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Acyl-lipid A12-desaturase of the cyanobacterium
increases the unsaturation degree in transgenic potato
(Solanum tuberosum L.)
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We propose a new approach to the expression of the gene of interest in plants. The approach
is based on the expression hybrid gene in plant. This hybrid gene consists of the sequence of
interest, fused with the reporter gene sequence in the reading frame. We constructed hybrid
genes desA-licBM3. The DesA gene encodes the acyl-lipid A12-desaturase from the cyanobac-
terium Synechocystis sp. PCC 6803, licBM3 encodes a new universal reporter gene based on
thermostable lichenase (LicB) of Clostridium thermocellum. This hybrid gene was cloned in
the plant expression vector under control of the 35S RNA CaMV promoter and was introduced
into Solanum tuberosum. Expression of the desaturase was confirmed by molecular methods.
The transgenic plants grew at 22 °C to form two-month plants similar to non-transgenic plants.
Lipid analysis revealed that lipid content and the unsaturation level of their fatty acid acyl moie-
ties significantly increased in leaves of transgenic plants as compared to control plants. These
results suggest that the expression of desA-licBM3 in the membrane of leaf cells could signifi-
cantly modify both total acyl lipid content and fatty acid composition.
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INTRODUCTION

Many plant species are injured or killed by exposure to low non-
freezing temperatures in the range of 0-15 °C. These species are
classified as chilling-sensitive. They include many economically
important crops [1]. Changes in unsaturation level of membrane
lipids for fatty acids have been considered to be one of the fac-
tors in the metabolic adaptation of higher plants to environ-
mental stresses, especially to temperature [2]. At a physiologi-
cal temperature, polar glycerolipids that contain only saturated
fatty acids cannot form the bilayer, the basic structure of every
biological membrane [3]. The introduction of an appropriated
number of double bonds into the fatty acid moieties of mem-
brane glycerolipids decreases the temperature for the transition
from the gel (solid) to the liquid-crystalline phase and provides
membranes with the necessary fluidity [4, 5]. Fluidity of the
membrane is important for maintaining the barrier proper-
ties of the lipid bilayer and for the activation and functioning
of certain membrane-bound enzymes [6, 7]. The ability of cells
to modulate the degree of unsaturation in their membrane li-
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pids is mainly determined by the action of fatty acid desaturases
[8, 9]. Acyl-lipid desaturases introduce double bonds into fatty
acid moieties that have been esterified to glycerolipids, which
are located in the endoplasmic reticulum, the chloroplast mem-
brane in plant cells and the thylakoid membrane in cyanobac-
terial cells. This type desaturase is the most efficient regulator
of the unsaturation level of membrane lipids in response to
temperature change [8]. Synechocystis sp PCC 6803 has four
acyl-lipid desaturases which catalyze desaturation at the A9-,
A12-, A6-, and w3-positions, respectively, of the fatty acyl esteri-
fied sn-1 position of the glycerol moiety of a glycerolipid. The
A9-desaturase introduces the first double bond into the stearic
acid moiety of stearoyl-CoA (or stearoyl-ACP) to produce ole-
oyl-CoA (or oleoyl-ACP). The Al2-desaturase catalyzes the
second double bond introduction at the A12-position of oleic
acid [18: 1 (in position 9)] moiety to produce linoleic acid [18:
2 (in positions 9 and 12)] moiety [10]. The A6-and w3-desatu-
rases then introduce further double bonds to produce tri- and
tetraunsaturated fatty acids, respectively [12].

Here we describe the introduction of the gene for the acyl-
lipid A12-desaturase of the cyanobacterium Synechocystis sp.
PCC 6803 to potato genome for testing whether the saturation
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level of total membrane lipid fatty acids in higher plants thus
obtained might be reduced by this gene expression.

In the present work, we have used a new universal reporter
system based on thermostable lichinase (LicB) of Clostridium
thermocellum. The licB gene encodes lichenase (p-1,3:1,4-D-
endoglucanase, EC 3.2.1.73). Based on the properties of the li-
chenase reporter, this reporter may be useful for the monitoring
of transgenes in agrocenoses.

MATERIALS AND METHODS

Plasmid construction. We used standard molecular cloning
procedures and PCR protocols. Restriction endonucleases, T4
DNA ligase, Pfu DNA polymerase, alkaline phosphatase, and nu-
clease S1 were used according to the manufactures’ recommen-
dation (Promega, US and Fermentas, Lithuania).

As the source of the C. thermocellum licBM3 gene, we
used plasmid pQE-licBM3-KM2-Mys25 obtained earlier [12].
To design the licBM3 gene with restriction sites BamHI-Sphl,
the licBM3 gene sequence was amplified using plasmid pQE30-
licBM3 as a template and primers (Table 1). Then, BamHI-Sphl
fragment was cloned in pGEM-Tvector, producing PGEM-
Tvector-licBM3.

Gene desA was amplified using genomic DNA of Syne-
chocystis sp. PCC 6803 as a template and primers (Evrogene,
Russia) (Table 1). The resultant PCR fragment was cloned in
pGEM-Tvector, producing PGEM-Tvector-desA with sites Xhol
and BglII. Then the BamHI-Sphl fragment of the licBM3 gene
was cloned into PGEM-Tvector-desA, predigested at sites BglII-
Sphl which produced the vector PGEM-Tvector-desA-licBM3.
Fragment Sphl-licBM3-desA-Xhol was cloned into plasmid
pIK, predigested at sites Xhol and Sphl producing plasmid
pIK-desA-licBM3. The fragment Xhol-desA-licBM3-Xbal was
cloned to the plant vector pBISN1-IN, predigested at sites Sall
and Xbal, which produced the plant vector pBISN1-IN-desA-
licBM3 (Figure). The control potato plant was transformed with
an empty vector pBISN1-IN.

The correctness of the construction of the native desA and
hybrid desA-licBM3 was confirmed by sequencing (Evrogen,
Russia).

Plant transformation and transformant regeneration.
Leaf disks of Solanum tuberosum L., cv. Desnitsa, were trans-
formed as described by van Lijsebettens and Valvekens [13].
Regenerated plants were screened for NPTII activity. Individual
NPTII-positive plants were selected for each construct and root-
ed in MS medium without phytohormones with 50 mg/l kan-
amycin. Wild-type and transgenic plants were cultured on sterile

Pnos nptl | polyA P35S

desA

Table 1. Nucleotide sequences of specific primers for amplification genes
licBM3 and desA by PCR

No. | Templates | Sequences (5'-3')
LicBM3 sense
GGATCCGTGGTAATACGCCTTTTG
BamHI
LicBM3 anti
Sohl GCATGCGTTAGGATAGTATTTTACATATTCG
p
DesA sense
xhol CTCGAGATGACTGCCACGATTCC
o

4 DesA anti Bglll AGATCTTTGAACTTTTTTCAGGGAGCC

Table 2. Efficiency of the hybrid gene expression based on the thermostable
lichenase activity

Plant lines | Activity, U/mg total protein
DesA-LicBM3 0.066
LicBM3 0.038
Control, NPTIl-positive 0

agar-solidified half-strength MS salts containing 0.8% sucrose at
22 °C and illumination of 2500 Ix with a 16-h photoperiod.

Preparation of protein extracts and estimation of lichenase
activity followed a modified protocol [14].

Fatty acid analysis of the transgenic plants. The fatty acid
composition of whole lipids extracted from leaves of transgenic
potato plants was determined by gas-liquid chromatography.
Lipid extraction and quantification and the estimation of their
fatty acid composition were performed as described earlier [15,
16]. We used 17:0 methyl ester of a known concentration as an
internal standard. All experiments were performed in six rep-
licates with three recordings each. The results were treated sta-
tistically. Table 3 presents the mean values and their standard
errors.

RESULTS AND DISCUSSION

The desA gene for the acyl-lipid A12-desaturase of the cyanobac-
terium Synechocystis sp. PCC 6803 was introduces into potato
plants under transcriptional control of cauliflower mosaic virus
35S RNA CaMV promoter by Agrobacterium-mediated trans-
formation. A line of potato transformed with the empty vector
PBISN1-IN served as a control. Here we describe one transgenic
line DesA-LicBM3. The expression of desA-LicBM3 gene was as-
sessed by a quantitative estimation of lichenase activity. So we
used a hybrid gene that contained target gene (desA) and the
reporter gene (/licBM3) in one frame reading (Table 2).

The fatty acid composition of total lipids extracted from
leaves was analysed and the enzymatic activity of desaturase was

LicBM3 polyA
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Figure. Scheme of the plant expression vector carrying the hybrid gene. desA — the gene for the acyl-lipid A12-desaturase, licBM3 — reporter gene for thermostable lichenase,
P35S — 355 RNA CaMV promoter, nptll — Kanamycin resistance gene. Restriction sites are shown for BamHI (B), EcoR | (E), Xba | (X), Pvull (P), Sall (S)
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Table 3. Fatty acid composition of total lipids from leaves of control and trans-
genic potato plants grown at 22 °C

) FA content, pmol/10g FW*
Fatty acids
Control | Transformant
14:0 0.5 0.4
13-Me-14:0 0.5 0.9
15:0 0.2 0.1
is0-16:0 1.2 1.3
16:0 14.8 17.4
16: 1w7 39 53
16:2w7 0.4 0.6
16:2w5 0.2 0.1
16:3w3 4 7.5
15-Me-17:0 0.1 0.1
18:0 1.3 1.4
18:1w9 0.5 0.9
18:1w7 0.3 0.4
18:2 15.8 213
19:0 0.1 0.2
18:3w3 30.3 42.8
18-Me-19:0 0.0 0.7
17-Me-19:0 0.0 0.1
20:0 0.4 0.7
Mass** 2.12 2.92
[U*** 1.402 2.016

*The values are in pmol/10 g FW.

**The value of mass is mg/g FW.

*¥¥ Unsaturation Index was calculated as 16:: 1%1) + (16: 2*2) + (16: 3*3) + + (18
1%1) + (18:2%2) + (18: 3%3)/100.

Standard deviation was no more than 0.1%.

investigated by comparing the fatty acid profiles of control and
transformed plant leaves (Table 3). One can see that significant
differences in fatty acid composition were observed between
transgenic and non-transgenic plant lipids. Actually, transform-
ants that express the desA gene were characterized by an en-
hanced growth rate (not shown) and by a higher lipid content
as compared with control plants (Table 3). The amount of total
esterified fatty acids in transgenic and control plants was 2.92
and 2.12 mg/g FW, respectively. The result showed a 38% higher
lipid content in the transgenic plant. The unsaturation index of
fatty acid moieties of total lipids was by 44% higher in plants
that expressed the hybrid gene. A comparison of fatty acid com-
position of total lipids of the control plants and transformants
with the A12-desaturase revealed that the content of unsaturat-
edacids (viz. 16:1,16:2,16:3,18:1,18:2,18 : 3) significantly
increased. Particularly, the amount of monounsaturated 16: 1
and diunsaturated 16 : 2 increased by 35% and 16%, respectively
and the 16 : 3 amount almost two fold. This fact may be a result
of an additional desaturase gene insertion into the higher plant
genome, which led to modification of fatty acid metabolism in
the transgenic plant.

The content of diunsaturated fatty acid 18:2 in the trans-
genic plant lipids increased by 34.8%. Al2-desaturase intro-
duced the second unsaturated bond into oleic acid moiety to
produce linoleic acid moiety, and this may be considered as the
basic well known effect of this gene expression [11, 17, 18, 19].
When the gene encoding Al2-desaturase from Synechocyctis

PCC6803 was expressed in a cyanobacterium that normally con-
tains monounsaturated fatty acids (Synechococcus PCC7942),
the membrane lipids of this organism became enriched with up
to 25% polyunsaturated fatty acids [20, 21]. This large increase
in membrane unsaturation was shown to reduce the low-tem-
perature damage to the photosynthetic machinery. Expression
of this gene in yeast cells resulted in the accumulation of 16 : 2
and 18 : 2 acids [22].

In the transgenic potato leaf lipids, linolenic acid (18:3)
content increased by 41.3% as compared with control ones.
These results suggest that the expression of desA in leaf cells
could significantly modify the total fatty acid composition of
membrane lipids.

The high unsaturation level of membrane lipid fatty acid
moieties is considered to be a key factor of the adaptation to low
temperatures in higher plants. This parameter is implicated by
the functionality of biomembranes at chilling temperatures, as
it is the primary determinant of the phase transition point of
membrane lipids [23]. In consistence with this phenomenon,
now we are examining the chilling tolerance of transgenic potato
plants. If insertion of an additional desaturase gene (desA gene)
into the genome of a higher plant (potato) results in an increase
of its cold tolerance, this approach may be considered as a novel
method of production of transgenic plants with enhanced cold
resistance. On the other hand, as plant lipids have a high variety
of industrial and nutritional uses, the modification of fatty acid
composition of these lipids through genetic manipulation may
contribute to the improvement of oil quality [24].

In general, this work demonstrates that thermophilic acyl-
lipid A12-desaturase is active in transgenic potato and increases
the content of linoleic acid, thus producing a substrate for the
further synthesis of trienoic FAs.
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