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Abstract
A microsomal v-6 fatty acid desaturase gene (FAD2) of tobacco (Nicotiana tabaccum) was cloned by PCR-based method and a partial coding
sequence of the putative FAD2 gene was used to create intron-containing construct expressing hairpin RNA for silencing endogenous FAD2 gene.
In addition to a marked increase of oleic acid in phosphatidylcholine and phosphatidylethanolamine, the main lipid components of the
extrachloroplastic membranes of plant cells, the silencing of FAD2 resulted in pleiotropic effect on polar lipids of leaves, i.e., a significant increase
of oleic acid levels in sulfoquinovosyldiacylglycerol, phosphatidylglycerol, digalactosyldiacylglycerol and monogalactosyldiacylglycerol, located
predominantly in the chloroplast, and a significant reduction of palmitic acid levels in some individual polar lipids. The significant increase of oleic
acid only found in lipids of leaves and seeds of transgenic lines proved the diversity of the silencing effect in different organs. The possible
mechanisms involved in the control of lipid unsaturation level in different organs of transgenic tobacco were discussed.
# 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
Plant oils represent a vast renewable resource of highly
reduced carbon and those with a high content of oleic acid are of
interest for nutritional and industrial purposes [1]. In fact, oils
rich in monounsaturated fatty acids and poor in palmitic acids
are more suitable and beneficial for improved oil stability,
flavor, and nutrition [1]. A thorough understanding of
desaturases involved in lipid synthesis is necessary to cultivate
crops with oils containing suitable fatty acids. However,
isolation and biochemical characterization of most fatty acid
desaturases has proven difficult due to their membrane-bound
nature that a considerable amount of knowledge about plant
desaturases comes from the characterization of a series of
Arabidopsis mutants with defects in fatty acid desaturation [2].
There are two distinct pathways (‘‘prokaryotic’’ pathway,
‘‘eukaryotic’’ pathway) in plant cells for the biosynthesis of
glycerolipids and the associated production of polyunsaturated
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fatty acids [2,3]. Two pathways coordinate in glycerolipid
synthesis in plants and the balance of fluxes through these
pathways may be altered to compensate for the effects of
mutations that block steps in one of the pathways [2,4]. At least
for the endoplasmic reticulum (ER) and the plastid, lipid traffic
between the membranes is bi-directional and most of the
mutations affect the composition of both chloroplast and
extrachloroplast membranes even though the enzymes are
located in one compartment or the other [4]. Genes of lipid
synthesis have been cloned in many plant species among which
the v-6 desaturase gene is of particular interest for it is the
enzyme that places the second double bond in the fatty acid and
catalyzes the first step in polyunsaturated fatty acid biosynthesis. All higher plants contain one or more microsomal v-6
desaturase(s) (also named microsomal D12 desaturase, oleoylPC desaturase or FAD2) that insert a double bond between
carbon 12 and 13 of monounsaturated oleic acid to generate
polyunsaturated linoleic acid and control the most of
polyunsaturated lipid synthesis in nonphotosynthetic plant
tissues [5,6]. The FAD2 gene appears to be also important in the
chilling sensitivity of plants, as polyunsaturated membrane
phospholipids are important in maintaining cellular function
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and plant viability at low temperatures [6–8]. Many details about
FAD2 remain elusive, since FAD2 is an ER membrane-bound
desaturase [9,10], such as the relations between prokaryotic and
eukaryotic pathways, the regulation of FAD2 activity in a wide
range of environmental conditions, the development- and tissuespecific FAD2 modulation etc. It has been demonstrated that
hpRNA-mediated gene silencing, a kind of post-transcriptional
gene silencing (PTGS), results in high efficiency and efficacy of
gene silencing in plants [11–13]. A clearer understanding of the
expression patterns of the FAD2 gene and associated fatty acid
composition in FAD2-silenced plant cells is crucial in understanding the function of FAD2 gene, and in applying such a PTGS
technology to manipulate the polyunsaturated fatty acid
composition of plant membranes, predictably to improve the
seed oil value, vigor and viability of crop plants.
In this report, we used a partial coding sequence of tobacco
(Nicotiana tabaccum) FAD2 gene to make an hpRNA-producing
construct to specifically silence endogenous FAD2 gene. We
demonstrated that the silencing of FAD2 gene had pleiotropic
effect on fatty acid composition of lipids in transgenic plants. To
our knowledge, this is the first report on the tissue-specific effect
of FAD2 gene silencing in transgenic plant.
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Approximately 20 mg of DNA was digested with EcoRI and
separated on a 0.8% (w/v) agarose gel by electrophoresis and
transferred to a Hybond N+ nylon membrane according to
Sambrook et al. [17]. Southern blot analyses were carried out
by hybridizing with a [32P]dCTP-labeled FAD2 452 bp
fragment got by PCR using the purified FAD2 cDNA 452 bp
fragment as template. Prehybridization and hybridization was
carried out using hybridization cocktails I and III (Sangon,
Shanghai, CN) following the manufacturer’s instructions.
2.4. RT-PCR
RNA was prepared from tissues of tobacco using the Trizol
reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. After digestion with RNase-free DNase I
(Promega, Madison, WI, USA), the reverse transcription was
carried out using reverse transcriptase (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The PCR
procedures were same to that used in FAD2 cDNA 452 bp
fragment cloning, except that the repeat cycles were 25 instead
of 35. Tobacco actin Tac9 was used as a parallel control.
2.5. Northern blot analysis

2. Materials and methods
2.1. FAD2 cloning
A list of FAD2 sequences identified from different plant
species was aligned to design a pair of degenerated oligonucleotide primers. The sense primer was 50 -CGTCGCCA (CT) CA
(CT) TC (CT) AACAC-30 , and the antisense primer was 50 CCCCTAA (AG) CCA (AG) TCCCA (CT) TC-30 . A 452 bp
sequence was amplified by PCR from tobacco (Wisconsin 38)
cDNA prepared from leaves. The procedure of PCR is 5 min at
94 8C, 35 cycles for 30 s at 94 8C, 45 s at 54 8C, 1 min at 72 8C,
and extension 10 min at 72 8C. Both 30 -RACE and 50 -RACE
were performed using RACE kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions.
2.2. Gene-silencing constructs
The 452 bp FAD2 fragment was inserted into pKANNIBAL
vector in inverted repeat configuration essentially as described
[11]. The correct orientation of silencing construct was
confirmed by sequencing. A fragment containing the silencing
construct was subcloned as NotI fragments into binary vector
pART27 [14] as shown in Fig. 2, and then introduced into
Agrobacterium tumefaciens strain LBA4404 by tri-parental
mating for transformation of tobacco by the leaf-disc method
[15]. Seedlings that survived in MS medium containing
kanamycin (150 mg/L) were grown in growth chamber under
16 h 80 mmol m2 s1 light/8 h dark conditions at 24 8C.
2.3. Southern blot analysis
Tobacco genomic DNA was isolated from T0 generation and
wild-type seedlings according to Porebski et al. [16].

Fifteen micrograms of total RNA was separated on a
denaturing formaldehyde gel and transferred to Hybond N+
nylon membrane (Pharmacia) according to Sambrook et al.
[17]. The probes used for FAD2 mRNA were the same to that
used in Southern blot analysis. To confirm that lanes were
equally loaded, nylon membrane was stripped by washing in
10 mM Tris–Cl (pH 7.4), 0.2% (w/v) SDS at 75 8C for 1 h, then
re-hybridized with an a-32P dCTP-labeled Tac 9 probe. The
hybridization was essentially the same as described in Southern
blot analysis section.
2.6. Fatty acid analysis
Lipids were extracted from different tissues of tobacco
according to the method of Bligh and Dyer [18]. The individual
lipids separation and the fatty acid analyses were carried out
according to the method of Xu et al. [19]. Relative fatty acid
compositions were calculated as the percentage that each fatty
acid represented of the total measured fatty acids. An additional
indirect method of assessing the cumulative effects of FAD2
activity during leaf fatty acid synthesis is through an oleic
desaturation proportion (ODP) parameter as described [13].
2.7. SiRNA analysis
Small interference RNA (SiRNA) purification, separation
and hybridization were performed essentially as described [20].
Twenty- and 23-mer oligonucleotides from FAD2 452 bp
fragment were synthesized and used as molecular size markers
and positive controls in hybridizations performed with DNA
probe. Probes were the same as used in Southern blot.
Prehybridization and hybridization were at 38 8C in the same
solution to that used in southern blot.

172

M. Yang et al. / Plant Science 170 (2006) 170–177

3. Results
3.1. Characterization of cloned FAD2 cDNA
A putative tobacco microsomal v-6 desaturase (FAD2)
cDNA was cloned from tobacco leaf and the spliced whole
sequence revealed an open reading frame of 383 amino acids
(GenBank accession no. AY660024), which was 71–91%
identical to FAD2 enzymes identified from some other plant
species (data not shown).
The hydropathy plot of this putative FAD2 polypeptide was
similar to its counterpart in Abrabidopsis described previously
[7]. As shown in Fig. 1, it has four large hydrophobic regions
that correspond to four membrane-spanning domains predicated in models of membrane-bound desaturases [21]. It also
has three conserved histidine-rich boxes (His boxes), which
may comprise the catalytic center of the enzyme; just as other
desaturases do [5,22]. In the immediate vicinity of three His
boxes, the Ala, Thr, Ser and Met residues were proposed to
coordinate the two iron atoms at the active site center of the

enzyme [23]. Furthermore, it contains a C-terminus aromatic
amino acid-containing sequence (YKNKL) for maintaining
localization in the ER [10]. In addition, it contains a motif
consisting of Ser-Thr-Met, located just after the third His box,
which is conserved among FAD2 enzymes [21].
3.2. Identification of primary transformants
Tobacco was transformed with gene-silencing constructs
consisting of 452 bp fragment of FAD2 cDNA in inverted repeat
configuration driven by a CaMV35S promoter (Fig. 2). The
fragment downstream of 35S promoter was in sense orientation
relative to CaMV35S. The neomycin phosphotransferase gene
(NPTII) driven by the Nos promoter (Nos P) confers resistance
to kanamycin, which served as selective marker for transgenic
plant.
From kanamycin resistant calli, 63 seedlings were established, in which 37 lines showed a significant increase in oleic
acid (18:1) content with a concomitant reduction of levels in
linoleic (18:2) and linolenic (18:3) acids by analyses of fatty

Fig. 1. Comparison of the FAD2 polypeptide sequences of Nicotiana tabacum (Nt) and Arabidopsis thaliana (At). The predicted membrane-spanning domains (gray)
and highly conserved His boxes (black) are shown. Positions marked by open arrows are Ala, Thr, Ser and Met residues shown to be important determinants of FAD2
desaturase activity. The ER retrieval motif is boxed. The positions of the degenerated primers for the FAD2 452 bp fragment are marked by solid arrows.
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Fig. 2. Schematic diagram (not to scale) of FAD2-silencing construct used to transform tobacco. The construct driven by CaMV 35S promoter consists of an inverted
repeat of the 452-nucleotide FAD2 coding sequence separated by intron of pdk [11]. The neomycin phosphotransferase selectable marker gene (NPTII) is driven by
the Nos promoter (Nos P). The T-DNA left border (LB) and right border (RB) are shown. The positions of enzyme sites are indicated.

acid composition of total leaf lipids (Fig. 3). The regenerants
can be visually grouped into two categories, one with average
oleic acid content around 2% (similar to the controls) and
another with high oleic content ranged from 8.3 to 16.3%,
showing a marked increase up to eight-fold. However, the data
showed that the transformation did not result in a morphological phenotype.
Southern blot analysis of genomic DNA was used to
confirm the integration of the transgene into the tobacco
genome and to estimate the transgene copy number. Genomic
DNA prepared from the tobacco leaf tissue was digested with
EcoRI and probed with [32P]dCTP labeled partial coding
sequence of FAD2 cDNA. As shown in Fig. 2, EcoRI cut once
within the T-DNA of the FAD2-silencing constructs downstream of the 35S promoter. Three lines with high (S18 and
S61) or medium (S28) level of 18:1 were selected as examples
for southern blot analysis (Fig. 4). A 2.36 kb fragment from
the FAD2-silencing construct digested with EcoRI and PstI
was used as positive control in hybridizations performed with
FAD2 cDNA probe. As shown in Fig. 4, digestion of genomic
DNA from wild-type and transgenic tobacco with EcoRI
generates hybridizing fragments about 1.9 and 2.6 kb,
respectively. Detection of two restriction fragments in
tobacco genomic DNA is consistent with the existence of
one FAD2 per genome of this allotetraploid plant. S18
contained single insertion while S28 and S61 contained
several insertions provided that bands of different sizes absent
in wild type are interpreted to represent different transgene
insertions.

Fig. 3. Oleic acid contents of total lipids from tobacco leaves of seedlings
grown at 24 8C. Wild-type seedlings (WT); seedlings established from kanamycin resistant calli (T0).

3.3. High oleic acid phenotype resulted from PTGS
A transgenic line (S61) with very high 18:1 levels was
chosen to be representative to examine the FAD2 mRNA
abundance in transgenic plants by Northern blot (Fig. 5A).
Tobacco actin Tac9 gene (GenBank accession no. X69885) was
used as internal control (Fig. 5B). Results showed that in S61,
FAD2 mRNA dropped to a very low level in contrast with that of
wild type. These results demonstrated a perfect correlation
between the decrease of FAD2 mRNA and the increase of 18:1
in total leaf lipids. Therefore, we assume that the greatly
elevated 18:1 content in transgenic plant leaves resulted from

Fig. 4. Southern blot analysis of transgenic tobacco. Genomic DNA (20 mg)
was digested with EcoRI, and the blot was probed with the [32P]dCTP labeled
452 bp fragment of FAD2 cDNA. Lane 1, positive control; lane 2, S61; lane 3,
S28; lane 4, S18; lane 5, wild type tobacco; DNA size markers are indicated on
the left.
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Fig. 5. Northern blot analysis of FAD2 mRNA abundance (A) and FAD2derived SiRNA accumulation (C) in leaves of S61. Fifteen microgram total
RNA per lane for a, and 50 mg RNA with low molecular weight per lane for C.
Both were hybridized with [32P]dCTP labeled probes comprising the 452 bp
coding sequence of FAD2 gene. The blots for FAD2 mRNA were stripped and
reprobed with tobacco actin Tac9 gene as loading control (B). Ethidium
bromide staining of low molecular weight RNA fraction is shown as loading
control for SiRNA examination (D). Lane 1, wild type; lane 2, S61; lane 3, 20mer oligonucleotide marker; lane 4, 23-mer oligonucleotide marker.

lower level of FAD2 mRNA in transgenic lines induced by the
silencing construct.
Low-weight-molecular RNA was extracted from leaves of
S61 for Northern blot analysis to probe the presence of FAD2derived small interfering RNA (SiRNA) to estimate if the low
level of FAD2 mRNA was caused by the silencing constructs.
Analysis of RNA in the tobacco plants for the presence of
FAD2-derived small (21 nt) RNA showed a perfect correlation between the presence of these molecules and the
integration of the FAD2-silencing construct (Fig. 5C and D).
The presence of FAD2-derived small RNAs (21 nt) in leaves
of S61 can be interpreted as the FAD2-silencing construct was
at work. This confirms that the reduced mRNA level and the
increased 18:1 contents in transformants are due to PTGS, as
such small RNAs are a hallmark of PTGS [20].
3.4. Effect of silencing constructs on individual polar
lipids in leaves of S61
Individual lipids extracted from leaf tissues were subjected
to fatty acid composition analysis for the silencing effect on
specific polar lipids (Table 1). In the leaves of S61, both
phosphatidylcholine (PC) and phosphatidylethanolamine (PE),
the main lipid components of the extrachloroplastic membranes
of plant cells, showed a marked increase in the level of 18:l and
a concomitant decrease in the amount of 18-carbon polyunsaturated fatty acid. The proportions of 18:1 increased to
56.4% in PC and to 28.7% in PE, respectively, which were more

than five-fold over wild-type levels. Whereas those lipids
(sulfoquinovosyldiacylglycerol, SQDG; phosphatidylglycerol,
PG; digalactosyldiacylglycerol, DGDG; monogalactosyldiacylglycerol, MGDG) located predominantly in the chloroplast
showed a relatively less increase in their 18:l levels. It suggests
that the silencing-constructs gave much more impact on fatty
acid desaturation in extrachloroplastic membranes than in
chloroplast, confirming its specific impact on the desaturation
of oleic acid. Similarity between S61 and Arabidopsis FAD2
mutant [24] in the profile of fatty acid composition suggests that
tobacco FAD2 gene was selectively silenced by the FAD2silencing constructs. Thus, the tobacco FAD2 gene was
functionally identified since the most significant increase of
18:1 was found in PC of all individual lipids, with 18:2 and 18:3
decreased accordingly. In addition, these analyses suggest that
the transgenic plants are deficient in the activity of a
microsomal oleoyl-PC desaturase.
In individual polar lipids from FAD2-silenced leaves
(Table 1), besides great variation of C18 unsaturated fatty
acid, the increase of 18:1 was accompanied by a palpable
reduction in the level of palmitic acid (16:0) in some individual
polar lipids, as compared with wild type. The most significant
reduction of 16:0 was found in PC and PE with a decrease of 38
and 30%, respectively.
3.5. Effect of silencing constructs on 18:1 content in
different organs of S61
To determine whether the silencing constructs driven by
CaMV 35S, a constitutive promoter, have the same effect on the
different organs, analysis of fatty acid composition in different
organs from S61 was carried out. Except for stems, the 18:1
levels in total lipids of all organs from S61 increased compared
with that of wild type. The most significant elevation of 18:1
was found in leaves and seeds, whereas relatively less increase
was found in roots, buds and flowers (Fig. 6).
The varied fluctuation of 18:1 levels in different organs may
be caused by some deviation in strength of the activity of CaMV
35S promoter, driving the silencing construct, in different
organs. To test this, RT-PCR was performed to estimate the
transcript abundance in different organs of wild type and
transformant (Fig. 7A and B). It showed that, in contrast to wild
type, FAD2 transcripts in S61 were much lower than that in all
organs except for flowers. It suggested that the silencing
constructs were at work and the CaMV 35S promoter probably
had similar strength in these organs, at least in roots, stems,
leaves and seeds. The varied fluctuation of 18:1 levels in
different organs was therefore not due to different decrease of
FAD2 transcripts or any deviation in strength of the activity of
CaMV 35S promoter in those organs of S61.
An oleic desaturation proportion (ODP) parameter can be
used to assess the cumulative effect of FAD2 activity [13].
Herein, we used ODP to estimate FAD2 activity in different
organs of tobacco. In wild-type plants, the ODP value was
ranged from 0.64 to 0.73 for roots, stems, buds and flowers, and
0.91 and 0.98 for seeds and leaves, respectively, suggesting the
constitutive FAD2 activity in leaves and seeds were much
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Table 1
Fatty acid composition of individual lipids from leaves of S61 (S) and wild-type (W) tobacco seedlings
Polar lipid

Fatty acid composition (mol%)
16:0

16:1

16:2

16:3

18:0

18:1

18:2

18:3

PC
W
S

15.7  0.4
9.8  0.2

–
–

–
–

–
–

5.5  0.2
2.9  0.2

10.5  0.3
56.4  0.8

42.9  1.2
14.2  0.6

25.4  1.2
16.7  1.3

PE
W
S

16.9  0.3
11.9  0.2

–
–

–
–

–
–

4.4  0.3
2.3  0.4

4.1  0.3
28.7  0.7

40.8  1.3
23.8  0.8

33.8  1.6
33.3  0.7

SQ
W
S

39.3  0.2
35.5  0.3

–
–

–
–

–
–

2.9  0.2
2.9  0.1

4.4  0.5
15.5  1.0

15.2  0.5
14.6  0.7

38.2  1.8
31.5  1.4

PG
W
S

31.7  0.1
29.1  0.3

23.5  0.2
21.2  0.1

–
–

–
–

1.9  0.1
2.2  0.0

5.6  0.6
13.9  0.5

14.8  0.6
11.3  0.2

22.5  1.5
22.3  0.6

DGDG
W
S

11.8  0.1
9.3  0.2

–
–

1.0  0.1
1.0  0.0

1.3  0.1
1.2  0.1

1.8  0.0
1.1  0.0

1.7  0.3
6.8  0.6

8.4  0.2
6.8  0.3

74.0  0.9
73.8  1.4

MGDG
W
S

3.0  0.1
2.1  0.0

–
–

3.3  0.1
3.2  0.2

11.9  0.5
12.1  0.4

–
–

1.6  0.2
6.5  0.2

9.5  0.4
8.8  0.1

70.7  1.6
67.3  1.8

Values are means  S.D. (n = 3). Dashes indicate trace amounts (<1.0%). The 16:1 is D3-trans-hexadecenoic acid. Replications are replicate isolations from the same
plant.

higher than that of other organs. Because 18:1 content increased
significantly in S61, ODP value in this line was much lower
than that in wild type. However, the reduction extent of ODP
value in this plant depended upon the organs. Except for stems,
the decreases of ODP values in other organs of S61 were
significant (P < 0.01), and the most reduction occurred in seeds
and leaves in which the ODP value decreased ranging from 15
to 18%, which was far greater than 10% or even less
represented in other organs.
4. Discussion
The features identified from the cloned cDNA, in
particular, three histidine-cluster motifs containing eight

Fig. 6. Oleic acid contents in total lipids extracted from different organs of S61
and wild-type plants. Data of roots, stems and leaves were obtained from
tobacco seedlings. Flowers were denuded of calyxes. Seeds were harvested at
28 day after flower (DAF). Values are means  S.D. (n = 3).

histidine residues known to comprise the consensus sequence
of fatty acid desaturases, are conserved in the putative FAD2
in tobacco. Furthermore, the analysis of individual lipids
from transgenic tobacco showed that the most significant
increase of 18:1 was found in PC, in which 18-carbon
polyunsaturated fatty acids decreased accordingly. These
results clearly demonstrate that the cloned gene encode a
tobacco microsomal v-6 desaturase. In addition, the result of
RT-PCR demonstrated a constitutive expression of FAD2 in
all tissues examined. In this work, a partially cloned cDNA of
tobacco FAD2 was used to make a FAD2-silencing construct
introduced into plant genome. The profile of fatty acid
composition in S61 was comparable to that in Arabidopsis
FAD2 mutant [24], which suggests that the tobacco FAD2
gene has been selectively silenced by the FAD2-silencing
constructs.
The individual lipids analysis (Table 1) showed that, in
addition to a remarkable increase of 18:1 in PC and PE, the 18:1

Fig. 7. RT-PCR analysis for determination FAD2 mRNA levels from different
organs of S61 and wild-type plants. Ethidium bromide-stained gel of products
obtained after RT-PCR analysis of mRNA from wild-type tobacco (W) and S61
(T) are shown (A). Control reactions were carried out using primers for tobacco
actin Tac9 mRNA from the same samples (B). Data of roots, stems and leaves
were obtained from tobacco seedlings. Flowers were denuded of calyxes. Seeds
were harvested at 7 day after flower (DAF). Same results were obtained from
two independent experiments.
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levels in plastidial lipids (SQDG, DGDG and MGDG) also
significantly increased, which caused a notable decrease in
lipid ODP values. In plant cells, the 18:1 could be desaturated
by FAD6 enzyme located in plastid as well as FAD2 [2]. The
significantly increased 18:1 levels in plastidial lipids may be
owing to cross silencing of FAD6 by the FAD2-silencing
construct. However, both RT-PCR and SiRNA analysis
demonstrate that the greatly elevated oleic acid content in
leaves of transgenic plant is due to the reduction in FAD2
mRNA resulted from PTGS. The PTGS is a sequence-specific
RNA degradation; therefore, the sequence of FAD6 and FAD2
should be sufficiently divergent that FAD6 could escape cross
silencing by the FAD2-silencing construct used in the present
study. Based on such observation, we suggest that, in FAD2silenced transformants, 18:1 containing lipids in extrachloroplast may enter the chloroplast where they could be converted
to 18:2 and subsequently to 18:3 by the plasitidial desaturases
encoded by the FAD6, FAD7 and FAD8 genes. The resulted
lipids with polyunsaturated fatty acids either remain in the
plastid or are exported into protoplasm to be used for synthesis
of the extrachloroplast lipids as suggested before [4].
Therefore, 18:2 containing diacylglycerol may not be the
sole lipid molecule entering chloroplasts as described
previously [8].
In FAD2-silenced tobacco, the 16:0 levels showed a
significant reduction in some individual polar lipids, as well
as marked fluctuation of C18 polyunsaturated fatty acids
(Table 1). These phenomena were also found in Arabidopsis
FAD2 mutant [24] and in FAD2-silenced plants of Gossypium
hirsutum [12]. We assume that the FAD2-silencing may have
effect on 16:0 synthesis de novo, since 16:0 in total lipids of
leaves, seeds (data not shown) and in all the individual lipids
declined to some extent. It has been suggested that the high
degree of polyunsaturation may be required to maintain the
degree of membrane fluidity in chloroplast or mitochondrial
membranes [25,26] and for membrane function or membrane
biogenesis at low temperature [27]. The marked increase of
18:1 with the concomitant decrease of 18:2 and 18:3 may affect
the fluidity of membranes, which resulted in down regulation
of 16:0 contents by unknown mechanism, to mitigate the
change of membrane fluidity. The content of 16:0 in PG of
plants was regulated by the culture temperatures have been
reported previously [19]. In S61, the levels of 16:0 and D3trans-hexadecenoic acid, two high melting-point molecular
species, decreased from 55.2% down to 50.3%, which may be a
kind of adaptive response of FAD2-silenced plants under 24 8C
used in this paper. The feature of lower level of 16:0 in FAD2silencing plants than that in wild type make it possible to
cultivate oilseed crops both rich in oleic acid and poor in
palmitic acid.
Analysis of fatty acid composition of total lipids in different
organs from FAD2-silenced plants (Fig. 6) suggested that the
silencing constructs driven by a constitutive promoter have
variant effect on the distinct organs. This phenomenon was also
found in other FAD2-silenced lines, indicating it is not an
anomaly for this particular transgenic line (data not shown).
The result of RT-PCR (Fig. 7) demonstrated similar decrease of

FAD2 transcripts in different organs except in flowers. This
possibly because there are many haploid cells in flowers,
especially pollen, which might not contain the silencing
constructs owing to meiosis. The discrepancy between similar
decrease of FAD2 transcripts and variant fluctuation of oleic
acid in different organs of transformant might be explained by
the existence of FAD2 isoenzyme (s) in ER of tobacco, just like
other polyploid plants with two or more FAD2 isoenzymes in
ER [28–30]. In these cases, the expression of one functional
isoenzyme appears to be sufficient for the normal-oleate
phenotype, but high-oleate phenotype may be established from
manipulation of all isoenzymes [31]. The silencing construct
used in this report, which is sequence specific, cannot silence its
isoenzymes. In addition, the transformants showed less
suppression of FAD2 than in Brassica juncea by antisense
method, when assessed by the decrease of ODP value [32]. The
silencing phenotype is so ‘‘leaky’’ may indicate there exists
another FAD2 gene in tobacco. To sum up, the lack of
correspondence between FAD2 transcript level and 18:1
content can be explained by differential expression of a second
FAD2 gene, which was not picked up by the probe due to
sequence differences.
The data (Figs. 6 and 7) clearly showed that the 18:1 levels
in some organs had no direct relation to the abundance of
FAD2 transcripts. In addition, ODP values derived from
different organs of tobacco demonstrated variant constitutive
activities of FAD2 in those organs, and the silencing construct
showed severe effect on FAD2 in organs with high FAD2
activities than that in those organs with low. It has been shown
that, in Arabidopsis, the level of FAD2 transcripts is several
times in excess compared to the amount required for linoleate
synthesis [7]. Another possible explanation for the leaky
silencing phenotype is therefore the presence of detectable
amounts of FAD2 transcripts in transgenic tobacco lines as
shown in Figs. 5 and 7. A low level of FAD2 transcripts that
survived the silencing machinery in FAD2-silenced tobacco
was sufficient to allow a significant desaturase activity.
Therefore, it is reasonable to assume that in some organs, such
as roots and stems, a trace of transcript remains were enough
for maintaining low FAD2 activity, which could not be down
regulated by degradation of FAD2 transcripts; whereas other
organs, such as leaves and seeds with high constitutive
activity of FAD2, may need many transcripts for high FAD2
activity, which could be down regulated by degradation of
FAD2 transcripts. Alternatively, owing to movement of lipid
between chloroplast and ER is bi-directional [4], the flux of
lipids from plastid to ER in some tissues is high enough to
compensate for the loss of FAD2, and these need further
investigation.
Acknowledgments
We are grateful to CSIRO Plant Industry in Australia for
giving us pKANNIBAL vector. This work was supported by the
National Sciences Foundation of China (grant no. 30370119
and 30470403) and Chinese Academy of Sciences (grant no.
KSCX2-SW-328).

M. Yang et al. / Plant Science 170 (2006) 170–177

References
[1] Q. Liu, S.P. Singh, A.G. Green, High-oleic and high-stearic cottonseed
oils: nutritionally improved cooking oils developed using gene silencing,
J. Am. Coll. Nutr. 21 (2002) 205–211.
[2] J. Browse, C. Somerville, Glycerolipid synthesis: biochemistry and
regulation, Annu. Rev. Plant Physiol. Plant Mol. Biol. 42 (1991) 467–506.
[3] P.G. Roughan, C.R. Slack, Cellular organization of glycerolipid metabolism, Annu. Rev. Plant Physiol. 33 (1982) 97–123.
[4] C. Somerville, J. Browse, Dissecting desaturation: plants prove advantageous, Trends Cell Biol. 6 (1996) 148–153.
[5] J. Shanklin, E.B. Cahoon, Desaturation and related modifications of fatty
acids, Annu. Rev. Plant Physiol. Plant Mol. Biol. 49 (1998) 611–641.
[6] M.F. Miquel, J.A. Browse, High-oleate oilseeds fail to develop at low
temperature, Plant Physiol. 106 (1994) 421–427.
[7] J. Okuley, J. Lightner, K. Feldmann, N. Yadav, E. Lark, J. Browse,
Arabidopsis FAD2 gene encodes the enzyme that is essential for polyunsaturated lipid synthesis, Plant Cell 6 (1994) 147–158.
[8] J.B. Ohlrogge, J.A. Browse, Lipid biosynthesis, Plant Cell 7 (1995) 957–
970.
[9] J.M. Dyer, R.T. Mullen, Immunocytological localization of two plant fatty
acid desaturases in the endoplasmic reticulum, FEBS Lett. 494 (2001)
44–47.
[10] A.W. McCartney, J.M. Dyer, P.K. Dhanoa, P.K. Kim, D.W. Andrews, J.A.
McNew, R.T. Mullen, Membrane-bound fatty acid desaturases are inserted
co-translationally into the ER and contain different ER retrieval motifs at
their carboxyl termini, Plant J. 37 (2004) 156–173.
[11] S.V. Wesley, C.A. Helliwell, N.A. Smith, M. Wang, D.T. Rouse, Q. Liu,
P.S. Gooding, S.P. Singh, D. Abbott, P.A. Stoutjesdijk, S.P. Robinson, A.P.
Gleave, A.G. Green, P.M. Waterhouse, Construct design for efficient,
effective and high-throughput gene silencing in plants, Plant J. 27 (2001)
581–590.
[12] Q. Liu, S.P. Singh, A.G. Green, High-stearic and high-oleic cottonseed oils
produced by hairpin RNA-mediated post-transcriptional gene silencing,
Plant Physiol. 129 (2002) 1732–1743.
[13] P. Stoutjesdijk, S.P. Singh, Q. Liu, C. Hurlstone, P. Waterhouse, A. Green,
hpRNA-mediated targeting of the Arabidopsis FAD2 gene gives highly
efficient and stable silencing, Plant Physiol. 129 (2002) 1723–1731.
[14] A.P. Gleave, A versatile binary vector system with a T-DNA organizational
structure conducive to efficient integration of cloned DNA into the plant
genome, Plant Mol. Biol. 20 (1992) 1203–1207.
[15] R.B. Horsch, J.E. Fry, N.L. Hoffmann, D. Eichholtz, S.G. Rogers, R.T.
Fraley, A simple and general method for transferring genes into plants,
Science 227 (1985) 1229–1231.
[16] S.L. Poresbski, G. Bailey, R.B. Baum, Modification of CTAB DNA
extraction protocol for plants containing high polysaccharide and polyphenol components, Plant Mol. Biol. Reptr. 12 (1997) 8–15.
[17] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A Laboratory
Manual, 2nd ed, Cold Spring Harbor Laboratory Press, Plainview, New
York, 1989.

177

[18] E.G. Bligh, W.J. Dyer, A rapid method of total lipid extraction and
purification, Can. J. Biochem. Physiol. 37 (1959) 911–917.
[19] Y.N. Xu, Z.N. Wang, G.Z. Jiang, L.B. Li, T.Y. Kuang, Effect of various
temperature on phosphatidylglycerol biosynthesis in thylakoid membrane,
Physiol. Plant. 118 (2003) 57–63.
[20] A.J. Hamilton, D.C. Baulcombe, A species of small antisense RNA in
post-transcriptional gene silencing in plants, Science 286 (1999) 950–
952.
[21] J.M. Dyer, D.C. Chapital, J.C.W. Kuan, R.T. Mullen, C. Turner, T.A.
McKeon, A.B. Pepperman, Molecular analysis of a bifunctional fatty acid
conjugase/desaturase from tung. Implications for the evolution of plant
fatty acid diversity, Plant Physiol. 130 (2002) 2027–2038.
[22] D.A. Los, N. Murata, Structure and expression of fatty acid desaturases,
Biochem. Biophys. Acta 1394 (1998) 3–15.
[23] J.A. Broadwater, E. Whittle, J. Shanklin, Desaturation and hydroxylation:
residues 148 and 324 of Arabidopsis FAD2, in addition to substrate chain
length, exert a major influence in partitioning of catalytic specificity, J.
Biol. Chem. 277 (2002) 15613–15620.
[24] M.F. Miquel, J.A. Browse, Arabidopsis mutants deficient in polyunsaturated fatty acid synthesis, J. Biol. Chem. 267 (1992) 1502–1509.
[25] S. Hugly, C. Somerville, A role for membrane lipid polyunsaturation in
chloroplast biogenesis at low temperature, Plant Physiol. 99 (1992) 197–
202.
[26] O. Caiveau, D. Fortune, C. Cantrel, A. Zachowski, F. Moreau, Consequences of v-6-oleate desaturase deficiency on lipid dynamics and functional properties of mitochondrial membranes of Arabidopsis thaliana, J.
Biol. Chem. 276 (2001) 5788–5794.
[27] C. Somerville, Direct tests of the role of membrane lipid composition in
low-temperature-induced photoinhibition and chilling sensitivity in plants
and cyanobacteria, Proc. Natl. Acad. Sci. U.S.A. 92 (1995) 6215–
6218.
[28] E.P. Heppard, A.J. Kinney, K.L. Stecca, G.-H. Miao, Developmental and
growth temperature regulation of two different microsomal v-6 desaturase
genes in soybeans, Plant Physiol. 110 (1996) 311–319.
[29] S. Jung, D. Swift, E. Sengoku, M. Patel, F. Teulé, G. Powell, K. Moore, A.
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