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Abstract The stearoyl–acyl carrier protein (ACP) desatur-
ase (SAD) is a nuclear-encoded, plastid-localized soluble
desaturase that catalyzes the conversion of stearoyl-ACP to
oleoyl-ACP and plays a key role in the determination of the
properties of the majority of cellular glycerolipids. Sad
genes from a variety of plant species have been cloned and
characterized. However, in peanut (Arachis hypogaea), an
important edible and oilseed crop, these genes have not yet
been characterized. By searching peanut expressed
sequence tag (EST) and parallel sequencing (454) libraries,
we have identified three members of the ahSad gene family.
Among them, only one gene, ahSad3, was exclusively
expressed during seed development and in a manner fully
corresponding to oil accumulation. Both ahSad3 homeolo-
gous genes (ahSad3A and ahSad3B) were recovered from
the allotetraploid peanut, and their mRNA expression levels
were characterized. The open reading frames for ahSad3A
and ahSad3B are 98% identical and consist of 1,158 bp,
encoding a 386-full-amino-acid protein, with one intron in
the coding sequence. Comparisons of the sequences of
these two homeologous genes revealed seven single-
nucleotide polymorphisms and one triplet insertion in the
coding region. Southern blot analysis indicated that there
are only two copies of the ahSad3 gene in the peanut
genome. Homeolog-specific gene expression analysis
showed that both ahSad3 homeologs are expressed in
developing seeds, but gene expression is significantly
biased toward the B genome. Our results point to ahSad3

as a possible target gene for manipulation of fatty acid
saturation in A. hypogaea.
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Introduction

Peanut (Arachis hypogaea) is a major source of protein and
edible oil and is ranked as the second most important
cultivated grain legume and the fourth largest edible oilseed
crop in the world. It is grown in at least 100 countries, of
which India (13%), China (9%), Nigeria (5%), and the
United States (2.3%) are the largest producers. This crop
covers 23 million hectares, which produce about 50 million
metric tons, with an average yield 1.6 tons/ha (FAOSTAT
2010). The peanut is grown primarily for human consump-
tion. There are several uses for its whole seeds, and it is
also processed to make peanut butter, oil, and other
products. Peanut seed contains 26% protein, 49% oil,
16% carbohydratee, and 2.3% ash (USDA 2010). There
are four basic types of peanuts: Runner, Virginia, Spanish,
and Valencia. Each of these peanuts has a distinctive size
and flavor.
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The fatty acid content of conventional peanut seed
mainly comprised oleic acid (45%) and linoleic acid
(36%) (C18:1 and C18:2, respectively; Liu et al. 2009). In
recent years, there has been an effort to increase the size of
the oleic acid fraction in commercial peanuts because this
fatty acid is more saturated and, therefore, more resistant to
oxidation both at ambient storage temperatures and at the
high temperatures, which prevail during roasting, cooking,
and frying. The first high oleic/linoleic (high O/L) peanut
germplasm (F435), which contained up to 80% oleate, was
described by Norden et al. (1987). Since then, numerous
high O/L lines and cultivars have been developed (summa-
rized by Chu et al. 2009). Today, commercial high O/L
varieties comprise the majority of peanuts grown in west
Texas, and the expectation is that high O/L peanut varieties
will become the standard in the United States in the near
future. Some high O/L peanut lines have been found to be
more resistant to oxidation (Zainuddina et al. 2004) and
discoloration (Uematsu et al. 2002) than the seeds of
commonly grown peanut cultivars, with no adverse flavor
effects (Pattee et al. 2002).

In addition to oleic acid (C18:1), stearic acid (C18:0) is
also regarded as a desirable dietary component of seed oil.
Stearic acid is a saturated fatty acid with a higher melting
point than oleic acid (68°C vs. 16°C, respectively). It is
solid at ambient temperatures, so it can impart the solidity
and plasticity required for the manufacture of spreads and
shortening. Stearic acid behaves differently from its shorter-
chain saturated fatty acid counterparts, such as palmitic acid
and myristic acid, in that it does not raise low-density
lipoprotein cholesterol or total cholesterol (Liu et al. 2002).
It is, therefore, regarded as a nutritionally nonharmful
saturate. The seeds of both standard and high O/L peanut
genetic lines contain only small fractions of stearic acid
(∼3%–7%; Liu et al. 2009). Also, in contrast to the situation
for other oilseed crops such as sunflower (Helianthus
annuus; Hamdan et al. 2009), soybean (Glycine max;
Bubeck et al. 1989), and rapeseed (Brassica napus L.;
Knutzon et al. 1992), there have not been any reports of
high stearic acid peanut germplasm. Novel peanut germ-
plasm with oil rich in stearic acid could be used as the hard
stock for the manufacture of margarines, resulting in a more
stable oil with a concomitant reduction in the need for
artificial hydrogenation, a process that often produces
trans-fatty acid isomers that have been associated with a
number of detrimental effects on human health (Katan
1998). In addition, peanut seeds with high levels of stearic
acid should be even more resistant to oxidation than high
O/L seeds, at both ambient and elevated temperatures.

In plants, the conversion of stearic acid into the
monounsaturated oleic acid is catalyzed by the Δ9-
stearoyl–acyl carrier protein (ACP) desaturase (SAD). This
nuclear-encoded, plastid-localized soluble enzyme uses

stearoyl-ACP as a substrate and, for activation, needs
nicotinamide adenine dinucleotide phosphate oxidase and
ferredoxin, which act as a reducing agent and cofactor,
respectively (Thompson et al. 1991). The product of the
reaction, oleoyl-ACP, can serve as a precursor for the
synthesis of polyunsaturated fatty acids (Shanklin and
Cahoon 1998). Therefore, SAD plays a key role in the
determination of the properties of the majority of cellular
glycerolipids. Genes encoding SAD enzymes have been
cloned and characterized from a variety of plant species
(Byfield et al. 2006; Cahoon et al. 1998; Kachroo et al.
2007; Lou et al. 2009; Shanklin and Somerville 1991;
Thompson et al. 1991; Tong et al. 2006; Whittle et al.
2005). Genetic correlations have been observed between
mutations in Sad genes and elevated stearic acid levels in
soybean seeds (Zhang et al. 2008). Also, antisense
expression studies in Brassica (Knutzon et al. 1992) and
cotton (Liu et al. 2002) have shown the SAD enzyme to be
pivotal in determining stearic acid levels in oilseeds. On the
other hand, overexpressing the full-length Sad1 gene from
Lupinus luteus in tobacco dramatically increased the level
of oleic acid, as compared with the wild type (Zaborowska
et al. 2002). As a result, down-regulation or inactivation of
Sad genes has been suggested as a preferred strategy for the
manipulation of oilseed germplasm with elevated levels of
saturated fatty acids (e.g., Liu et al. 2009).

While peanut is a major oil source, genetic research
regarding fatty acid biosynthesis and oil metabolism in this
crop is relatively undeveloped. This also includes the SAD
gene family that has yet been characterized. In this study,
we identified three members of the Sad gene family from
peanut cDNA libraries based on their expected homology
with previously characterized Sad genes from soybean. One
of the genes, ahSad3, was further analyzed based on its
mRNA expression levels and its association with oil
accumulation in peanut seeds. Both ahSad3 homologous
genes (AhSad3A and AhSad3B) were cloned from the
allotetraploid peanut and characterized at the genomic and
mRNA levels. Our results indicate that AhSad3 is a possible
target gene for manipulation of fatty acid saturation in A.
hypogaea.

Material and Methods

Plant Material and Growing Conditions

Samples of seeds at different developmental stages [20, 30,
40, 50, 60, and 70 days post anthesis (DPA)] as well as five
different tissue types (leaf, peg, root, stem, and flower)
were obtained from Virginia-type peanut plants (Arachis
hypogea cv. Chanoch) grown under stable greenhouse
conditions (25–30°C, 30% RH; 14-h photoperiod with
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fluorescent light of intensity 35 µmol m−2 s−1) in Bet-
Dagan, Israel. Three replications of three plants each were
sampled and bulked, and the fresh tissue samples were
frozen immediately in liquid nitrogen until RNA extraction.

RNA Isolation and cDNA Synthesis

Total RNAwas extracted using the hot borate (sodium borate
decahydrate) method, as previously described (Brand and
Hovav 2010). In brief, tissue samples were ground in liquid
nitrogen and were combined with 8 mL of borate buffer
[0.2 M sodium borate decahydrate; 30 mM ethylene glycol
tetraacetic acid; 1% (wt/vol) sodium dodecyl sulfate; 1%
sodium deoxycholic acid; 10 mM dithiothreitol; 1% IGEPAL
CA-630 (Nonidet P-40, NP-40); 2% (wt/vol) polyvinylpyr-
rolidone (PVP)-40] at 65°C. The homogenate was then
incubated for 1.5 h in a 42°C incubator/shaker, and 1 mL of
2 M potassium chloride was added to each sample.
Subsequent to centrifugation, the supernatant was transferred
to a 50-mL tube containing 8 M lithium chloride and
incubated on ice overnight. Following a second centrifuga-
tion, the supernatant was discarded and the pellet was washed
a few times with 2 M lithium chloride. The pellet was then
suspended in 250 µL 1× Tris-EDTA and warmed to room
temperature. Each sample was centrifuged again, and the
supernatant was transferred to a 1.5-mL tube containing 2 M
potassium acetate. After an additional centrifugation, the
pellet was discarded and the supernatant was transferred to a
tube containing 3 M sodium acetate and 2.5× cold 100%
ethanol. Following centrifugation, the supernatant was dis-
carded, the pellet was washed with 1 mL of 70% ethanol, and
the RNAwas resuspended in 100 µL of diethylpyrocarbonate-
treated water and stored at −80°C. Only RNA samples that
had a 260:280 ratio between 1.9 and 2.1 and a 260:230 ratio
greater than 2.0 were used for subsequent analyses. The
integrity of the RNA samples was assessed using 1.0%
agarose/formaldehyde gel electrophoresis.

For reverse transcription, 2 µg of total RNAwere treated
with RNase-free DNase (Promega, Madison, WI). Treated
RNA was reverse-transcribed using the AccuPower RT
PreMix kit for reverse transcriptase polymerase chain
reaction (PCR; Bioneer, Alameda, CA) with oligo-(dT)-15
primer and hexameric primer (both from Promega). The
concentration of cDNA for each sample was determined
using the Nano-Drop ND-1000 spectrophotometer (Nano-
Drop Technologies, Wilmington, DE).

Quantitative PCR

Primers for quantitative real-time PCR were designed based
on EST sequences for AhSad genes. Primers were [5′-
GAAGTTGGCACAAATATGTGG-3′/5′-GGCATAGC
TATTTTCTTCCTC-3′], [5′-CTCCGAGGAGAATAGGC-

3′/5′-TTGTTTTCAGTTTTCACATCCAC-3′] and [5′-
GCATGATTAACAACCTAGATGG-3 ′ /5 ′ -CCATC
TAGGTTGTTAATCATGC-3′] for ahSad1/2, ahSad3, and
ahSad4, respectively. The alcohol dehydrogenase class III
gene (adh3) that was previously found to be the preferred
control gene for quantitative PCR studies in developing
peanut seeds (Brand and Hovav 2010) was used as the
re f e r ence gene (p r imer s : [5 ′ -GACGCTTGGC
GAGATCAACA-3′/5′-AACCGGACAACCACCACATG-
3′]). For the genome-specific quantitative PCR of the
AhSad3 gene, two genome-specific pairs of primers were
designed: AhSAD3A [5′-TATGGCCGCCACATCATGC-
3 ′ /5 ′-TCCAGTGACTTGAAAATCTCGAT-3 ′] and
AhSAD3B [5 ′-TATGGCCGCCACATCATGG-3 ′/5 ′-
TCCAGTGACTTGAAAATCTCGAT-3′]. Each of the
primer pairs produced a single product and amplified the
target transcript with efficiency values ranging between
0.93 and 1.02 over a 1,000-fold range of input material.

The quantitative PCR mixture contained 3 μL of a 1:100
dilution of the synthesized cDNA (equivalent to 20 ng input
RNA), primers to a final concentration of 0.4 µM each, 5 µL of
the SYBRGreen PCRMaster Mix (Takara, Saint-Germain-en-
Laye, France), and PCR-grade water to a total volume of
10 μL. Each reaction was performed in triplicate. The
quantitative PCRs were performed in the Rotor Gene 6000
Real-Time PCR cycler (Qiagen, Valencia, CA). All PCR
reactions were performed in a 72-well rotor (Qiagen) under the
following conditions: 10 min at 95°C, 40 cycles of 5 s at 95°C,
15 s at 55°C, 10 s at 60°C, and 20 s at 72°C. Confirmation of
amplicon specificity was based on the dissociation curve
produced at the end of each run and visualization of the
electrophoresis products on an 8% polyacrylamide gel.

DNA Analyses

Genomic DNA of the tetraploid line and the diploid
progenitors (A. duranensis and A. ipaensis) was prepared
from young leaves using the standard cetyl trimethylammo-
nium (CTAB) method. These DNAs were used as the
template for the PCR reaction with the primer pair [5′-
ATGCAAATGCAAATAAGTTCCTTG-3′]/[5′-TGAGTT
GAGAGTTTAGACATGA-3′], in order to isolate the entire
genomic portion of the AhSad3 genes.

For Southern blot analysis, a 20-μg portion of DNA was
completely digested by XbaI, ClaI, DraI, SspI, EcoRI, and
HindIII, separately. The digested products were loaded onto a
0.7% agarose gel and transferred to a nylon membrane, as
described by Sambrook et al. (1989). The probe for the
Southern blot was a 400-bp fragment from the beginning of
the AhSad3 gene. It was recovered from PCR products and
P32-labeled using the NEBlot kit (Ipswich, MA), according
to the manufacturer's directions. The hybridization to the
membrane was conducted over night (O.N.) at 65°C, and the
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hybridized membrane was washed with saline sodium citrate
(SSC), as described by Sambrook et al. (1989).

Determination of Oil Content

The oil content of developing peanut seeds was determined
as follows. From each of the developmental stages, one to
ten seeds (depending on the size of the seeds) were weighed
and kept overnight in a 60°C oven. Samples were then
reweighed and ground with a mortar and pestle. Samples
were placed in preweighed 2-mL tubes and 1.5 mL of
hexane were added to each tube. Samples were mixed
vigorously with a vortex for 20 s and incubated with
shaking (Intelii-Mixer RM-2, ELMI Ltd., Moscow, Russia)
for 1 h. Following incubation, the samples were centrifuged
for 10 min at 13,000 rpm, and the upper suspensions were
transferred to new preweighed tubes. This process was
repeated for the peanut residue, followed by O.N. evapo-
ration of the hexane and a final weighing of the tubes.

Results and Discussion

Characterization of the ahSad Gene Family in Peanut

In order to identify the number of independent ahSad genes
that are actively expressed in Arachis, homologs from
Arabidopsis, Glycine, and Medicago, sequences from Gen-
Bank were BLASTed against a peanut cDNA dataset (http://
www.peanut.uga.edu/staging/blast_index.html). This analysis
identified nine different contigs whose sizes varied between
226 and 1852 bp (Table 1). Predicted amino-acid sequence
homology showed that these contigs can be clearly divided

into two groups (Fig. 1). One group shares ∼92% homology
with both the SAD1 and SAD2 proteins from soybean
(GenBank entries AY885234 and AY885233, respectively),
while the second clusters best with soybean SAD3 (GenBank
no. EF113911), with 80% homology. The two Arachis groups
were only 65% homologous, demonstrating that these groups
are more similar to the corresponding soybean proteins than
to each other. Within each group, predicted protein sequences
were over 98% homologous, indicating subgenome
(homeolog-specific) differences or sequencing errors. One
excluded contig was CL12963Contig1, which was only 90%
homologous with the SAD3 group (Fig. 1, in black) and was,
therefore, considered as a third group. Based on these results,
we identified three Sad homologous genes in our A.
hypogaea system. These genes are referred to as AhSad1/2,
AhSad3, and AhSad4.

Quantitative reverse transcriptase PCR analysis was con-
ducted to determine the relative abundance of AhSad1/2,
AhSad3, and AhSad4 at different seed developmental stages
(20, 30, 40, 50, 60, and 70 DPA), as well as in five different
tissues (leaf, peg, root, stem, and flower). As shown in
Fig. 2, AhSad3 is mostly expressed in developing peanut
seeds and its expression corresponds fully to oil accumula-
tion. On the other hand, AhSad1/2 is expressed in developing
seeds as well as all of the other examined tissues. Its level of
expression in the examined flowers was even higher than
that observed in the seeds. In all of the examined tissues,
only trace levels of AhSad4 mRNA were detected.

Our mRNA expression results are in full correspondence
with the situation in soybean, a closely related and very
important legume oilseed crop. In contrast to the situation
in peanut, the high stearic trait in soybean is well
established (summarized by Zhang et al. 2008). As
presented in Fig. 1, three Sad genes (SACPD-A, SACPD-
B, and SACPD-C) have been reported in soybean. While
both SACPD-A and SACPD-B were found in all soybean
lines surveyed, including high stearic acid types, no
association was reported between these genes and the
elevated stearic acid trait (Byfield and Upchurch 2007;
Byfield et al. 2006). On the other hand, SACPD-C was
found to be expressed only during seed development and at
no other time, and changes in the SACPD-C gene
sequences were found to correlate with elevated 18:0 levels
in two high stearic soybean lines (A6 and FAM94-41)
(Zhang et al. 2008). Our similar expression results also
identify ahSAD3 as a key target gene in developing peanut
seeds. Therefore, we investigated AhSad3 gene/s more
closely, at the genomic and mRNA levels.

Genomic and Subgenomic Characterization of AhSad3

To recover full-length cDNA clones of the AhSad3 genes in
allotetraploid peanut, PCR amplifications were conducted

Table 1 BLAST results of ahSad genes from G. max, M. truntacula,
and A. thaliana against A. hypogaea cDNA sequences

Unigene name Length (bp) Gene name (with
regard to soybean)

CL1Contig1443 711 SAD3

CL1Contig6893 1,339 SAD3

nmva.EVYLRH003FX3CH 204 SAD3

nc12c.EVJWSIG04H8BXU 226 SAD3

CL12963Contig1 253 SAD4? (new?)

CL1Contig4167 1,648 SAD1/2

CL1Contig14813 1,852 SAD1/2

DurSNP_c5858 545 SAD1/2

CL1Contig2691 389 SAD1/2

Only contigs with E-value for sequences level of similarity ≤1e-10 are
presented. The table shows the names of the A. hypogaea unigenes
that were found, the length of unigene in base pairs, and the name of
corresponding Sad genes from G. max (as resulted from the analysis
presented in Fig. 1)
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on cDNA derived from 60-DPA developing seeds. Primers
were designed based on the putative 5′- and 3′-untranslated
regions of the CL1Contig6893 unigene. The ∼1,160-bp-
long product was cloned into plasmid vectors, and a set of
clones (∼20) was sequenced to evaluate its amplicon pool.

Two types of sequences corresponding to CL1Contig1443
and CL1Contig6893 unigenes were identified (Table 1).
These genes were found to be homeologous, as evidenced
by the results of the sequencing of the full-length AhSad3
genomic region from the normal tetraploid peanuts and the
A and B subgenomic diploid progenitors (A. duranensis
and A. ipaensis, respectively; data not shown). A compar-
ison of these two genes is shown in Fig. 3a. The open
reading frames (ORFs) for both are 98% identical with
seven single-nucleotide polymorphisms (SNPs) and one
triplet insertion/deletion in the coding region. Both genes
encode hypothetically active enzymes with no shifts in
reading frame or truncated product. Structurally, both the A
genome (AhSad3A) and B genome (AhSad3B) homeologs
are similar to the soybean Sad3 gene, with a sole intron
located in the middle of the gene (Fig. 3b). In order to
check for the presence of more copies of AhSad3 in the
peanut genome, a Southern blot analysis was conducted
using five different restriction enzymes. High-stringency
hybridization revealed one or two intense hybridizing bands
(Fig. 4), indicating that there are no more than two copies
of the AhSad3 gene in the peanut tetraploid genome. We
suggest that these two copies represent the A and B
genomes. Some less intense hybridizing bands appeared
on the blot as well, indicating some other closely related
genes encoding SAD family proteins, perhaps AhSad4,
which showed ∼90% homology with AhSad3 (Fig. 1).

Homeolog-Specific Gene Expression Analysis of AhSad3

Homeolog-specific gene expression analysis was performed
to reveal the expression ratios between AhSad3A and

Soybean SAD2

Soybean SAD1

CL1Contig 4167

DurSNP_c5858

CL1Contig 14813

CL1Contig 2691

Soybean SAD3

CL1Contig 1443

nc12c.EVJWSIGO4H8BXU

CL1Contig 6893

nmva.EVYLRHOO3FX3CH

CL12963Contig1

Fig. 1 Analysis of the homology of the deduced amino acid
sequences of nine Arachis cDNA contigs and three known soybean
SAD proteins. The homology is based on a sequence alignment
analysis performed using the DNAMAN software (Lynnon; Pointe-
Claire, Quebec, Canada). Homology rates are presented at the top of
the figure. Colors indicate different SAD groups
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Fig. 2 Quantitative real-time PCR analyses of three ahSad genes
using adh3 as the reference gene. Numbers on the x-axis indicate the
seed developmental stage (DPA indicates days post anthesis). Three

biological replications were sampled from each examined tissue. The
blue line represents the percentage oil content. a ahSad3. b ahSad1/2.
c ahSad4
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AhSad3A    ATGCAAATGCAAATAAGTTCCTTGCGCACTCAAACTTTCTTGCATTTTTCACCCGCTCAAAAGTATGGCC     70
AhSad3B    ----------------------------------------g---...-----------------------     67 
Protein     M  Q  M  Q  I   S  S  L  R  T  Q  T  F L(W)H F  S   P  A  Q  K  Y  G     

AhSad3A    GCCACATCATGCCATTGCCAAGAGCTGCCGCCATTGCGGCACCGCCTCCCTTGAAATCCCAGAAAACCCA    140 
AhSad3B    -----------g-------------g---------------------------------a----------    137 
Protein    R  H  I  M P(A) L  P  R  A  A  A  I  A  A  P  P  P  L  K  S K(Q)K  T  H        

AhSad3A    CTCCATGGCACCAGAAAAGATCGAGATTTTCAAGTCACTGGAAAACTGGGCCTCAGAATGTGTGCTACCG    210 
AhSad3B    ----------------------------------------------------------------------    207 
Protein      S  M  A  P  E   K  I  E  I  F  K  S  L  E  N  W  A  S  E  C  V  L  P         

AhSad3A    ATGCTGAAGCCAGTAGAACAATGTTGGCAGCCACAGAATTTGGTGCCAGACTCATCGCAACCCTTTGATG    280 
AhSad3B    -----------------------------------------------------------------a----    277 
Protein     M  L  K  P  V   E  Q  C  W  Q  P  Q  N  L  V  P  D  S  S  Q  P F(L)D        

AhSad3A    AATTCACCGATGAGGTGAAGAATCTCCGGCAGCGCACTGCGGAGATTCCGGATGATTACTTTGTTGTGTT    350 
AhSad3B    ----------------------------------------------------------------------    347 
Protein    E  F  T  D  E  V   K  N  L  R  Q  R  T  A  E  I  P  D  D  Y  F  V  V  L   

AhSad3A    GGTGGGTGATATGATCACGGAGGAGGCTCTACCTACTTATCAGAGCATGATTAACAACCTAGATGGGGTT    420 
AhSad3B    ------------------------t---------------------------------------------    417 
Protein      V  G  D  M  I   T  E D(E)A  L  P  T  Y  Q  S  M  I  N  N  L  D  G  V   

AhSad3A    GGGGACGAGATCGGGTCAAGCCCAAACCCGTGGGCCGTGTGGACTCGAGCTTGGACGGCTGAAGAGAATA    490 
AhSad3B    ----------------------------------------------------------------------    487 
Protein     G  D  E  I  G   S  S  P  N  P  W  A  V  W  T  R  A  W  T  A  E  E  N   

AhSad3A    GACATGGGGATTTGCTCAGAACTTATTTGTATCTTTCGGGTCGGGTTGATATGTTGATGATCGAAAAAAC    560 
AhSad3B    ----------------------------------------------------------------------    557 
Protein    R  H  G  D  L  L   R  T  Y  L  Y  L  S  G  R  V  D  M  L  M  I  E  K  T 

AhSad3A    AGTGCAATACCTCATTGGAGCTGGCATGGATCCAGGAACCGAAAACAATCCCTATTTGGGGTTTGTGTAC    630 
AhSad3B    ---------------------------------------------------t------------------    627 
Protein      V  Q  Y  L  I   G  A  G  M  D  P  G  T  E  N  N  P  Y  L  G  F  V  Y   

AhSad3A    ACCTCATTTCAAGAACGAGCCACCTTCGTGTCACATGGAAACACAGCCCGGCTAGCAAAGGAGGGTGGTG    700 
AhSad3B    ----------------------------------------------------------------------    697 
Protein     T  S  F  Q  E  R  A   T  F  V  S  H  G  N  T  A  R  L  A  K  E  G  G   

AhSad3A    ATTCTGTGCTGGCTCGCATATGTGGGACCATAGCTGCAGATGAAAAGCGCCACGAAAACGCATATCAAAA    770 
AhSad3B    ----------------------------------------------------------------------    767 
Protein    D  S  V  L  A  R  I   C  G  T  I  A  A  D  E  K  R  H  E  N  A  Y  Q  K 

AhSad3A    GATTGTTGAGAAGCTTCTAGAAGTGGATCCCAGTGATGCAGTTGTTGCAATAGGAGACATGATGCAGAAA    840 
AhSad3B    ----------------------------------------------------------------------    837 
Protein      I  V  E  K  L   L  E  V  D  P  S  D  A  V  V  A  I  G  D  M  M  Q  K   

AhSad3A    AAGATCACAATGCCAGCACACTTGATGTACGATGGGAGTGACCCTAAGTTGTTCGAGCACTTCTCCGCCG    910 
AhSad3B    ----------------------------------------------------------------------    907 
Protein     K  I  T  M  P   A  H  L  M  Y  D  G  S  D  P  K  L  F  E  H  F  S  A   

AhSad3A    TGGCGCAGCGATTGGGCGTGTACACGGCCAATGATTATGCTGATATCTTGGAGTTCCTTGTTGGACGGTG    980 
AhSad3B    ----------------------------------------------------------------------    977 
Protein    V  A  Q  R  L  G   V  Y  T  A  N  D  Y  A  D  I  L  E  F  L  V  G  R  W 

AhSad3A    GAGATTGGAGAAGCTAGAAGGATTGACGGCTGAGGGAAAACGAGCACAAGATTATGTGTGTGGGTTATCT   1050 
AhSad3B    ----------------------------------------------------------------------   1047 
Protein    R   L  E   K  L  E   G  L  T  A  E  G  K  R  A  Q  D  Y  V  C  G  L  S   

AhSad3A    CAGAGGATCAGGAGGCTGCAAGAGCGTGCTGATGAGCGAGCACGCAACATGAAGAAGTCGCATAGCGTGA   1120 
AhSad3B    ----------------------------------------------------------------------   1117 
Protein     Q  R  I  R  R   L  Q  E  R  A  D  E  R  A  R  N  M  K  K  S  H  S  V   

AhSad3A    AGTTCAGCTGGATCTTTAACAAGGAAGTGCTTTTGTGA                                   1158 
AhSad3B    --------------------------------------                                   1150 
Protein    K  F  S  W  I  F   N  K  E  V  L  L Stop 

592 bp

Intron
846 bp 566bp

Soybean

Peanut Exon1

Exon1

Exon2

Exon2

Intron

592 bp 927bp 570bp

a

b

Fig. 3 Gene structure and predicted protein sequence of the AhSad3
genes of peanuts. a Alignment of the two homologous peanut AhSad3
genes. SNPs and an insertion are presented. The predicted protein is

presented as well (differences between the homologous proteins are
indicated with red letters). b Comparison of the structure of the AhSad3
gene with that of the soybean Sad3 (SACPD-C) (Zhang et al. 2008)
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AhSad3B in developing peanut seeds and other developing
tissues. For this purpose, a quantitative real-time PCR
procedure was developed. Based on the SNP information
for AhSad3A and AhSad3B, several SNP-specific primers
were designed. Initially, each set of primers was checked
against the A- and B-diploid genomic DNAs (derived from
A. duranensis and A. ipaensis, respectively). This was done
to make sure that AhSad3A-specific primers would amplify
only A-genome products and that AhSad3B-specific pri-
mers would amplify only B-genome DNA. Two pairs of
primers met this condition (Fig. 5a) and, therefore, were
used in the expression analysis. The genome-specific
quantitative real-time PCR analysis showed that both
AhSad3 homeologs are expressed in developing seeds, but
gene expression is significantly biased toward the B
genome (Fig. 5b). Also, gene expression changes during
seed development, while at 30, 40, and 70 DPA; the bias
toward the B genome was significantly higher than that
observed 20, 50, and 60 DPA. Note that at 50 and 60 DPA,
when global AhSad3 expression was highest (Fig. 2), the
bias toward the B genome was smallest. This may indicate
both genes' recruitment for stearoyl-ACP desaturation in
these oil filling-related developmental stages. The bias
toward the B genome was also observed in other examined
tissues. However, in the stem, expression was significantly
biased toward the A genome. The results were validated by
directly cloning and testing PCR products from cDNA

extractions derived from two extremely biased tissues.
Twenty-three AhSad3 clones were derived from 40 DPA
seeds and from stems, representing B-biased and A-biased
tissues, respectively. As shown in Fig. 5c, in developing
seeds, 16 of the 23 clones were defined as AhSad3B;
whereas in stems, only 8 of the 23 clones were defined as B
genome, validating the real-time PCR results.

The results of alternations in expression ratios between
AhSad3A and AhSad3B genes during seed development and
among different tissue types are not surprising. In allopoly-
ploid plants, it has been widely shown that patterns of gene
expression are massively altered by both genome merger
and subsequent genome doubling. This has been demon-
strated in many angiosperm groups, including Arabidopsis
(Ni et al. 2009), Senecio (Hegarty et al. 2009), Triticum
(Pumphrey et al. 2009), Tragopogon (Buggs et al. 2009),
maize (Zea mays; Riddle et al. 2009), Brassica (Gaeta et al.
2009), and Gossypium (Hovav et al. 2008a). In the latter
(Gossypium), studies encompassing temporal scales ranging
from immediate to longer evolutionary periods, and
developmentally within the life of individual plants, have
demonstrated expression alteration among different con-
ditions, organs and tissues (Adams et al. 2003; Chaudhary
et al. 2009; Liu and Adams 2007), and even over the course
of the development of single cells (Hovav et al. 2008b).

In peanuts, differences in expression among homeologous
genes have yet to be characterized. Some homeolog-specific
changes in gene expression have been demonstrated in the
haFAD2 gene that encodes for delta-12-desaturase (oleoyl-
PC desaturase), which catalyzes the addition of the second
double bond onto oleic acid to produce linoleic acid. The
absence of the activity of this enzyme is primarily
responsible for the high O/L trait in peanut (Ray et al.
1993). As in AhSAD3, two homeologous genes, ahFAD2A
and ahFAD2B, which share 99% sequence homology,
encode for the ahFAD2 enzyme (Jung et al. 2000). In an
attempt to clone the mutant allele of ahFAD2B in a high O/
L peanut line (8–2,122) using mRNA extracted from stage
2 immature peanut seeds, Jung et al. (2000) found a very
strong bias toward the A-genome homeolog. Of 13 clones
detected, none belonged to the ahFAD2B allele. In another
study (Chu et al. 2009), 23 clones from stage 2 seeds from
a similar high O/L line were screened, and only 1 clone was
identified as the ahFAD2B allele. This strong bias in
expression toward the ahFAD2A genome was explained
by the presence of nonsense-mediated mRNA decay, a
universal cellular system that prevents truncated mRNA
from producing detrimental proteins (Muhlemann et al.
2008). Because the ahFAD2B alleles of the high O/L lines
studied are mutated at the 441_442insA position, which
produces a premature stop codon for translation, transcripts
from the mutant allele would be subject to nonsense-
mediated mRNA decay, and their steady-state expression
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Fig. 4 Very stringent Southern blot analysis to determine the number
of AhSad3 copies in the peanut genome
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levels would be subsequently reduced. In our study,
however, both ahSad3 homeologs are predicted to encode
for fully functional enzymes, and this can explain the
smaller bias toward the B genome.

Interestingly, AhSAD3 and ahFAD2 are conjugated in
the same fatty acid metabolic pathway and are both located

within chloroplasts. In an initial study, we also noticed that
both ahSad3A and ahSad3B are expressed in 50 DPA
developing seeds of a high O/L peanut line (GRIN
PI599592), with some bias toward the B genome (data
not shown). The differences in homeolog-specific expres-
sion patterns of these two genes in developing seeds may
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Fig. 5 Analysis of homolog-specific mRNA expression of AhSad3
genes. a Calibration of real-time PCR primers on genomic DNA. A set
of A genome and B genome-specific primers was designed for the
AhSad3 gene (AhSad3A and AhSad3B, respectively). Afterward, real-
time PCR analyses were performed using each specific primer set, in
which the templates were the genomic DNA of the diploid peanuts’
progenitors (A—A. duranensis; B—A. ipaensis). The expression of
AhSad3B relative to AhSad3A was calculated. For convenience, the
graph shows the relative expression of the B genome in percentages. b
Analysis of homolog-specific mRNA expression of AhSad3 genes in
developing seeds and in four other tissues (same procedure as in

section a). c Validation of the homolog-specific real-time PCR
analysis in two samples (40 DPA developing seeds and stem). PCR
reactions were conducted with primers for the entire AhSad3 gene.
The PCR was halted at different cycles, and the first cycle to yield
visible bands was selected. From this cycle, a PCR band was excised
from the gel, cloned into a pGEMT vector, and transformed into
Escherichia coli. From each sample, 23 random colonies were picked,
and another PCR reaction was performed. The PCR products were cut
with the NotI restriction enzyme, which cut only the AhSad3B
sequence. Upper photograph—40 DPA developing seeds; lower
photograph—stems
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indicate the existence of independent evolutionary systems
that shaped the subgenomic expression patterns of fatty
acid metabolism-related genes during polyploidy formation
and the evolution of A. hypogaea. This evolutionary
question, however, should be further examined in experi-
ments containing additional genes in the duplicated fatty
acid metabolic pathway and including more tissue types/
developmental stages and more diploid and tetraploid
Arachis lines.

In summary, we have identified three members of the
ahSad gene family. Only one of these genes, ahSad3, was
mainly expressed during the development of seeds and with
full correspondence to oil accumulation. Both ahSad3
homeologus genes (ahSad3A and ahSad3B) were charac-
terized at the genomic and mRNA expression levels.
Homeolog-specific gene expression analysis showed that
both ahSad3 homeologs are expressed in developing seeds
and that gene expression is significantly biased toward the
B genome. Collectively, these results support our hypoth-
esis that silencing or inactivating both homeologous copies
of the ahSad3 gene should increase the 18:0 levels in
peanut seeds.
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