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RESEARCH

Most soybean accessions in the USDA Soybean Germ-
plasm Collection of the National Plant Germplasm Sys-

tem (http://www.ars-grin.gov/npgs/; verifi ed 18 Mar. 2011) have 
70–90 g kg−1 content of linolenic acid (18:3) in their oil. These 
levels of polyunsaturated fatty acids are undesirable because of 
their oxidative instability and the resulting poor fl avor and odor 
in cooking oil. Hydrogenation is used to improve the oil stability 
by reducing its 18:3 and linoleic acid (18:2) contents, but dur-
ing this process trans fatty acids are produced, which have been 
associated with increased risk of coronary disease (Beare-Rogers, 
1995). Reducing the content of 18:3 in soybean oil increases its 
oxidative stability and reduces the need for hydrogenation.

Soybean breeders have developed several lines with decreased 
18:3. C1640 (30 g kg−1 18:3) was derived by EMS mutagenesis of 
the cultivar ‘Century’. Genetic studies showed that a single reces-
sive fan allele controls the 18:3 content in C1640 (Wilcox and 
Cavins, 1985, 1987). Other low-18:3 lines, such as A5, PI 361088B, 
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ABSTRACT

Soybeans [Glycine max (L.) Merr.] have undesir-

able levels of polyunsaturated fatty acids in their 

oil that result in oxidative instability and poor fl a-

vor. The process of hydrogenation improves the 

stability but creates undesirable trans fats. Lines 

carrying fan genes have decreased linolenic acid 

(18:3) content. Changes in transcription or activity 

of the desaturase encoded by the GmFAD3 gene 

cause a reduction in 18:3 content in certain lines. 

The objectives of this study were to determine 

the molecular basis of the fan allele in PI 123440, 

develop molecular markers to assay for the 

GmFAD3 gene in lines carrying fan(PI 123440), 

and estimate the variation in the 18:3 explained 

by the GmFAD3A locus. Sequence analysis of 

the GmFAD3A from ‘Soyola’, the  fan(PI 123440) 

allele, and ‘Dare’ showed no sequence polymor-

phisms that would alter the amino acid sequence 

of the enzyme. RNA blot analysis of a low-18:3 

line carrying a fan(PI 123440) allele, a line with 

normal 18:3 content, and three of their progenies 

showed a decrease in steady-state FAD3A RNA 

levels in low-18:3 lines. A marker for GmFAD3A 

was tested in two populations segregating for 

fan(PI 123440). Lines homozygous the GmFAD3A 

allele inherited from PI 123440 had a signifi cant 

reduction in 18:3 when compared to lines homo-

zygous for the GmFAD3A allele from the normal 

18:3 parent. The differences between the two 

groups explained more than 77.5% of the genetic 

variation in 18:3 seed-oil content in the popula-

tions. In summary, a reduction in the steady-state 

mRNA levels of the GmFAD3A leads to a reduc-

tion in 18:3 synthesis within the developing seed 

in plants containing the fan(PI 123440) allele.
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PI 123440, RG10, M-5, and IL-8, have a major gene that is 
allelic to the fan gene in C1640 (Rennie et al., 1988; Ren-
nie and Tanner, 1989, 1991; Rahman et al., 1996; Stojšin et 
al., 1998). The independent loci for reduced 18:3 content, 
fan2 and fan3, were observed in A23 (60 g kg−118:3) and in 
a line developed from EMS treatment of A89-144003 (Fehr 
et al., 1992; Fehr and Hammond, 1998). In addition, the 
soybean lines KL-8 and M-24 each have an allele for low 
18:3 content that is independent of fan, but each is allelic 
to the other. These were designated fanx and fanxa, respec-
tively (Rahman and Takagi, 1997; Rahman et al., 1998). 
The allelic relationships between fanx and fan2 or fan3 are 
unknown. In addition to the major genes, modifi er genes 
for low 18:3 content have been observed in several stud-
ies (Wilcox and Cavins, 1985; Fehr et al., 1992; Ross et 
al., 2000). However, the estimate of heritability based on 
regression of F

2:4
-derived lines on their F

2
 parents was high 

(0.73), indicating that F
2
 phenotypes are good predictors of 

their progeny-line phenotypes (Cherrak et al., 2003).
Several studies have determined the correlation 

between fatty acids when low 18:3 alleles are segregating 
in a population. Linolenate content was negatively corre-
lated with 18:1 and/or 18:2 in many studies with varying 
levels of 18:3 in the oil (Nickell et al., 1991; Walker et al., 
1998; Ross et al., 2000; Primomo et al., 2002). In popula-
tions in which the 18:3 content varied from 2.5 to 8.5%, 
it was signifi cantly positively correlated with palmitate 
(16:0) in two populations (Walker et al., 1998). However, 
no signifi cant correlation was detected between 18:3 and 
16:0 in populations segregating for the fap

nc
 and fan alleles 

or the fap1, fap
x
, and fan alleles (Primomo et al., 2002; 

Cherrak et al., 2003). The correlation between 18:3 con-
tent and stearic acid could be either positive or negative 
depending on the population studied (Walker et al., 1998; 
Primomo et al., 2002).

Several studies have determined that a reduction in 
18:3 content does not aff ect seed yield (Walker et al., 1998; 
Ross et al., 2000; Cherrak et al., 2003). In contrast, the 
relationship between 18:3 and oil content seems to be 
population specifi c (Walker et al., 1998; Ross et al., 2000; 
Cherrak et al., 2003). Signifi cant diff erences in matu-
rity, lodging, height, and protein content were observed 
between lines with 10 and 20 g kg−1 18:3 content in two 
out of three populations (Ross et al., 2000). Lines with 
20 g kg−1 18:3 content on average matured earlier, lodged 
more, were taller, and had reduced protein in compar-
ison with lines having a content of 10 g kg−1 (Ross et 
al., 2000). However, 18:3 was not signifi cantly correlated 
with seed yield, maturity, lodging, height, seed weight, 
or protein content in populations in which 18:3 content 
varied from 25 to 85 g kg−1 (Walker et al,. 1998). Associa-
tions between the fan(C1640) allele and agronomic per-
formance depended on the high-yielding parent used to 
develop a particular population (Wilcox et al., 1993).

Molecular studies have looked at the relationship 
between particular low-18:3 mutant lines  and changes 
in the membrane-associated desaturase gene that inserts 
a double bond in the omega-3 position of linoleoyl-PC 
to produce linolenoyl-PC (Byrum et al., 1997; Bilyeu et 
al., 2003; Anai et al., 2005). Genes designated GmFAD3 
encode this omega-3 desaturase activity. The reduced 
18:3 content in soybean line A5 was caused by a partial or 
full deletion of a GmFAD3 gene. Cosegregation studies 
between the absence of a GmFAD3 restriction fragment 
length polymorphism (RFLP) fragment and 18:3 content 
in a segregating population explained 67% of the variation 
observed for that trait (Byrum et al., 1997). Four microsomal 
GmFAD3 isoforms—GmFAD3-1a (FAD3B), GmFAD-
-1b (FAD3A), GmFAD3-2a (FAD3C), and GmFAD3-2b—
have been isolated in soybeans (Bilyeu et al., 2003; Anai et 
al., 2005). GmFAD3A is located on chromosome 14 of the 
soybean genome sequence (Gm14:46647783…46651952; 
http://www.phytozome.net/soybean.php; verifi ed 18 
Mar. 2011). GmFAD3B is located on chromosome 2 of the 
soybean genome sequence (Gm02:44497345…44501526). 
GmFAD3C is located on chromosome 18 of the soybean 
genome sequence (Gm18:5619528…5622306). GmFAD–
–2b is located on chromosome 11 of the soybean genome 
sequence (Gm11:26805260…26808430).

Following the nomenclature of Bilyeu et al. (2003), 
GmFAD3A and GmFAD3B share 93% identity at the 
cDNA level and both display  approximately 77% identity 
with the GmFAD3C cDNA sequence. Also, GmFAD3-2a 
(GmFAD3C) and GmFAD3-2b are very similar to each 
other (Anai et al., 2005). The Fan locus corresponds to the 
GmFAD3A (FAD3-1b) isoform, and diff erent lines ( J18, 
M5, A5) carrying diff erent alleles at that locus have muta-
tions in diff erent parts of the gene (Bilyeu et al., 2003; 
Anai et al., 2005). In addition, the Fanx (M24) locus was 
demonstrated to correspond to the GmFAD3-1a (FAD3B) 
isoform (Anai et al., 2005). Mutations that reduce the 
expression or activity of the GmFAD3A isoform are more 
eff ective than mutations in the other isoforms in reducing 
the 18:3 level in soybean seeds (Anai et al., 2005; Bilyeu 
et al., 2005). An additional germplasm source, CX1512-
44, carries two mutations, one in GmFAD3A and the 
other in GmFAD3C (Bilyeu et al., 2005). The muta-
tion in the GmFAD3A isoform causes a 50% reduction 
in the 18:3 content, and the mutation in the GmFADC 
isoform confers a 17% reduction in the 18:3 levels of the 
seed oil (Bilyeu et al., 2005). No pedigree information 
was provided for CX1512-44, therefore it is not possible 
to associate the GmFAD3C isoform with a specifi c mutant 
locus. The Fan locus has been mapped near the microsat-
ellite marker loci Satt534 and Satt063 and RFLP markers 
pB194-1 and pB124 on linkage group B2 (14) of the gen-
eral soybean consensus map by several authors (Brummer 
et al., 1995; Cregan et al., 1999; Reinprecht, 2003). This 
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and the yield and moisture content were measured on every plot. 

Yields were adjusted to 13% moisture content. Ratings for lodging 

were taken whenever variation for this trait was observed in the 

populations. A fi ve-point lodging scale was used, where a rating 

of 1 indicated fully erect plants and a lodging rating of 5 indicated 

plants lying on the ground. Height from the soil to the tip of a 

plant in centimeters was measured on a median plant in each plot.

A 30-g sample of seed from each plot was analyzed for fatty 

acid content using gas-liquid chromatography of the methyl esters 

at the USDA-ARS Nitrogen Fixation Laboratory, Raleigh, NC. 

Fatty acid content is reported in g kg−1 of total lipids. Protein 

and oil contents (dry weight basis) in all the populations were 

analyzed by near infrared refl ectance spectroscopy at the USDA 

North Regional Research Center, Peoria, IL in 2003.

Genotypic Evaluation of Populations
DNA was extracted with a CTAB protocol from a bulk of leaf 

tissue from several plants of each line (Li et al., 2002). Populations 

FADD00 and FAHH00 were genotyped with the FATB1a-312 

and FATB1a-411 fap
nc
 allele-specifi c markers as described pre-

viously (Cardinal et al., 2007). Allele-specifi c primers for the 

GmFAD3A isoform were used to perform polymerase chain 

reaction (PCR) analysis with genomic DNA from each line 

in the two populations. The PCR reactions consisted of 5 μL 

of 10× PCR buff er (New England BioLabs, Beverly, MA), 

1 μL of 20 pmol μL−1 forward and reverse primers each, 1 μL 

of 10 mM dNTPs, 0.5 μL of Taq polymerase (New England 

Biolabs), 36.5 μL of ddH
2
0, and 5 μL of 10 ng μL−1 DNA in a 

fi nal volume of 50 μL. The PCR protocol included a fi rst step 

of denaturation at 95°C for 5 min, then 36 cycles of 92°C for 

1 min, 59°C for 1 min, and 69°C for 2 min. The reactions were 

performed in a 96-well PTC-100 thermal cycler (MJ Research) 

or a 384-well PTC-200 thermal cycler (MJ Research). In addi-

tion, the GmFAD3A amplifi cation products were digested with 

XmnI (Promega, Madison, WI) to detect the presence or absence 

of a single nucleotide polymorphism (SNP) in the GmFAD3A 

gene. The digestion was set up as follows: 25 μL of PCR product, 

3.5 μL of Buff er 2 (New England Biolabs), 1.5 μL of XmnI, incu-

bation at 37°C for 2 h. The XmnI-digested GmFAD3A fragments 

were separated in 4% SFR agarose (Amresco, Solon, OH) gels, 

stained with ethidium bromide, and visualized under UV light.

Statistical Analysis of Populations
The fatty acid data from each population were analyzed as 

a lattice design across environments with PROC Mixed, SAS 

8.2. (SAS Institute, 1999–2001). Locations, replications, incom-

plete blocks, and lines were considered random eff ects. A best 

linear unbiased predictor (BLUP) for each line was obtained 

(SAS Institute, 1999). The BLUPs for each fatty acid in each 

line were then used to perform a t test to compare the eff ect 

of inheriting the GmFAD3A-154/129, GmFAD3A-129/115/39, 

or GmFAD3A-154/129/115/39 marker alleles (homozygous 

wild-type, homozygous mutant, heterozygous, respectively). 

The GmFAD3A marker class was the independent variable, and 

the BLUPs for each line for each fatty acid were the depen-

dent variable in the analysis. The mean of lines homozygous 

for the GmFAD3A-154/129 allele, the mean of lines heterozy-

gous for GmFAD3A alleles, the mean of lines homozygous for 

GmFAD3A-129/115/39, the standard deviation of those means, 

locus accounted for 85% of the variation in 18:3 in one 
population (Brummer et al., 1995).

Several soybean lines genetically related to the cul-
tivars ‘Soyola’ and ‘Satelite’ are currently being used in 
breeding programs in the United States to develop low-
18:3-content cultivars. PI 123440 is the source of a fan 
allele (Rennie and Tanner, 1989) that was used as a parent 
to develop the low-18:3 trait that is characteristic of Soyola 
and Satelite (Burton et al., 2004). However, the molecular 
basis of the mutation in this allele is unknown. The objec-
tives of our study were to (i) determine the molecular basis 
of the mutation in PI 123440, (ii) develop allele-specifi c 
primers or a molecular-marker assay for the GmFAD3A 
gene in parental materials possessing the fan(PI 123440) 
allele, and (iii) estimate the amount of phenotypic varia-
tion for the 16:0 and 18:3 composition that is explained 
by the fan(PI 123440) locus in two adapted F

4
-derived 

populations grown in replicated trials.

MATERIALS AND METHODS

Population Development
Two F

4
-derived populations were developed by single-seed 

descent (Brim, 1966). One population (FAHH00) was derived 

from the cross of a high-yielding cultivar, ‘Corsica’ (Kenworthy, 

1996), and a low-18:3, low-16:0 line N97-3681-11. A second popu-

lation (FADD00) was derived from the cross of a high-yielding 

cultivar, ‘Brim’ (Burton et al., 1994a), and a low-18:3, low-16:0 

line N97-3708-13. N97-3681-11, N97-3708-13, and the cultivar 

‘Satelite’ are sister lines that were derived from diff erent F
3
 plant 

selections from the cross ‘Soyola’ (Burton et al., 2004) × {Brim (2) 

× [N88-431(2) × (N90-2013 × C1726)]}. The pedigree of these 

lines has been described by Cardinal et al. (2007) and Cardinal 

and Burton (2007). Briefl y, N97-3681-11 and N97-3708-13 are 

F
4
-derived lines homozygous for the low-palmitic fap

nc
 mutant 

allele from N79-2077-12 (Burton et al., 1994b), the low-pal-

mitic fap1 mutant allele from C1726, and the low-linolenic fan(PI 

123440) allele. In addition, N97-3681-11 and N97-3708-13 are 

closely related to Brim, and the coeffi  cient of parentage between 

these lines and Brim is 0.78. Therefore, genetic segregation in the 

Brim × N97-3706-13 (FADD00) population is expected to occur 

at only approximately 22% of the soybean genome.

Phenotypic Evaluation
Each population was evaluated in separate fi eld experiments. 

Ninety-eight F
4
-derived lines and the parents of the FADD00 

population and 99 F
4
-derived lines and one parent (N97-3681-11) 

of the FAHH00 population were grown in Plymouth, NC in 2002 

and Caswell, NC and Plymouth in 2003. Within each environ-

ment, the experimental design for each population was a 10 × 10 

lattice with two replications. Experimental units for the FADD00 

and FAHH00 populations were four 4.88-m rows, where only the 

middle two rows, end-trimmed to 3.96 m, were harvested.

Flowering date was recorded in both populations at the R2 

stage as number of days after planting. Maturity date was recorded 

in both populations as number of days after planting to the R8 stage 

(Fehr and Caviness, 1977). Plots were mechanically harvested, 
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the diff erence between means, and the R2 for the model were 

obtained using SAS Proc GLM, SAS 8.2. (SAS Institute, 1999).

cDNA Isolation and Sequence Analysis
First-strand cDNA was isolated from total cellular RNA using 

an oligo-dT
18

 primer and Superscript II reverse transcriptase 

(Invitrogen, Carlsbad, CA). To amplify full-length GmFAD3A 

cDNAs, primers were designed based on sequence information 

deposited in GenBank (accession number AY204710). Specifi -

cally, forward primer 5´-GCAATGGTTAAAGACACAAG-3´ 

and reverse primer 5´-GTAATTTGAGTAGCTAGAATCC-3´ 

were used in PCR amplifi cations containing the following 

constituents in 50 μL reaction volumes: 10 mM Tris-HCl 

(pH 8.3), 50 mM KCl, 1.5 mM MgCl
2
, 200 μM each dNTP, 

25  pmol of each primer, 1–2 μL of fi rst-strand cDNA tem-

plate, and 2.6 units of Expand Hi-fi delity Taq polymerase mix 

(Roche Applied Science, Indianapolis, IN). Thirty amplifi ca-

tion cycles of 94°C for 30 s, 46°C for 30 s, and 72°C for 1 min 

were followed by a fi nal 72°C extension step of 7 min. The 

PCR amplifi cation products were cloned in the pCR 2.1 clon-

ing vector (Invitrogen), and DNA sequence analysis was con-

ducted at the Iowa State University DNA Facility (www.dna.

iastate.edu; verifi ed 18 Mar. 2011).

Nucleic Acid Isolation and Northern Analysis
Total cellular RNAs were isolated from frozen immature soy-

bean seeds (approximately 35 d after fl owering [DAF]) using the 

Trizol method according to the manufacturer’s protocol (Invit-

rogen). For each sample, 10 μg of RNA was separated by elec-

trophoresis and transferred to GeneScreen Plus nylon membranes 

(Perkin-Elmer, Waltham, MA) as previously described (Sambrook 

and Russell, 2001). A hybridization probe corresponding to the 

3´ fl anking region of the GmFAD3A gene was obtained by PCR 

amplifi cation of a pSPORT plasmid bearing the GmFAD3A 

cDNA (purchased from Incyte Genomics, Wilmington, DE) 

using a gene-specifi c forward primer (5´-CCACTTCGTAAGT-

GACACTGGA-3´) and a vector-specifi c reverse primer (5´-TAC-

GATTTAGGTGACACTATAG-3´). The resultant approximately 

300-bp amplifi cation product was radiolabeled using 32P-dCTP 

and hybridized to the blotted membrane as described previously 

(Dewey et al., 1994) with the exception that PerfectHyb (Sigma-

Aldrich, St. Louis, MO) was used as the hybridization solution.

Development of a CAPS Marker 
for GmFAD3A (PI 123440)
Genomic DNA was prepared from young soybean leaf tissue 

of ‘Anand’ (Anand et al., 2001), Corsica (Kenworthy, 1996), 

Brim (Burton et al., 1994a), ‘Boggs’(Boerma et al., 2000), N97-

3681-11, and N97-3708-13 as previously described by Mur-

ray and Thompson (1980). Cleaved amplifi ed polymorphic 

sequences (CAPS) assays were performed using GmFAD3A-

specifi c primers 5´-CTGCTTTGTTATGCCTACCTC-3´ and 

5´-CGTTTCCGAACACGCTATAA-3 ,́ which correspond 

to sequences found in introns 1 and 2, respectively (GenBank 

accession no. EF175461). The PCR reactions were conducted in 

15 μL volumes containing 10 mM Tris-HCl (pH 8.3), 50 mM 

KCl, 1.5 mM MgCl
2
, 200 μM each dNTP, 6 pmol of each 

primer, 30 ng genomic DNA template, and 0.75 units of Taq 

polymerase (New England Biolabs). Thermocycling conditions 

were the same as described above with the exception that 54°C 

was used as the annealing temperature. The PCR amplifi cation 

products were subsequently digested at 37°C with the restric-

tion enzyme XmnI using the buff er provided by the manufac-

turer (Promega). The resulting DNA fragments were separated 

on a 4% agarose gel (Agarose SFR, Amresco) in a Tris-ace-

tate-EDTA buff er (Sambrook and Russell, 2001). Ethidium-

bromide-stained DNAs were visualized using an Alpha Imager 

(Alpha Innotech, San Leandro, CA).

Melting Curve Analysis of GmFAD3A allele
To assay for the presence of the PI 123440 SNP in intron 2 of 

GmFAD3A using allele specifi c primers, PCR was conducted on 

‘Williams 82’ and PI 123440 genomic DNA that was prepared 

using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA) using 

the primers FAD3A-fwd6a (5´-GCGGGCGTTTGTCATTG-

GAAGTTCTTT-3´), FAD3A-fwd6b (5´-GCGGGCAGGGCG-

GCGTTTGTCATTGGAAGTTCTTC-3´), and FAD3A-rev6e 

(5´-TATAACTTTCACATTTTAAACGTG-3´). Titanium Taq 

(BD Biosciences, Palo Alto, CA) with SYBR Green I (Molecular 

Probes, Eugene, OR) was used with PCR conditions set at 94°C 

for 1 min, followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, 

and 72°C for 30 s. Melting curve analysis was conducted using 

a DNA Engine Opticon 2 (MJ Research/Bio Rad, Hercules, 

CA) by increasing the temperature from 70°C to 90°C read-

ing every 0.2°C and holding every second. This experiment was 

conducted a total of three times, the melting curve results were 

averaged, and a standard deviation was calculated.

RESULTS AND DISCUSSION

Characterization of the GmFAD3A Gene in 
Germplasm Containing fan(PI 123440)
PI 123440 is the source of the fan allele that confers a low-
18:3 phenotype in the cultivars Soyola and Satelite. The PI 
123440 fan allele is also known to be allelic to the fan locus 
found in C1640 (Rennie and Tanner, 1989), a germplasm 
line in which a truncation mutation in the GmFAD3A 
gene was shown to be responsible for the low-18:3 fan phe-
notype (Chappell and Bilyeu, 2006). Since it was consid-
ered plausible that a GmFAD3A mutation may also defi ne 
the molecular basis of the fan locus originating from PI 
123440, we isolated and sequenced the GmFAD3A cDNA 
from both Soyola and the normal 18:3 cultivar ‘Dare’. Sur-
prisingly, no sequence polymorphisms were observed in 
the FAD3A gene of Dare versus that of Soyola that would 
alter the amino acid sequence of the encoded enzyme (data 
not shown). Next, we considered the alternative possibility 
that a defect in GmFAD3A transcript accumulation may 
defi ne this particular fan mutation. To test this, an RNA 
blot analysis was performed using RNAs isolated from 
35 DAF seed of a low-18:3, mid-oleic line (N97-3363-3) 
that had inherited the fan allele from PI 123440; of a line 
with normal 18:3 content (PI423893); and of three lines 
derived from the cross of the two. As shown in Fig. 1, lines 
derived from PI 123440 displaying the low-18:3 phenotype 
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showed a decrease in steady-state FAD3A RNA levels 
compared with the lines possessing a wild-type Fan allele. 
These results suggest that a reduction in FAD3A transcript 
synthesis and/or accumulation may be responsible for the 
observed reduction in 18:3 content in lines carrying the fan 
allele from PI 123440. Although the molecular mechanism 
responsible for the observed decrease in FAD3A transcript 
accumulation is unknown, mutations within the pro-
moter region that reduce transcriptional initiation would 
be among the more likely possibilities. Naturally occur-
ring mutations within the promoters of a soybean lipoxy-
genase gene (lox3) and a rice disease-resistance gene (xa13) 
are two examples where mutations within gene promoters 
have been found to be responsible for recessive phenotypes 
conferred via a reduction in the transcription of genes that 
were otherwise wild type in their protein-coding regions 
(Wang et al., 1995; Chu et al., 2006).

Development of a Diagnostic CAPS Marker
We have previously developed two soybean populations, 
designated FAHH00 and FADD00, that segregate for fan(PI 
123440), as well as other independent loci that impact the 
16:0 composition of the seed oil. To provide further sup-
port for the hypothesis that the GmFAD3A gene is causally 
associated with fan(PI 123440), we wanted to conduct an 

association analysis using these available populations. Due 
to the paucity of sequence polymorphisms in the cDNA 
sequences of GmFAD3A genes derived from materials pos-
sessing fan(PI 123440) in comparison to normal 18:3 soy-
beans, however, we conducted a limited genome sequence 
analysis in an attempt to identify polymorphisms within 
intron regions that may serve as a diagnostic molecular 
marker (data not shown). This analysis led to the identi-
fi cation of an SNP in intron 2 that could distinguish the 
GmFAD3A allele in parental cultivars, Brim and Corsica, 
from the GmFAD3A allele in parental lines, N97-3681-11 
and N97-3708-13, that contained the fan(PI 123440) allele. 
As shown in Fig. 2, a C residue at position 43 of intron 2 
in N97-3681-11 and N97-3708-13 helps defi ne an XmnI 
restriction site, whereas DNAs from Corsica and Brim 
lack this site due to the presence of a T at this position. By 
amplifying the genomic region containing this SNP fol-
lowed by restriction digestion with XmnI, we were able to 
create a CAPS marker that would allow us to follow the 
variant GmFAD3A gene in the FAHH00 and FADD00 
populations. In addition to the diagnostic XmnI site, the 
283-bp primary amplifi cation product contains an addi-
tional XmnI site that is shared by all parents. XmnI digestion 
of the 283-bp fragment from Corsica and Brim yields two 
bands (154 bp and 129 bp) that can easily be distinguished 
from the three-band pattern (129 bp, 115 bp, and 39 bp) 
observed with N97-3681-11 and N97-3708-13 (Fig. 2).

As an initial test, several diff erent individuals from 
four diff erent low-18:3 genotypes were assayed with the 
GmFAD3A

XmnI
 CAPS marker (Fig. 3). Although the 39-bp 

fragment is too small to be detected on standard agarose 
gels, the larger fragments could readily be used to classify 

Figure 1. Soybean lines that inherit the fan allele from PI 123440 

show decreased accumulation of GmFAD3A transcripts. (A) RNA 

blot analysis using a GmFAD3A gene-specifi c probe with RNA 

isolated from 35 DAF seed of a mid-oleic line (PI 423893); a low-

linolenate, mid-oleic line (N97-3363-3); and three lines derived from 

a cross of the two. (B) Ethidium bromide–stained gel corresponding 

to the blot shown in A. 28S and 18S ribosomal RNAs are indicated. 

(C) GmFAD3A CAPS marker genotypes of the lines shown in A and 

B. a, allele from PI 123440; b, the alternative (normal) allele.

Figure 2. Development of CAPS marker based on a SNP at position 

43 of GmFAD3A intron 2. (A) Nucleotide sequence of the SNP that 

generates an XmnI site in the GmFAD3A gene of lines N97-3681-11 

and N97-3708-13 that is absent in Corsica and Brim. (B) Predicted 

digestion pattern of the GmFAD3A
XmnI

 CAPS marker of the parental 

lines used to create the FAHH00 and FADD00 populations.
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the diff erent genotypes. As expected, all three of the low-
18:3 lines possessing the fan(PI 123440) allele (Satelite, PI 
123440, and N98-4445) yielded the 129-bp and 115-bp 
fragments diagnostic of the GmFAD3A (PI 123440) gene. 
In contrast, the low-18:3 C1640 germplasm that carries a 
fan allele of diff erent origin (EMS mutagenesis), gave the 
pattern observed with Corsica and Brim (154 bp and 129 
bp). It is worth noting that one of the PI 123440 individu-
als appeared to be heterozygous, displaying a banding pat-
tern containing all three of the larger bands (154 bp, 129 
bp, and 115 bp). This individual is likely the result of an 
outcrossing event with a normal-18:3 soybean line.

Association Analysis 
and Phenotypic Evaluation
We used the GmFAD3A

XmnI
 CAPS marker (i) to confi rm 

the relationship between the aberrant GmFAD3A gene and 
the fan(PI 123440) genetic locus and (ii) to determine the 

amount of phenotypic variability in 18:3 content that this 
marker could account for in the FAHH00 and FADD00 
populations. The mean 18:3 content of lines homozygous 
for the GmFAD3A-154/129 genotype (Fad3aFad3a geno-
typic class), carrying the normal Fan allele, was 66.2 and 
67.0 g kg−1 in the Corsica × N97-3681-11 and Brim × N97-
3708-13 populations, respectively (Table 1). The mean 18:3 
content of lines homozygous for the GmFAD3A-129/115 
genotype ( fad3afad3a genotypic class), carrying the fan(PI 
123440) allele, was 43.4 and 45.1 g kg−1 in the Corsica × 
N97-3681-11 and Brim × N97-3708-13 populations, 
respectively. The mean 18:3 content of heterogeneous lines 
with the GmFAD3A-154/129/115 genotype (derived from 
heterozygous Fad3afad3a F4 plants) was 50.7 and 52.7 g kg−1 
in the Corsica × N97-3681-11 and Brim × N97-3708-13 
populations, respectively. The diff erences between the two 
homozygous marker groups were highly signifi cant, and the 
segregation at this locus explained 77.5 and 89.2% of the 

Figure 3. Genotypic analysis of low linolenic acid lines Satelite, PI 123440, C1640, and N98-4445 with the GmFAD3A
XmnI

 CAPS marker. 

MW, molecular weight markers.

Table 1. Palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3) content means of 

seed oil of lines homozygous fad3afad3a or Fad3aFad3a and of lines heterozygous fad3aFad3a for the GmFAD3a gene, includ-

ing standard deviation of the means, the differences between means and their signifi cance, the R2 for the difference of those 

means for two F
4
-derived populations.

Genotype N†

Palmitic acid 
(16:0)

Stearic acid 
(18:0)

Oleic acid 
(18:1)

Linoleic acid 
(18:2)

Linolenic acid 
(18:3)

–––––––––––––––––––––––––––––––––––––––– g kg−1 ––––––––––––––––––––––––––––––––––––––––

Corsica × N97-3681-11

fad3a fad3a 43 78.0 (22.1)‡ 30.7 (2.6) 294.8 (30.9) 551.1 (35.8) 43.4 (2.8)

Fad3a fad3a 12 88.3 (12.4) 30.8 (1.7) 306.4 (25.6) 523.6 (20.4) 50.7 (8.1)

Fad3a Fad3a 32 80.6 (19.9) 29.2 (2.6) 283.8 (22.4) 542.6 (24.7) 66.2 (7.5)

Difference between homozygote classes ns§ ns ns ns −22.8 (p < 0.001)

R2 (%) 2.8 7.5 7.2 8.5 77.5

Brim × N97-3708-13

fad3a fad3a 46 82.6 (18.4) 32.3 (1.7) 296.0 (18.9) 543.5 (36.8) 45.1 (2.2)

Fad3a fad3a 3 80.3 (22.4) 32.2 (1.0) 325.2 (11.4) 506.6 (12.5) 52.7 (1.4)

Fad3a Fad3a 46 79.4 (20.4) 32.3 (1.4) 302.7 (23.5) 518.8 (25.1) 67.0 (4.9)

Difference between homozygote classes ns ns ns 24.7 (p < 0.001) −21.8 (p < 0.001)

R2 (%) 0.69 0.69 6.5 20.43 89.2

†N, number of lines with a specifi c Fad3a genotype.
‡Standard deviations in parentheses.

§Not signifi cant.
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genetic variation in 18:3 seed-oil content in the two popula-
tions, respectively. These results are similar to those observed 
in a study of cosegregation of a deletion mutant GmFAD3 
locus from germplasm line A5 and 18:3 content in a segre-
gating population (Byrum et al., 1997). In the present study, 
the segregation of the GmFAD3A

XmnI
 CAPS marker was 

not correlated with responses in the content of other fatty 
acids in the seed oil, except for linoleic acid (18:2) in the 
Brim × N97-3708-13 population. Lines homozygous for 
the fan allele ( fad3afad3a genotype) had signifi cantly higher 
levels of 18:2 in the seed oil in the Brim × N-97-3708-
13 population, and the segregation of the GmFAD3A

XmnI
 

CAPS marker explained 20.43% of the 18:2 genetic varia-
tion (Table 1). These results are similar to those observed 
in a population derived from crossing N97-3708-13 to a 
diff erent high-yielding parent and somewhat similar to a 
population that was segregating for the fap1 and fan alleles 
(Nickell et al., 1991; Cherrak et al., 2003). We conclude that 
the eff ect of the fan(PI 123440) allele is very stable across 
diff erent genetic backgrounds and that the GmFAD3A

XmnI
 

CAPS marker is an eff ective tool for selecting individuals 
possessing fan(PI 123440) in these populations.

The fan(PI 123440) allele had no eff ect on seed yield, 
seed-oil and protein content, plant height, maturity date, 
fl owering date, and lodging in either population (data not 
shown). Similar results for seed yield were reported by 
Walker et al. (1998), Ross et al. (2000), and Cherrak et 
al. (2003). Walker et al. (1998) reported similar results for 
protein content, plant height, maturity, lodging in popu-
lations where 18:3 content varied from 25 to 85 g kg−1. 
In contrast, the relationship between 18:3 and oil content 
seems to be population specifi c (Walker et al., 1998; Ross 
et al., 2000; Cherrak et al., 2003).

The inheritance of the fan(PI 123440) allele had no 
eff ect on the 16:0 content in either population (Table 1). 
This observation is in agreement with previous studies 
that have shown that the major low-palmitic and low-
18:3 loci are independent from each other (Cherrak et al., 
2003). No epistatic interactions were observed between 
fan and fap

nc
 loci (data not shown). This is consistent with 

our understanding of the fatty acid biosynthetic path-
way, given that the 16:0 thioesterase releases 16:0 from 
16:0-acyl carrier protein within the plastid and that the 
GmFAD3 encoded omega-3-desaturases convert 18:2 to 
18:3 in the endoplasmic reticulum.

Potential for Broader Application 
of GmFAD3A

XmnI
 SNP

Although the GmFAD3A
XmnI

 CAPS marker was eff ective 
when applied to the FAHH00 and FADD00 populations, 
its use as a more general soybean-breeding tool is depen-
dent on the prevalence of the diagnostic SNP among a wide 
variety of breeding lines. Given the location of the SNP 
within intron 2, it is highly unlikely to be related to the 

aberration responsible for the decrease in GmFAD3A tran-
script accumulation. Thus, it is possible that the SNP may 
be widespread in the soybean germplasm base, a situation 
that would diminish its usefulness as a marker for fan(PI 
123440). To determine how prevalent the GmFAD3A

XmnI
 

SNP may be, we used the GmFAD3A
XmnI

 CAPS marker 
to screen 48 ancestral lines that represent 90% of the 
genetic variation in the US soybean cultivars. As shown in 
Fig. 4, only two ancestral lines (‘Improved Pelican’ and PI 
88788) have this SNP (neither of which is reported to dis-
play a reduced-18:3-oil phenotype). Furthermore, we also 
screened the soybean cultivars Anand, Boggs, and Williams 
82 (all normal-18:3 varieties) for the GmFAD3A

XmnI
 SNP; 

Williams 82 and Anand gave the predominant banding pat-
tern lacking the SNP, but the Boggs genome contains the 
GmFAD3A

XmnI
 SNP (data not shown). We therefore con-

clude that although the SNP that defi nes the GmFAD3A
X-

mnI
 CAPS marker is found elsewhere in the germplasm base 

in GmFAD3A genes that are not associated with reduced-
18:3-oil content, it is a relatively uncommon polymorphism 
and thereby should be useful as a marker for fan(PI 123440) 
in the great majority of crosses that soybean breeders would 
be likely to make in enhancing soybean oil quality.

Development of Another Marker Based 
on the GmFAD3A Intron 2 SNP
To further assist breeders who may want to incorporate the 
fan(PI 123440) low-18:3 trait into other lines, a rapid, inex-
pensive molecular-marker assay was developed that distin-
guishes between the most prevalent GmFAD3A allele and 
the rarer PI 123440-associated allele described above. In 
this assay, allele-specifi c PCR was conducted followed by 
melting curve analysis. A forward primer was designed that 
anneals specifi cally to the “normal” allele sequence and 
contains a short GC 5´ tail (Wang et al., 2005; Fig. 5A). A 
second forward primer was designed that anneals specifi -
cally to the GmFAD3A(PI 123440) derived allele sequence 

Figure 4. Genotypic analysis of 48 US soybean ancestral lines with 

the GmFAD3A
XmnI

 CAPS marker to determine the frequency of  

the intron 2 SNP among these lines. A complete list of the 48 

ancestral lines is shown in supplemental Table S1.
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and contains a long GC 5´ tail. A reverse primer was 
designed that anneals 163 nucleotides 3´ of the polymor-
phic SNP (not shown). All three primers were used in PCR 
reactions that contained either Williams 82 (as an example 
of a normal-18:3 cultivar) or PI 123440 genomic DNA 
as template. Melting curve analysis was conducted on the 
PCR products, and two distinct peaks were detected, dif-
ferentiating the Williams 82 GmFAD3A gene from the PI 
123440 derived variant (Fig. 5B). In the presence of Wil-
liams 82 DNA, presumably the short GC forward primer 
is utilized in the PCR reaction since it was designed to 
specifi cally anneal to the wild-type sequence. This is in 
contrast to when PI 123440 DNA is used as template. In 
this case, the long GC forward primer is presumably used 
in the PCR reaction instead of the short GC primer. Since 
these two products are of diff erent lengths due to the GC 
tail-length diff erences, they display diff erent characteris-
tic melting temperatures. The shorter product, amplifi ed 
from Williams 82 DNA, exhibits a melting temperature 
of 76.2 ± 0.2°C whereas the longer product, amplifi ed 
from PI 123440 DNA, exhibits a melting temperature of 

78.7 ± 0.1°C. This rapid molecular marker assay can enable 
breeders to directly select for the PI 123440 allele in early 
generations of segregating populations.

CONCLUSIONS
In summary, we determined that the fan locus that origi-
nated from PI 123440 and confers a reduced 18:3 pheno-
type is associated with the GmFAD3A gene. A reduction in 
the steady-state mRNA levels corresponding to this gene 
is the probable mechanism by which omega-3 desaturase 
activity is reduced, leading to a reduction in 18:3 synthesis 
within the developing seed in plants containing the fan(PI 
123440) allele. Lines homozygous for the fan(PI 123440) 
locus have an apparently benign SNP in intron 2 of the 
GmFAD3A gene that can serve as a diagnostic marker. This 
SNP is relatively uncommon since only 2 out of the 50 
US soybean ancestral lines assayed have this SNP (in addi-
tion to the variety Boggs). In addition, segregation at this 
locus explained 77.5–89.2% of the genotypic variation in 
18:3 content in populations segregating for fan(PI 123440). 
We have developed a CAPS marker and a marker based 
on melting curve analysis that will distinguish the variant 
GmFAD3A allele corresponding to fan(PI 123440) and thus 
can be useful in marker-assisted selection programs.

Supplemental Information Available
One supplemental table is available free of charge online at 
http://www.crops.org/publications/cs.
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