1a-ol marker. The mean oleate contents of lines from five
populations for which the Fad2-1a-ol marker band was absent (black
bars) or present (gray bars). Standard errors are represented by error
bars

Fad2-1a-ol marker band was statistically higher than that in
the lines with the Fad2-1a-ol band present (Fig. 4). The
mean oleate content varied from 46.6 to 52.4% in F,.;5 lines
where the Fad2-1a-ol marker was missing and varied from
34.2 to 39.9% where the Fad2-1a-ol marker was present
(Fig. 4). The results for the five populations were in
agreement.

Fad2-1b is the Predominantly Expressed
Embryo-Specific Desaturase Gene

Fad2-1a is a functional desaturase because increased oleic
acid content was associated with the Fad2-1a deletion. To
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determine the relative role of the two Fad2-1 genes in oleic
acid metabolism, we investigated the steady-state transcript
levels of Fad2-1a and Fad2-1b. The Genbank was sear-
ched for Fad2-1-like sequences and 49 ESTs were ob-
tained. All these ESTs originated from cDNA libraries that
were constructed from developing embryos or seeds (Table
S1), confirming a previous finding that the expression of
Fad?2-1 is embryo-specific [3]. Fad2-1a and Fad2-1b share
94% sequence identity. Among the 49 ESTs, approxi-
mately 80% originated from Fad2-1b and only approxi-
mately 20% were from Fad2-1a (Table S1).

To confirm the differences in expression levels between
the two embryo-specific genes observed in EST database
analyses, we conducted an RT-PCR experiment using the
RNA samples prepared from embryos. Three develop-
mental stages of embryos were considered for preparing
RNAs (see ‘‘Experimental Procedures’’). RT-PCR prod-
ucts specific to Fad2-1a and Fad2-1b were quantified along
with that of the GmACT]1 gene using a densitometer (Bio-
Rad, Hercules, CA, USA) and RT-PCR products of Fad2-
la and Fad2-1b were normalized against that of the
GmACT]1 gene. The results showed that the expression

Stage2  Stage3
-RT +RT -RT +RT

wFad2-1a
“A Fad2-1b

I . GmACT!

(@) Stage 1
-RT 4RT

(b) 25
B Fad2-la
20 | ®m Fad2-1b
7]
=
'§ 15
.
& 10
B
2 s
0
Stage 1 Stage 2 Stage 3

Fig. 5 Fad2-1b is the predominantly expressed embryo-specific
desaturase gene. a Reverse transcription PCR (RT-PCR) products
from three developmental stages of embryos. Fad2-1-specific
products were resolved in a 3% agarose gel, whereas that of the
GmACTI1 gene was resolved in a 0.8% gel. All three genes were
PCR-amplified in a single PCR. b The relative amounts of RT-PCR
products for Fad2-1a and Fad2-1b for three developmental stages of
embryos. The ratios of Fad2-1b-specific and Fad2-1a-specific RT-
PCR products were 4.42, 3.68, and 3.98 for stage 1, stage 2, and stage
3, respectively. +RT with reverse transcriptase enzyme, —RT without
reverse transcriptase enzyme
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levels of Fad2-1b were about fourfold higher than those of
Fad2-1a (Fig. 5). These results are consistent with the re-
sults obtained from the analyses of Fad2-1-specific ESTs
(Table S1).

The range of oleic acid levels varied between 30 and
60% in the lines homozygous for the deletion in Fad2-1a,
derived from the cross between M23 and Archer [5].
Expression of Fad2-1 protein in yeast revealed that at
higher growth temperatures Fad2-1b is more stable than
Fad2-1a [8]. This may be one of the reasons for the ob-
served variation in the oleic acid content in a previous
study [5]. An earlier study showed that silencing of the
Fad?2-1 gene in transgenic soybean lines elevated the oleic
acid content to 82% [14]. Presumably, both copies of
Fad2-1 were silenced in that study because of the high
similarities observed between the two paralogous genes.
Much higher oleic acid contents in transgenic lines com-
pared with that in M23, presumably resulting from
silencing of both Fad2-1 copies, also suggests that Fad2-1b
encodes a functional desaturase. Knocking out the Fad2-1b
gene together with Fad2-1a should increase the oleic acid
content to much higher levels.

Acknowledgments We are grateful to Iowa Soybean Association
for financial support.

References

1. Klein M, Geisler M, Suh SJ, Kolukisaoglu HU, Azevedo L, Plaza
S, Curtis MD, Richter A, Weder B, Schulz B, Martinoia E (2004)
Disruption of AtMRP4, a guard cell plasma membrane ABCC-
type ABC transporter, leads to deregulation of stomatal opening
and increased drought susceptibility. Plant J 39:219-236

2. Okuley J, Lightner J, Feldmann K, Yadav N, Lark E, Browse J
(1994) Arabidopsis FAD2 gene encodes the enzyme that is
essential for polyunsaturated lipid synthesis. Plant Cell 6:147—
158

3. Heppard EP, Kinney AJ, Stecca KL, Miao GH (1996) Develop-
mental and growth temperature regulation of two different
microsomal omega-6 desaturase genes in soybeans. Plant Physiol
110:311-319

4. Byrum JR, Kinney AJ, Stecca KL, Miao GH (1997) Alteration of
the omega-3 fatty acid desaturase gene is associated with reduced
linolenic acid in the A5 soybean genotype. Theor Appl Genet
94:356-359

5. Alt JL, Fehr WR, Welke GA, Sandhu D (2005) Phenotypic and
molecular analysis of oleate content in the soybean line M23.
Crop Sci 45:1997-2000

6. Kinoshita T, Rahman SM, Anai T, Takagi Y (1998) Genetic
analysis of restriction fragment length polymorphism on the fatty
acid synthesis in soybean mutants and their progenies: II High
oleic acid mutants with two microsomal -6 fatty acid desaturase
cDNAs as probes. Bull Fac Agric Saga Univ 83:37-42

7. Takagi Y, Rahman SM (1996) Inheritance of high oleic acid
content in the seed oil of soybean mutant M23. Theor Appl Genet
92:179-182

8. Tang G-Q, Novitzky WP, Griffin HC, Huber SC, Dewey RE
(2005) Oleate desaturase enzymes of soybean: evidence of reg-



J Amer Oil Chem Soc (2007) 84:229-235

235

10.

ulation through differential stability and phosphorylation. Plant J
44:433-446

. Sinha SK, Kumar R, Kishore K, Tiwari N, Sachdev A (2004)

Partial cDNA sequence of FAD2-1 gene encoding microsomal
omega-6 desaturase of Glycine max L. variety Pusa 9702.
GenBank accession: AY611472. http://www.ncbi.nlm.nih.gov/
entrez/viewer.fcgi?db=nucleotide&val=48431266. Accessed Dec
2004

Hammond EG (1991) Organization of rapid analysis of lipids
in many individual plants. In: Linskens HF, Jackson JF
(eds) Modern methods of plant analysis. Spinger, Berlin, pp
321-330

. Anderson JA, Ogihara Y, Sorells ME, Tanksley SD (1992)

Development of a chromosomal arm map for wheat based on
RFLP markers. Theor Appl Genet 83:1035-1043

12.

13.

14.

15.

Hammond EG (1991) Organization of rapid analysis of lipids in
many individual plants. In: Linskens HF, Jackson JF (eds)
Modern methods of plant analysis. Spinger, Berlin, pp 321-330
Kasuga T, Salimath SS, Shi J, Gijzen M, Buzzell RI, Bhatta-
charyya MK (1997) High resolution genetic and physical map-
ping of molecular markers linked to the Phytophthora resistance
gene Rpsi-k in soybean. Mol Plant Microbe Interact 10:1035-
1044

Feinberg AP, Vogelstein B (1983) A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity.
Anal Biochem 132:6-13

Buhr T, Sato S, Ebrahim F, Xing A, Zhou Y, Mathiesen M,
Schweiger B, Kinney A, Staswick P (2002) Ribozyme termina-
tion of RNA transcripts down-regulate seed fatty acid genes in
transgenic soybean. Plant J 30:155-163

&)\ Springer AOCS &



	Enhanced Oleic Acid Content in the Soybean Mutant�M23 Is Associated with the Deletion in the Fad2-1a Gene Encoding a Fatty Acid Desaturase
	Abstract
	Introduction
	Experimental Procedures
	Materials Used
	DNA Analysis
	Probe Preparation, Hybridization, and Autoradiography
	Marker Analysis
	Sequence Analysis
	Reverse Transcription PCR Analysis

	Results and Discussion
	Soybean Fad2 Homologs
	Fad2-1a Is Deleted in the M23 Mutant Line
	Segregation Analysis
	Fad2-1b is the Predominantly Expressed�Embryo-Specific Desaturase Gene

	Acknowledgments
	References



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

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


