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Abstract The development of high-oleate soybean

germplasm is hindered by the lack of knowledge of the

genetic factors controlling oleate phenotypic varia-

tion. In the present study, several candidate genes

implicated in oleate biosynthesis were mapped and

their cosegregation with oleate, linoleate and linole-

nate quantitative trait loci (QTLs) was investigated.

FAD2-2C, a previously described x-6 desaturase

isoform, was localized on linkage group E; whereas,

a novel FAD2-2 isoform, designated as FAD2-2D,

mapped on linkage group N. In addition, two isoforms

were identified for the aminoalcoholphosphotransfer-

ase-encoding GmAAPT1 gene, denoted AAPT1a and

AAPT1b. A database query suggested that only one

functional copy of the FAD6 gene, encoding a plastid

localized x-6 desaturase, exists in the soybean

genome. AAPT1a and FAD6 mapped on linkage

group D1b, 23.40 cM apart. Linolenate QTLs with

minor effects were identified near the FAD6 and

AAPT1a markers in two segregating populations.

Keywords Soybean � Oleate biosynthesis �
QTL mapping � Fatty acid content

Introduction

Soybean [Glycine max (L.) Merr.] producers and

processors are currently concerned with the need to

lower the levels of trans isomers of fatty acids in

processed soybean oils in order to meet the guidelines

of the United States Food and Drug Administration,

retain consumer acceptance and enhance the com-

petitive position of soybean oil in domestic and

global markets (Wilson et al. 2002). Trans isomers

are formed during hydrogenation, which confers

long-term oxidative stability to soybean oil. The

need for oil hydrogenation will be diminished if the

levels of the polyunsaturated fatty acids, linoleate and

linolenate, which are susceptible to autoxidation, are

reduced. Concomitant elevation of oleate content can

also contribute to the oxidative stability of soybean

oil and the improvement of its nutritional value

(Wilson 2004). However, the lack of knowledge of
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the genetic factors contributing to the phenotypic

variation of oleate content hampers the development

of high-oleate soybean lines with traditional

breeding.

The seed-specific FAD2-1 genes and the constitu-

tively-expressed FAD2-2 genes are primarily

responsible for oleate biosynthesis in soybean. These

GmFAD2 genes (Fig. 1) encode oleoyl-PC x-6

desaturase activity and catalyze the desaturation of

oleate to linoleate in the endoplasmic reticulum

(Heppard et al. 1996). FAD2-1A, FAD2-1B and

FAD2-2B isoforms were previously studied for

associations with oleate phenotypes in soybean

populations segregating for oleate content (Bachlava

et al. 2008). Unlike other oilseed crops (Hu et al.

2006; Schuppert et al. 2003), no major QTLs

cosegregated with these three GmFAD2 isoforms. A

unique oleate QTL with moderate effects was

detected in the proximity of the FAD2-1B isoform

on linkage group I (Bachlava et al. 2008, 2009).

Therefore, further research on other candidate genes

implicated in oleate biosynthesis, such as the FAD2-

2C isoform, and the FAD6 and AAPT1 genes, is

critical in order to investigate their association with

oleate content.

FAD2-2C has been previously identified, but was

not mapped in the soybean genome (Bachlava et al.

2008; Schlueter et al. 2007). Interestingly, FAD2-2C

was the only GmFAD2 isoform that showed changes

in transcript accumulation at different temperatures

during seed development. The level of expression of

FAD2-2C increased eightfold in developing pods

grown at 18/12�C day/night temperature, in compar-

ison to those grown at 32/28�C day/night

temperatures (Schlueter et al. 2007). Due to the

strong temperature effect on oleate content during the

pod-filling stage, which coincides with the period of

oil deposition, FAD2-2C is an ideal candidate to

explain oleate phenotypic variation.

The desaturation of oleate to linoleate in the

plastids is controlled by the FAD6 gene (Fig. 1),

encoding the plastidial x-6 desaturase enzyme in

soybean (Heppard et al. 1996; Hitz et al. 1994).

Although fatty acids of seed triacylglycerols are

primarily synthesized through the eukaryotic pathway

in the endoplasmic reticulum, the prokaryotic path-

way in the plastids also contributes to the

polyunsaturated fatty acid biosynthesis (Browse and

Somerville 1991). It has been suggested that the

disruption of one of the pathways is compensated by

fatty acid biosynthesis through the other pathway.

Intermediates are transferred between the compart-

ments, but enzymes reside exclusively in either the

endoplasmic reticulum or the plastids (Somerville

and Browse 1996). The expression pattern of the

FAD6 gene has not suggested changes in the

transcript levels in response to different growth

temperatures (Heppard et al. 1996).

In soybean, the AAPT1 gene (Fig. 1) encodes an

aminoalcoholphosphotransferase that catalyzes the

conversion of diacylglycerol to phosphatidylcholine

in the endoplasmic reticulum and has a putative role in

the mobilization of fatty acids to phosphatidylcholine

(Dewey et al. 1994). This enzymatic reaction is

believed to be reversible, allowing fatty acids to

reenter the diacylglycerol pools destined for triacyl-

glycerol production (Slack et al. 1983, 1985). AAPT1

gene activity has the potential to influence the fatty

acid composition since the substrates of desaturase

enzymes in the endoplasmic reticulum are fatty acids

esterified to the first and second backbone positions of

phosphatidylcholine (Ohlrogge and Browse 1995).

Given the duplicated nature of the soybean genome

(Shoemaker et al. 2006), AAPT1 is probably repre-

sented by a gene family with more than one isoform.

The unique AAPT1 gene characterized previously was

predominantly expressed both during seed develop-

ment and vegetative growth and showed evidence of

post-transcriptional regulation (Dewey et al. 1994).

This study utilized sequence information that

recently became available from the Soybean Genome

Project (Stacey et al. 2008) to: (1) determine the

number of distinct isoforms of FAD2-2, FAD6 and

AAPT1 genes; (2) map the putative isoforms of each

gene in the soybean genome; and (3) investigate

whether any isoform of the aforementioned candidate

genes for oleate biosynthesis are associated with the

mono- and polyunsaturated fatty acid phenotypes.

Materials and methods

Population development and experimental design

Two soybean populations, previously denoted as FAF

and FAS (Bachlava et al. 2008), were developed by

single seed descent (Brim 1966 ). The FAF popula-

tion consisted of 118 F5- derived lines from the cross
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of N97-3363-3 9 PI423893 and the FAS population

consisted of 231 F3- derived lines from the cross of

N98-4445A 9 PI423893. N98-4445A is a high-ole-

ate (563.1 g kg-1) low-linoleate line (Burton et al.

2006). N97-3363-3 is a sister line of N98-4445A and

PI423893 is a mid-oleate (305.8 g kg-1) plant intro-

duction. Apart from oleate genes, the FAF and FAS

populations were also segregating for the reduced

linolenate fan (PI123440) allele.

The FAF population was planted in a sets within

replications experimental design (Hallauer and Mir-

anda 1988) with two replications in each location, as

described by Bachlava et al. (2008). The FAF

population was grown at Clinton and Kinston, NC,

USA in 2005 and at Clinton, Kinston, Clayton and

Plymouth, NC, USA in 2006. Each experimental line

of the FAF population was planted in a four-row plot,

with the exception of Clayton in 2006, where each

line was planted in a one-row plot. The FAS

population was planted in five-seed hills in a sets

within replications design with three replications at

Clayton in 2006 and 2007, as described by Bachlava

et al. (2008).

Phenotypic evaluation and statistical analysis

Maturity date was recorded at the R8 reproductive

stage (Fehr and Caviness 1977) as days after planting

for all the environments where the FAF population

was grown, and for the FAS population in 2006.

Mature soybean seeds were harvested mechanically

from the two middle rows of each experimental plot

of the FAF population or from each one-row plot at

Clayton in 2006. Approximately 10 g of seed were

subsampled from each four-row plot for the evalua-

tion of fatty acid composition. For the FAS

population 5 g were subsampled from the seed

harvested from each hill. Fatty acid composition

was evaluated by gas liquid chromatography using a

Model 6890 GC (Agilent Technologies, Inc., Wil-

mington, DE, USA), as described by Burkey et al.

(2007).
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Fig. 1 Graphic representation of the fatty acid biosynthesis

pathway, modified from Cardinal (2008). AAPT, aminoalco-

holphosphotransferase; ACP, acyl carrier protein; DAG,

diacylglycerol; DAGAT, diacylglycerol acyl transferase;

DGDG, digalactosyl diacylglycerol; FAD, fatty acid desatur-

ase; G3P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate

acyl transferase; KAS, 3-ketoacyl-ACP synthetase; LPA,

lysophosphatidic acid; LPAAT, lysophosphatidic acid acyl-

transferase; MGDG, monogalactosyl diacylglycerol; PA,

phosphatidic acid; PAP, phosphatidic acid phosphatase; PC,

phosphatidylcholine; SAD, steroyl-ACP desaturase; TAG,

triacylglycerol; 16:0, palmitate; 18:0, stearate; 18:1, oleate,

18:2, linoleate; 18:3, linolenate
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Statistical analyses of the phenotypic data for the

FAF and FAS populations were conducted using

PROC MIXED in SAS 9.1 (SAS Institute Inc 2004).

Environments, sets, replications, lines, and their

interactions, were considered random effects. Best

linear unbiased predictors (BLUPs) were obtained for

maturity and fatty acid traits. For each experimental

line of the FAF and FAS population, BLUPs were

estimated as the sum of the intercept and the random

effect (Littell et al. 1996). The phenotypic data of the

FAF population from Clinton, NC, USA in 2005 were

discarded due to excess missing data and greater error

variance compared to the other environments. BLUPs

were derived separately for each environment and

combined across all environments for both the FAF

and FAS populations.

‘Gene-specific’ SSR marker development

and genotypic evaluation

Sequence information obtained from GenBank (Ben-

son et al. 2002) accessions AC166742 and

AB188252, which correspond to isoforms of the

GmFAD2-2 gene, and accessions L29215 and

U12735, which correspond to the GmFAD6 and

GmAAPT1 genes, were utilized for the BLAST

application of the preliminary soybean assembly

(Stacey et al. 2008). Scaffolds containing the

FAD2-2, FAD6 and AAPT1 genes were identified.

Sequence of *100 Kb length, covering the region of

the genome around each gene of interest, was mined

for simple sequence repeats (SSRs) using SSRIT

(Temnykh et al. 2001). Primers were designed to

amplify the SSRs using Primer3 v. 0.4 (Rozen and

Skaletsky 2000).

Polymorphic SSR markers were identified in the

proximity of FAD2-2, FAD6 and AAPT1 genes

(Table 1) and were used for genotyping of the FAF

and FAS populations. The polymerase chain reac-

tions (PCRs) were performed in a 384-well PTC-200

Peltier Thermal Cycler (MJ Research, Waltham, MA,

USA). Amplification of genomic DNA was con-

ducted with a 12-ll PCR reaction containing 6 pmol

of each of the forward and reverse primers, 0.5 U Taq

polymerase (New England Biolabs, Ipswich, MA,

USA), 109 buffer (10 mM Tris–HCl, 50 mM KCl,

1.5 mM MgCl2, pH 8.3), 234 lM dNTPs and 60 ng

genomic DNA. Thermocycling conditions were 95�C

for 2 min, 17 cycles of 92�C for 1 min, 67�C for

1 min, decreased by 1�C per cycle, and 68�C for

1 min 45 s, and 29 cycles of 92�C for 1 min, 49�C

for 1 min and 68�C for 1 min 45 s. The amplification

products were resolved on 4% SFR agarose gels

(Amresco, Solon, OH, USA) with ethidium bromide

staining in 19 Tris–Borate–EDTA buffer.

Amplification products of the polymorphic SSR

markers using genomic DNA of the N98-4445A,

N97-3363-3 and PI423893 lines were sequenced in

order to verify their specificity. The PCR reactions

were performed using the Expand High Fidelity PCR

system (Roche Applied Science, Indianapolis, IN,

USA) in a MyCycler thermal cycler (Bio-Rad,

Hercules, CA, USA). Each 50 ll reaction contained

0.8 U polymerase, 20 pmol of each of the forward

and reverse primers, 187 lM dNTPs and 100 ng of

genomic template DNA, and thermocycling condi-

tions were the same as above. The amplification

products were cloned into pCR 2.1 cloning vectors

(Invitrogen, Carlsbad, CA, USA) and retrieved

sequences (Iowa State DNA facility, Ames, IA,

USA) were compared to the GenBank accessions

using pairwise alignments.

The FAF population was also genotyped with SSR

markers covering the 20 linkage groups of soybean

genome (Cregan et al. 1999; Song et al. 2004), as

previously described by Bachlava et al. (2008); the

FAS population was only genotyped with SSR

markers in the proximity of candidate genes for

oleate biosynthesis. A total of 165 and 100 polymor-

phic SSR markers were genotyped for the FAF and

FAS populations, respectively.

Linkage mapping and QTL mapping

Linkage analysis of the FAF population was con-

ducted with MAPMAKER/EXP 3.0 (Lander et al.

1987) according to Cardinal et al. (2001), using a

minimum likelihood of odds (LOD) score of 3.0 and

a maximum Kosambi distance of 40 cM. The F5-

derived lines were analyzed as recombinant inbred

lines after discarding the heterozygote genotypes.

Linkage analysis of the F3-derived lines of FAS

population was conducted with JoinMap 3.0 (Van

Ooijen and Voorrips 2001). The linkage map was

constructed using Kosambi’s mapping function and

linkage was declared with maximum recombination

frequency of 0.4 and minimum LOD score of 3.0.

The linkage map presented herein (Fig. 2)
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corresponds to linkage analysis of the FAS popula-

tion using JoinMap 3.0 software.

QTL analysis was conducted with WinQTL Car-

tographer version 2.5 (Wang et al. 2007) using

BLUPs derived for each trait and experimental line of

the FAF and FAS populations, both across environ-

ments and in each environment separately. The

marker genotypes were initially tested for association

with the phenotypic traits using single factor analysis

(SFA), a simple linear regression approach (Table 2).

QTLs were identified in FAF and FAS populations

using multiple interval mapping (MIM) (Kao et al.

1999). Initially, CIM procedure (Zeng 1993) was

implemented with minimum LOD threshold of 2.5 to

identify QTLs that are inputted in a starting model in

MIM. The ‘‘forward and backward regression’’

method was used for cofactor selection and the

genome scans were conducted with window size of

10 cM and walk speed of 2 cM. The CIM results for

each trait and environment were inputted in the MIM

procedure using the ‘‘scan through CIM analysis’’

option. The models were refined using the ‘‘optimize

positions’’, ‘‘search for new QTLs’’ and ‘‘test existing

QTLs’’ options, for main effects, in both populations,

and epistatic interactions, in the FAS population. Due

to the advanced inbreeding generation of the F5-

derived lines, only additive effects were fitted in the

MIM models of the FAF population. MIM models

with the minimum bayesian information criterion

(BIC) were chosen and ‘‘search for new QTLs’’ was

conducted until no additional QTLs could be

detected. The QTL effects and the proportion of the

variation explained from each QTL of the final MIM

model was outputted using the ‘‘summary’’ option.

Due to the increased statistical power of MIM for

QTL mapping and the improved precision for

estimation of QTL positions (Kao et al. 1999), only

the results of MIM procedure were reported

(Table 3). The QTLs presented in Table 3 were

significant in MIM models that contained QTLs with

moderate and minor effects mapping to several

linkage groups of the soybean genome, which were

Table 1 Polymorphic simple sequence repeat (SSR) markers

used for mapping of the FAD2-2, FAD6 and AAPT1 genes

in the soybean genome. The candidate gene (also used as

name of the SSR marker), the di-nucleotide repeat, the

distance of the repeat from the gene, the primers designed

for polymerase chain reaction (PCR) amplification of the

SSR and the approximate sizes of the amplified fragments

are reported

Candidate

gene

Repeat SSR distance

from gene (bp)

Forward SSR primera (50–30) Reverse SSR primera (50–30) PCR band

size (bp)

FAD6 AC 17,183b GCTCATTCACAGACATGGTTGC GCATGACGGGCCTATATCAGAA 265

AAPT1a AT 1,840b GCTCATGATGAGAAAGTGTGGAAA GCGCTGTCAGTCTTAGTTACG 240

AAPT1b AT 5,341c GCTGGACACTGGACAATGGACT GCCTTTGAATGTCGGGATTCCT 360

FAD2-2C AT 33,154d CGGATAGAAATGGCATGGTA GCTTAGCTCAAGAGAGTTGTCCTT 365

FAD2-2D AT 42,587b GCCAAGGTGCATACATACGACA GCCAACAATTTCTTTCCCCTCT 220

a With the exception of the forward primer designed for FAD2-2C, all primers contain a GC clamp at the 50 end
b The distance from the middle of the repeat, located upstream of the candidate gene, to the predicted translational start codon
c The distance from the middle of the repeat, located within the candidate gene, to the predicted translational start codon
d The distance from the middle of the repeat, located downstream of the candidate gene, to the predicted stop codon

BE0211530.00

satt63422.25

AAPT1a32.64

satt60052.14

FAD656.04

satt35061.47

satt7060.00

FAD2-2C5.60

satt2689.18

satt36933.06

sat_38148.81

satt23154.96

satt0090.00

satt58418.02

sat_23640.17
FAD2-2D44.42
satt52148.23

GMABAB62.34

sat_30477.15

sat_29589.07

satt022110.66

Linkage group D1b Linkage group E Linkage group N

Fig. 2 Genetic map of soybean linkage groups D1b, E and N

including the SSR markers developed for the AAPT1a, FAD6,

FAD2-2C and FAD2-2D genes. Genetic distances were

estimated with Kosambi’s mapping function in the FAS

population (N98-4445A 9 PI423893)
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previously reported for the FAF and FAS populations

(Bachlava et al. 2009), but are not presented in this

study.

Results and discussion

Determining the isoforms of the FAD2-2, FAD6

and AAPT1 genes

Three isoforms of the GmFAD2-2 gene have been

previously identified. FAD2-2B, and the non-func-

tional FAD2-2A, were localized on linkage group L,

while FAD2-2C has not been mapped (Bachlava et al.

2008; Schlueter et al. 2007). Query of the sequence

database of the Soybean Genome Project (Stacey

et al. 2008) confirmed the existence of yet a fourth

distinct isoform in the soybean genome, designated

FAD2-2D, which corresponds to the GenBank acces-

sion AB188252. The identification of a new isoform

was not surprising; Schlueter et al. (2007) predicted

the existence of more than six FAD2 loci in the

soybean genome and Walling et al. (2006) found

evidence of synteny for the long arm of linkage group

L, where FAD2-2A and FAD2-2B mapped, with

another chromosome. FAD2-2D displayed 96 and

95% similarity in the peptide and coding sequences,

respectively, with the FAD2-2B isoform. Pertinent

similarity evaluations for FAD2-2C with other

GmFAD2-2 isoforms was more problematic because

the peptide predictions of the retrieved genome

sequence suggested that FAD2-2C differed greatly

from the FAD2-2B and FAD2-2D isoforms in the first

90 amino acids.

Pairwise alignment of coding, upstream and

downstream regions suggested that FAD2-2C was

likely derived from FAD2-2B or FAD2-2D through

tandem duplication since it differed drastically in the

upstream region and the initial 270 bp of the putative

coding sequence, whereas the rest of the coding

sequence (*880 bp) and part of the downstream

region (*380 bp) were almost identical (Suppl.

Fig. 1). Similarity of FAD2-2B and FAD2-2D, on

the contrary, spanned the coding region and part of

the downstream (*430 bp) and upstream (*1 Kb)

regions of the isoforms (Suppl. Fig. 1). The fact that

FAD2-2B, FAD2-2C and FAD2-2D have similar gene

structure devoid of introns corroborates with the

possibility of gene duplication. Schlueter et al. (2007)

have previously discussed the possibility that FAD2-

2C came from the tandem duplication of FAD2-2B,

followed by genome rearrangements. Interestingly,

we observed stop codons in all possible reading

frames within this unique 50 region of FAD2-2C, thus

raising questions concerning the functionality of this

gene. Although reverse transcriptase PCR experi-

ments provided evidence that FAD2-2C is transcribed

(Schlueter et al. 2007), we have not been able to

identify any soybean expressed sequence tag (EST)

that contains this putative FAD2-2C-specific

sequence (data not shown).

Two isoforms were identified for the AAPT1 gene

within the soybean genome. Due to the temporary

nomenclature of scaffolds in the preliminary soybean

assembly (Stacey et al. 2008), the peptide, coding and

full genome sequences are provided (Suppl. Fig. 2).

The initial GenBank accession U12735, obtained by

Dewey et al. (1994), corresponded to the AAPT1b

isoform. Pairwise alignment revealed that the

AAPT1a (389 amino acids) and AAPT1b (396 amino

acids) predicted peptides share 97% identity. The

yeast CPT1 peptide (GenBank accession

Table 2 Association (P values) of oleate, linoleate and lin-

olenate content with markers developed for candidate genes of

oleate biosynthesis tested in the FAF (N97-3363-

3 9 PI423893) and FAS (N98-4445A 9 PI423893) popula-

tions using single factor analysis (SFA)

FAF Oleate Linoleate Linolenate

AAPT1a AAPT1a AAPT1a FAD6

Across enva 0.049* 0.018* 0.013*

Kinston 2005 0.006** 0.011* 0.002** 0.008**

Kinston 2006 0.026* 0.010**

Clayton 2006 0.022* 0.017*

Clinton 2006

Plymouth 2006 0.023*

FAS Oleate Linoleate

FAD2-2C AAPT1a FAD2-2C AAPT1a

Across env 0.020* 0.011* 0.007** 0.012*

Clayton 2006 0.010** 0.019* 0.010**

Clayton 2007 0.015* 0.019* 0.006** 0.022*

*, ** Significance at the 0.05 and 0.01 level, respectively
a Oleate, linoleate and linolenate phenotypes used for SFA

were derived as best linear unbiased predictors (BLUPs) both

across environments and separately for each environment

where the FAF and FAS populations were tested
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NC_001146) was also aligned with the two AAPT1

peptides of soybean (Suppl. Fig. 3). A short-size

polymorphism, seven amino acids in length, was

found in the N-terminal regions of the AAPT1a and

AAPT1b proteins. The fact that AAPT1a resembled

the yeast CPT1 enzyme in this region suggests that an

insertion event occurred in AAPT1b (Suppl. Fig. 3).

Because of the high degree of sequence similarity, it

is likely that both AAPT1a and AAPT1b encode

functional isoforms of AAPT enzymes in soybean.

For the FAD6 gene, a single functional isoform

was detected in the initial draft of the soybean

genome. The peptide and coding sequences were in

agreement with the reports of Hitz et al. (1994),

found in GenBank accession L29215. According to

predictions of the preliminary soybean assembly

(Stacey et al. 2008), the FAD6 gene has nine introns

with sizes ranging from 97 to 845 bp. A putative non-

functional pseudogene with partial genomic sequence

identity with the FAD6 gene (*41% similarity of the

predicted peptide sequences) was detected and

mapped on linkage group D2, in the interval of the

SSR markers satt328 and satt002 (data not shown).

Mapping the isoforms of FAD2-2, FAD6 and

AAPT1 genes

The FAD2-2C and FAD2-2D isoforms mapped on

linkage groups E and N of the soybean genome,

respectively. FAD2-2C was localized in the interval

of the SSR markers satt706 and satt268, 5.60 and

3.58 cM from the respective markers (Fig. 2). FAD2-

2D mapped in the interval of sat_236 and satt521,

4.25 and 3.81 cM from each marker, respectively

(Fig. 2). FAD2-2C and FAD2-2D did not map on the

same linkage group, as may be predicted from the

Table 3 Quantitative trait loci (QTLs) for oleate, linoleate and

linolenate detected in the proximity of candidate genes with

multiple interval mapping (MIM) in the FAF (N97-3363-

3 9 PI423893) and FAS (N98-4445A 9 PI423893) popula-

tions. The linkage group (LG) and the marker interval where

each QTL was mapped, as well as its size, the distance of the

QTL peak from the most nearby marker (underlined), the

additive (A) or dominance (D) effect of the QTL and the

proportion of variation explained by each QTL (R2) are

presented. These findings are in addition to QTLs previously

reported by Bachlava et al. (2009) for FAF and FAS

populations in other linkage groups of soybean genome

Trait Population Environmenta LG Marker interval Interval

size (cM)

Distance from

nearby marker (cM)

Effectb

(g kg-1)

R2 (%)

Oleate FAS Across Env D1b AAPT1a—satt600 19.50 2.01 9.4 (A) 3.4

FAS Clayton 2006 D1b satt634—AAPT1a 10.39 4.05 8.3 (A) 3.4

FAF Clinton 2006 E FAD2-2C—satt706 3.70 0.01 13.5 (A) 4.5

Linoleate FAS Across Env D1b AAPT1a—satt600 19.50 1.54 -5.4 (A) 1.5

FAS Clayton 2006 D1b satt634—AAPT1a 10.39 4.38 -6.9 (A) 3.6

FAF Clayton 2006 E FAD2-2C—satt706 3.70 0.10 -8.9 (A) 1.5

FAF Clinton 2006 E FAD2-2C—satt706 3.70 0.70 -9.2 (A) 3.6

Linolenate FAS Across Env D1b FAD6—satt350 5.43 0.01 5.7 (D) 4.6

FAS Clayton 2006 D1b FAD6—satt350 5.43 1.86 7.3 (D) 6.2

FAS Clayton 2007 D1b FAD6—satt350 5.43 1.16 5.4 (D) 4.3

FAF Across Env D1b AAPT1a—satt634 11.10 0.10 -1.8 (A) 3.7

FAF Kinston 2005 D1b AAPT1a—satt634 11.10 0.10 -2.3 (A) 7.8

FAF Clayton 2006 D1b AAPT1a—satt634 11.10 0.01 -2.2 (A) 3.8

FAF Plymouth 2006 D1b AAPT1a—satt634 11.10 0.01 -1.4 (A) 2.2

a Oleate, linoleate and linolenate phenotypes used for MIM analysis were derived as best linear unbiased predictors (BLUPs) both

across environments and separately for each environment where the FAF and FAS populations were tested
b Additive effect of the QTL was estimated in the FAF populations as the difference of the homozygous N97-3363-3 and PI423893

with MIM analysis. Positive additive effects in FAF indicated that the N97-3363-3 allele increases the value of the trait. Additive

effect of the QTL was estimated in the FAS population as the difference of the homozygous N98-4445A and PI423893 genotypes and

dominance effect was estimated as the difference of the heterozygous genotypes from the mean of the homozygous N98-4445A and

PI423893 genotypes with MIM analysis. Positive additive effects in FAS indicated that the N98-4445A allele increases the value of

the trait
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extensive homeology of the long arm of linkage

group L (chromosome 19), where FAD2-2A and

FAD2-2B reside (Walling et al. 2006).

The AAPT1a isoform and the FAD6 gene both

mapped on linkage group D1b, 23.40 cM apart. FAD6

was localized in the interval of satt600 and satt350,

3.90 and 5.43 cM from each marker, respectively

(Fig. 2). The AAPT1a isoform mapped between

satt634 and satt600, 10.39 cM and 19.50 cM from

the respective markers (Fig. 2). The AAPT1b isoform

could not be mapped, albeit the specific amplification

of the AAPT1b marker was confirmed with sequenc-

ing. Linkage could not be declared with any of the 165

SSR markers genotyped for the FAF population or the

100 markers genotyped for the FAS population.

Associations of SSR markers with fatty acid

content

According to the SFA analyses, the AAPT1a isoform

and the FAD6 gene on linkage group D1b were

associated with changes in linolenate content in the

FAF population. Both AAPT1a and FAD6 markers

were significant across environments and were respec-

tively associated with linolenate content in three and

four of the five environments of the FAF population

(Table 2). In the FAS population, significant associ-

ations were identified for FAD2-2C and AAPT1a

isoforms with oleate and linoleate content. Both SSR

markers were significantly associated with linoleate

content across environments and in each of the two

environments where the FAS population was tested.

MIM analyses showed that the AAPT1a and FAD6

genes on linkage group D1b cosegregated with QTLs

controlling the unsaturated fatty acid content in

soybean seed oil. A linolenate QTL was mapped

near the FAD6 marker in the FAS population. The

QTL explained 4.6% of linolenate variation and the

heterozygotes increased linolenate content by

5.7 g kg-1, across environments, when compared to

the mean of the two homozygotes for the N98-4445A

and PI423893 alleles (Table 3). The QTL was present

in each of the two environments of the FAS

population and had similar dominance effects and

R2 values. Dominance effects were not fitted for the

F5- derived lines of the FAF population and, there-

fore, the linolenate QTL near FAD6 could not be

confirmed. This QTL was also identified using CIM

analysis in the interval of the SSR markers FAD6 and

satt350 with a LOD score of 5.4, but due to the

increased precision of QTL localization (Kao et al.

1999) only the MIM analysis is presented.

A linolenate QTL was also mapped to the AAPT1a

marker in the FAF population. It explained 3.7% of

linolenate variation across environments, and 2.2–

7.8% of the observed variation in three of the five

FAF environments (Table 3). The high-linolenate

allele was inherited from PI423893 and led to an

increase in linolenate content by 1.8 g kg-1, across

environments. The linolenate QTL was not confirmed

in the FAS population; however, an oleate and

linoleate QTL was identified near the AAPT1a

marker both across environments and within one of

the two environments, where the FAS population was

tested. The direction of the additive effects of the

oleate and linoleate QTL in the FAS population

agreed with these of the linolenate QTL in the FAF

population, since the high-oleate and high-linoleate

alleles were inherited from N98-4445A and

PI423893, respectively. The QTL near AAPT1a

explained 3.4 and 1.5% of oleate and linoleate

variation, respectively, and led accordingly to an

increase in oleate content by 9.4 g kg-1 and in

linoleate content by 5.4 g kg-1, across environments

(Table 3).

MIM analysis also revealed an oleate and linoleate

QTL near FAD2-2C on linkage group E, which was

present only in the ‘Clinton 2006’ environment of

FAF population and explained 4.5 and 3.6% of oleate

and linoleate genotypic variation (Table 3). Although

this QTL was not confirmed with the MIM procedure

for the FAS population, SFA suggested that the

FAD2-2C marker is significantly associated with

oleate and linoleate content in the FAS population.

FAD2-2C mapped next to a genomic region where

several QTLs for seed quality and agronomic traits

are clustered. Minor QTLs have been previously

reported on linkage group E for oleate and linolenate

content near satt263 (Panthee et al. 2006), for

linoleate content next to satt185 (Panthee et al.

2006), for maturity near satt263 (Panthee et al. 2006),

and for seed weight near the SSR marker satt263 and

the RFLP markers BLT049_5 and G214_26 (Fasoula

et al. 2004; Mian et al. 1996; Orf et al. 1999). No

QTL conditioning the unsaturated fatty acid content

or maturity was reported in previous studies near the

FAD2-2D, AAPT1a and FAD6 genes on linkage

groups N and D1b. In addition, no maturity QTLs
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were identified in this study near the AAPT1a, FAD6

and FAD2-2C markers; thus, there was no need to

conduct additional QTL mapping analysis, as

described by Bachlava et al. (2009), using BLUPs

accounting for maturity effects.

Although the linolenate QTLs near FAD6 and

AAPT1a that were respectively identified in the FAS

and FAF populations could not be confirmed, it is

clear that minor QTLs implicated in the genetic

control of the unsaturated fatty acid content in

soybean oilseeds are present in the vicinity of the

two candidate genes on linkage group D1b. The

inconsistency in the QTLs identified for the FAF and

FAS populations was probably due to their different

sizes and levels of inbreeding, as well as the different

environments where the FAF and FAS populations

were grown (Beavis 1994; Bernardo 2002).

Conclusions

In the present study, and our previous work (Bachlava

et al. 2008, 2009), we showed that naturally occurring

alleles of several candidate genes implicated in oleate

biosynthesis cosegregated with minor QTLs condi-

tioning unsaturated fatty acid traits. Thereby, these

alleles of candidate genes are probably responsible for

only minor increases in the oleate content of the high-

oleate lines N98-4445A and N97-3363-3. Our find-

ings are in contrast to former studies on high-oleic

lines carrying mutations in FAD2-1 gene (Kinoshita

et al. 1998; Sandhu et al. 2007) associated with major

effects. Silencing of the FAD2-1 gene also led to

dramatic elevation in the levels of oleate content in the

seed of transgenic soybean lines (Buhr et al. 2002;

Kinney 1995; Kinney and Knowlton 1998). Yet,

the elucidation of the genetic factors causing the

observed natural variation in oleate content is neces-

sary for understanding the biosynthesis of the high-

oleate trait.
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