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Abstract This study investigated the levels of c-linolenic

(GLA, 18:3n-6) and stearidonic acid (SDA, 18:4n-3) in

various parts of the borage plant (Borago officinalis L.) to

elucidate D6-desaturase activity. Lipid class and fatty acid

(FA) composition during germination of the seeds and FA

composition of various borage parts were determined as

well as FA compositions of neutral lipids (NL), polar lipids

(PL), glycolipids (GL) and monogalactosyl diacylglycerols

(MGDG) of borage leaves. When seeds were germinated

for 12 days in the dark then exposed to light for 8 h, an

overall decrease in oil content was seen with a significant

increase in PL from 0.2 to 39.1%. An increase in SDA

(from 0.2 to 0.6 g/100 g oil) indicated minor FA synthesis

during germination and therefore, D6-desaturase activity

with the most marked increase after light exposure. The FA

compositions of developing and mature seeds were similar,

suggesting oil/FA synthesis takes place at the initial stage

of seed development. Among all the borage parts, the

leaves had the highest amounts of a-linolenic acid (ALA,

18:3n-3) (36.2%), indicating D15-desaturase activity, and

SDA (25.2%), indicating D6-desaturase activity. In leaves,

the GL and especially, MGDG fractions had the highest

amounts of SDA (31.8 and 39.8%, respectively), indicating

that D6-desaturase is most active in chloroplasts. Leaves

and developing seeds appear to be the major sources of

D6-desaturase in borage, associated with different organ-

elles in the different tissues.

Keywords Lipid classes � Fatty acid composition �
Monogalactosyl diacylglycerol � Borage � Germination �
FA biosynthesis

Abbreviations

ALA a-Linolenic acid

ANOVA One-way analysis of variance

DAG Diacylglycerol(s)

FA Fatty acid(s)

FAME Fatty acid(s) methyl ester(s)

FFA Free fatty acid(s)

GL Glycolipid(s)

GLA c-Linolenic acid

LA Linoleic acid

LC Long chain (C C 20)

MGDG Monogalactosyl diacylglycerol(s)

NL Neutral lipid(s)

n-6 Omega 6

n-3 Omega 3

PL Polar lipid(s)

PUFA Polyunsaturated fatty acid(s)

SD Standard deviation

SDA Stearidonic acid

TAG Triacylglycerol(s)

Introduction

Borage seed oil (Borago officinalis L.) is a good plant

source of c-linolenic acid (GLA, 18:3n-6) [1]. GLA is
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produced from linoleic acid (LA, 18:2n-6) catalyzed by the

D6-desaturase enzyme. The D6-desaturase enzyme also

produces stearidonic acid (SDA, 18:4n-3) from the pre-

cursor a-linolenic acid (ALA, 18:3n-3) [2]. GLA in general

is not commonly found in seed oils. Only a few other

species such as Echium [1], evening primrose [3] and black

currant [1] seeds also contain products of the D6-desaturase

enzyme (GLA and SDA, respectively). The formation of

GLA and SDA is considered the rate-limiting step in the

production of long-chain (C [ 20) polyunsaturated fatty

acids (LC-PUFA) in humans [4]. LC-PUFA, especially n-3

PUFA, are nutritionally vital for human health [5].

Understanding the activity and the possible extraction of

D6-desaturase may enable in vitro modification of oils to

produce enriched n-6 and n-3 lipids in enzyme reactors.

Desaturases can be generally described as enzymes that are

able to activate oxygen and use it as a reagent to produce

an unsaturated double bond from saturated carbons [6].

Desaturases can be distinguished between the soluble ACP-

desaturases found in plastids of plants that function in the

biosynthetic pathway of fatty acids (FA), and membrane-

bound acyl-lipid desaturases [7]. Extraction of these

membrane-bound FA-modifying enzymes from developing

borage seeds and spinach chloroplasts has been undertaken

with limited success [8, 9].

In mature, dormant borage seeds, the high amount of

GLA is not necessarily related to the actual presence of D6-

desaturase. Lipids in oil seeds serve either as structural or

as storage components [10]. During germination, the plant

utilizes the stored triacylglycerol (TAG) as energy [11].

Structural components in the mature seeds, such as cell

walls, develop during germination. This addition results in

a higher phospholipid content in the germinating seed

relative to the mature seed [12]. Germination is, therefore,

a growth period that involves major changes in lipid class

and FA composition and may be a period in which

D6-desaturase is produced in order to modify the oil to

meet the plant’s requirements.

Different parts of a plant contain different lipid contents

and different FA compositions, so it is to be expected that

some of these parts could also be the potential sources of FA-

modifying enzymes such as D6-desaturase. Borage leaves

contain high levels of GLA (up to 6%) and SDA (up to 22%),

depending on the maturity level of the leaf and the light

intensity of the growth environment [13]. To the authors’

knowledge, FA compositions of neutral lipids (NL), polar

lipids (PL), glycolipids (GL) and monogalactosyl diacyl-

glycerol (MGDG) of borage leaves have not been published.

The membranes of chloroplasts contain high amounts of GL,

and certain types of GL such as MGDG are produced within

the envelope membranes [14]. MGDG is a proposed sub-

strate of D6-desaturase [15]. Analysis of the borage leaves

GL and MGDG FA composition might elicit information

about the presence and activity of the D6-desaturase enzyme

in borage leaves. Studies into the lipid content and FA

composition of borage plant parts are limited. Del Rı́o-Ce-

lestino et al. [16] reported oil content and FA composition of

the edible parts of borage (seed fractions, petioles, leaves

and stem used as ‘‘vegetables’’ in northern Spain), while

Peiretti et al. [17] analyzed the oil content and FA compo-

sition of whole borage plants cultivated in Italy during their

growth cycle. This study is the first that investigates FA

compositions of a broad range of different borage plant parts

within various stages of the plant’s maturity including ger-

mination and seed development.

Oil synthesis and FA modification also occur during the

development of borage seeds [18]. The lipid content in the

seeds can reach up to 30% of the dry matter [12] and

therefore, the seeds are the main location of lipid/FA syn-

thesis and storage in the borage plant. After pollination,

changes in the lipid and FA compositions occur through the

various stages of seed development in Echium vulgare [19].

This study aimed to determine at which stages of seed

germination and in which plant parts D6-desaturase is

present and active in borage. Germination of the seeds was

carried out for 13 days in complete darkness, with exposure

to light on the last day, and the seedlings were sampled

every second day for FA profiles and lipid class. Plants were

grown in a green-house for approximately 10 weeks and the

plant parts cotyledons, roots, stems, leaves, petals, carpels,

the central flowers, carpels after flowering, developing

seeds and mature seeds were also studied for oil and FA

contents. Activity of the enzymes involved in the FA bio-

synthesis was evaluated by changes of the oil content in the

dry matter, lipid classes by Chromarod/Iatroscan thin layer

chromatography-FID, and FA composition by GC-FID of

total oil and lipid fractions separated by solid phase

extraction (SPE) column chromatography.

Materials and Methods

Borage Seed Growth and Sampling

Borage seeds were supplied by King Seeds Ltd, Katikati,

New Zealand. For germination, seeds were surface steril-

ized in a 0.4% sodium hypochlorite (Jasol, Auckland, New

Zealand) solution for 20 min, rinsed and soaked in water

for 6 h. Germination took place on a wet layer of fine

vermiculite (Crow Refractory Ltd, Auckland, New Zea-

land) at approximately 21 �C in complete darkness for

12 days. Sampling was carried out every second day. After

day 12, seedlings were exposed to light for a period of 8 h

and a final sample was taken at day 13.

Seeds were grown in a green-house until they were

mature plants up to principal stage 5.1 and beyond
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according to previously described growth parameters [20]

for approximately 10 weeks. Cotyledons were sampled

after seven days of seeding. After cyme development with

the first flowers generated, samples of roots, stems and

leaves were taken (approximately 8 weeks after seeding).

In addition, from the unfertilized flowers, blue petals,

carpels and central flowers were separated and sampled.

From the fertilized flowers (within 1 week of fertilization),

swollen ovaries were separated and sampled (further

referred to as post bloom, PB). Approximately 10 weeks

after seeding, developing seeds (green, full sized seeds)

and mature seeds (black or dark brown seeds) were sam-

pled. All samples were taken in triplicate from five to 20

different plants, frozen immediately in liquid nitrogen and

stored at -80 �C for analysis.

Oil Extraction and Determination of Total Lipids

Samples were homogenized manually in liquid nitrogen and

freeze dried at -20 �C and 1.03 mBar until constant weight

was maintained. The dry matter in % was calculated from the

weight of the homogenized samples before and after drying.

This was conducted in duplicate for each triplicate sample.

Oil was extracted according to the modified Bligh and

Dyer method [21]. To 500 mg freeze-dried sample,

2.25 mL isopropanol, 2.75 mL cyclohexane (Ajax- Fine-

chem, Taren Point, NSW, Australia) and 3 mL MilliQ H2O

(resistance of 1.8 9 107 ohm/cm) were added. After 1 min

sonication, 125 lL saturated NaCl (Scharlau Chemie S.A.,

Sentmenat, Spain) solution was added to prevent emulsi-

fication and break down any emulsion formed [22]. After

centrifugation at 650 g for 5 min, the upper layer con-

taining the oil was transferred to pre-weighed tubes. For the

second extraction, 3 mL of a mixture containing isopro-

panol/cyclohexane (13:87; v/v) were included in the sam-

ple. After sonicating for 1 min, the samples were again

centrifuged at 650 g for 5 min. The upper layer was

transferred to the same weighed tubes and the second

extraction step repeated. The solvent collected from the

three extractions was then evaporated under nitrogen.

Tubes were weighed and the total lipids calculated (% of

the dry matter). Lipid extraction was carried out in dupli-

cate for each triplicate sample.

Determination of Lipid Classes

and Fatty Acid Composition

For determination of lipid class, two aliquots of each oil

sample diluted in chloroform were spotted onto three pre-

burned silica gel SIII Chromarods with a Drummond mi-

crodispenser. After conditioning in a CaCl2 containing

desiccator for 5 min, lipid classes were separated in hex-

ane/diethyl ether/acetic acid (60:17:0.1; v/v/v) for 25 min

[23]. Lipid classes were then analyzed with an Iatroscan

MK 5 chromatography-flame ionization detector analyzer

and quantified using Chromstar 4.10 software. A calibrated

external standard consisting of TAG (tripalmitin from

Sigma, St Louis, MO, USA), free fatty acids (FFA, pal-

mitic acid from INC Biomedicals Inc., Aurora, OH, USA),

diacylglycerols (DAG, 1,2-dipalmitoyl-rac-glycerol) and

PL (L-a-phosphatidylcholine, both from Sigma, St Louis,

MO, USA) was used for calculations. The hydrogen

pressure of the Iatroscan was set at 160 mL min-1 with an

air-flow rate of 2 L min-1.

Lipid classes were separated using SPE Silica columns

(GracePureTM Silica 1,000 mg/6 ml from Grace Davison

Discovery Sciences, Baulkham Hills, NSW, Australia) by

following the elution protocol according to Stern and Tietz

[24] with a few modifications. The columns were first,

conditioned with 17.5 mL chloroform before they were

loaded with approximately 20 mg oil. NL were then eluted

in the first fraction with 35 mL chloroform, GL in the second

fraction with 30 mL chloroform/methanol (85:15; v/v) and

PL in the third fraction with 17.5 mL methanol. The frac-

tions were weighed after evaporation of the solvent and fatty

acid (FA) composition of NL, GL and PL was determined.

To further separate MGDG from the GL fraction, a new

column was conditioned with 17.5 mL 0.5% ethanol in

chloroform. Approximately 20 mg GL from the second

fraction was placed on the column. Then, two fractions were

eluted with 25 mL 0.5% ethanol in chloroform and 25 mL

chloroform/acetone (1:1; vv), respectively. A new column

was again conditioned with 17.5 mL 0.5% ethanol in chlo-

roform. The second fraction from the latter separation was

placed on the column and two more fractions were eluted

with 12.5 mL 0.5% ethanol in chloroform and 25 mL

chloroform/acetone (3:1; v/v). The last chloroform/acetone

(3/1; v/v) elution contained merely MGDG which was ver-

ified by separation on a TLC plate in acetone/acetic acid/

H2O (100:2:1; v/v/v) as the mobile phase [25]. The weight of

this fraction was established after solvent evaporation and

subsequently, methylated for determination of FA compo-

sition. All solvents used for this study were analytical grade

from Scharlau Chemie S.A., Sentmenat, Spain.

For determination of FA composition, two to three ali-

quots of each oil sample with a known concentration of an

internal standard (13:0; Sigma, St. Louis, MO, USA) were

methylated [26]. To 15 mg oil, 0.5 mL of a 0.5 M sodium

methoxide solution was added and heated at 65 �C for

5 min. A further 1.5 mL of the methylating agent NH4Cl/

MeOH/sulfuric acid (2:60:3; w/v/v) was included and

allowed to react for 3 min at 65 �C. The FA methyl esters

(FAME) produced were extracted with hexane and injected

into a Hewlett Packard Series II GC equipped with a FID

and a DB-225 capillary column (15 m 9 0.25 mm, film

thickness: 0.25 lm, J & W Scientific, Folsom, CA, USA).
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The carrier gas was helium with a pressure of 68.94 kPa

and the make-up gas a nitrogen/air mixture with pressures

of 137.88 and 206.82 kPa, respectively. The injection

volume was 1 lL of sample, while the injection tempera-

ture was set at 230 �C. The detector temperature was

250 �C. The temperature profile of the GC oven was ini-

tially set at 50 �C; held for 1 min after injection and then

ramped to a temperature of 175 �C. This was done at a rate

of 25 �C per min without holding time. The final temper-

ature of 225 �C was reached by an increase in temperature

of 4 �C per min. This temperature was held for 5 min.

Fatty acids were identified and quantified with an external

38 FAME standard (Supelco 37 Component FAME Mix, St

Louis, MO, USA: 0.5 mg/mL ? methyl stearidonate,

Fluka analytical, Sigma- Aldrich, St. Gallen, Switzerland:

0.025 mg/mL). In addition, FA composition of some

samples was confirmed by GC–MS run under similar

conditions as described for the GC-FID.

Statistical Analysis

Data were reported as mean values, plus/minus their

standard deviation (±SD). Means were compared by one-

way analysis of variance (ANOVA), post hoc Tukey test

with a significance level of P \ 0.05. All percentages were

transformed to arcsine values before analyzed with

ANOVA. Statistical analysis was performed using SPSS�

16.0 software (SPSS, Chicago, IL, USA).

Results and Discussion

Water and Oil Content

During germination, the dry matter of the seedlings

decreased significantly (P \ 0.05) from 66.3% at day 0 to

13.6% at day 8 (Fig. 1). Between days 10 and 13, the dry

matter reached its lowest level of *10% and the changes

were not significantly different (P [ 0.05) in this period. A

similar decreasing pattern was observed in the dry matter

oil content (%). There was a significant (P \ 0.05)

decrease from day 4 to day 10 (from 28.9 to 8.7%), after

which the oil content remained constant at *7%. The oil

content on days 2 and 4 was *30%, significantly

(P \ 0.05) higher than on day 0 (25.4%). The decreasing

oil content from day 6 indicates that no major oil synthesis

took place during germination. It is more likely that the

stored oil in the seeds was used for growth energy [12].

The lowest dry matter content in the analyzed borage

parts was observed in the cotyledons, leaves and petals

(7.4, 8.5 and 8.8%, respectively), followed by those in the

roots and stem (all *11%), PB (13.7%), carpels (15.8%)

and the central flower (18.0%) (Fig. 2). Developing seeds

consisted of 37.4% dry matter, and mature seeds (without

soaking in 6 h water, as for germination) had 69.2% dry

matter. The oil content was lowest in the roots and stem,

where it reached *1% of the dry matter. The three flower

parts, carpels, petals and the central flower including PB,

contained less than 5% oil, while the leaves contained just

above 5% oil. The oil content of cotyledons was relatively

high (11.4%). During seed development, lipid bodies in

cotyledons increase rapidly in both size and number,

offering a large oil storage compartment in the seed [27]. In

this study, the cotyledons contained high amounts of lipids

after 7 days of growth. The developing and mature seeds

had similar oil contents (22.9 and 22.1%, respectively).

Baud et al. [28] have reported that during seed develop-

ment, the water content decreases in an almost linear

fashion and in parallel to the increase in oil content of the

seeds. However, the results obtained in the current study

indicated that lipid synthesis was completed well before the

developing seed reached its final dry matter. Oil synthesis
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and storage took place at the time between the stage of PB

and the sampling of the developing seeds. This period, in

which four times more oil accumulated in the developing

seeds than in PB, occurred over approximately 15–25 days

after pollination. The oil production suggests that during

this period, FA-synthesizing enzymes are most active in

borage. The suggested activity of these enzymes was also

confirmed by the results obtained for FA composition

(Table 1) as the percentages of individual FA changed

from PB to developing seeds.

Changes in Lipid Classes During Germination

During seedling growth, the percentage of TAG decreased

significantly (P \ 0.05) from 99.6 to 49.8%, with a cor-

responding increase in PL (from 0.2 to 39.1%), FFA (0.2 to

6.3%) and DAG (0.0 to 4.8%) (Table 2). The increase in

DAG and FFA is probably due to the activity of lipases that

generate FFA from DAG and TAG to supply energy via

b-oxidation [29]. This reduction in TAG follows a similar

pattern to that of the decreasing oil content. DAG on day

12 was lower (3.7%) than those on days 10 and 13 (4.3 and

4.8%, respectively), while FFA decreased from day 12 (6.7

to 6.3%).

The percentage of PL increased significantly (P \ 0.05)

(from 0.2 to 39.1%) as the amount of tissue increased in the

seedling. PL are important for membrane development and

this increase is due to their production (in particular,

phosphatidylcholine) from DAG via cytidine diphosphate-

choline: 1,2-diacylglycerol cholinephosphotransferase

[30]. These changes in PL indicate that oil modification

occurred over the complete germination period.

The changes in neutral lipids and PL in this study were

greater than previously reported by Senanayake and

Shahidi [12]. In the Senanayake and Shahidi study, over a

germination period of 10 days, PL increased from 2.3 to

8.6% (compared with 39.1% in the current study), while

neutral lipids consisting of TAG, DAG, monoacylglyce-

rols, FFA and sterols decreased from 95.7 to 84.1% [12].

The dissimilarities in the results obtained in this study and

the Senanayake and Shahidi study could be due to the

slightly different germination conditions used, different

seeds and the methods (column separation with a sub-

sequent analysis by Iatroscan in the Senanayake and

Shahidi study [12] as opposed to an Iatroscan analysis in

this study).

Changes in Fatty Acid Composition During

Germination

The n-6 FA were more than half of the total FA (%) in

mature borage seeds, whereas n-3 FA were only observed

as minor components, being less than 1% in total. The

major FA in borage oil was LA (37.6%), followed by GLA

(23.7%). The total amount of PUFA was 61.9% in the

mature seeds. The FA composition determined for borage

seeds in this study is similar to reported values [12, 31, 32].

During the 13-day germination period, there was a

progressive change in the FA composition. There was a

significant (P \ 0.05) increase in palmitic acid (16:0) from

10.9 to 15.9% and stearic acid (18:0) from 3.6 to 5.1%. Of

the monounsaturated FA, eicosenoic acid (20:1), erucic

acid (22:1n-9) and nervonic acid (24:1) also increased

significantly (P \ 0.05) (from 4.0 to 5.6%, 2.7 to 3.8% and

1.5 to 2.5%, respectively). As the results are expressed as

percentages, an increment in most saturated and monoun-

saturated FA does not necessarily reflect FA biosynthesis.

It may indicate selective use or b-oxidation of a particular

FA, which may be dependent on saturation (n-6 FA), chain

length and/or position on the glycerol backbone.

Two C20 PUFA were detected from day 4 and day 8,

respectively. The detection of these C20 PUFA at this later

time of germination signifies possible FA biosynthesis,

with enzyme activity involved in their production.
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Unfortunately, the bond position of the C20 PUFA was

unobtainable due to incomplete information from the MS

data. The production of C20 PUFA takes place either via

the conventional pathway involving D6-elongation and D5-

desaturation, or via the D8-pathway, found commonly in

microalgae, involving D9-elongation, D6- and D5-desatu-

ration [33]. In terrestrial plants, gymnosperms also produce

C20 PUFA, such as eicosatrienoic acid (20:3n-3) via the

D8-pathway [34]. However, the pathway for the production

of the two unidentified C20 PUFA in this study remains

unknown.

In the polyunsaturated n-6 and n-3 FA pathway, the

percentages of oleic acid (OA, 18:1n-9), the crucial pre-

cursor of GLA and SDA, remained approximately constant

throughout germination, at *14%. The n-6 FA, LA

decreased significantly (P \ 0.05) (from 37.6 to 26.7%)

over the 13-day period. GLA started to decrease signifi-

cantly (P \ 0.05) from day 6 (from 22.9 to 19.0%). The

reduction of these most abundant n-6 FA in borage can be

connected with the parallel increase in other FA such as

palmitic, erucic or nervonic acid. This point is further

highlighted by the decrease in the percentage of total

Table 2 Changes in the percentages of fatty acid composition and of

triacylglycerols (TAG), free fatty acids (FFA), diacylglycerols (DAG)

and phospholipids (PL) from day 0 to day 13 during germination of

borage seeds; absolute amounts (g/100 g oil) are shown in parenthesis

for the two unidentified fatty acids C20 polyunsaturated fatty acid

(PUFA)(1) and C20 PUFA(2)

Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 Day 13

R Saturates 15.3 ± 0.1a 15.3 ± 0.3a,b 16.1 ± 0.1a,b 17.6 ± 0.2b 21.6 ± 2.8c 22.3 ± 1.9c,d 22.6 ± 1.7c,d 24.0 ± 0.9c

C6:0 n.d. n.d. 0.1 ± 0.0a 0.3 ± 0.0a,b 0.9 ± 0.5c 0.9 ± 0.4c 0.7 ± 0.2b,c 0.9 ± 0.2c

C14:0 0.1 ± 0.0a,b 0.1 ± 0.0a 0.1 ± 0.0a,b 0.1 ± 0.0b 0.1 ± 0.0c 0.1 ± 0.0d 0.2 ± 0.0d 0.2 ± 0.0e

C15:0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.1 ± 0.0

C16:0 10.9 ± 0.1a 11.0 ± 0.1a 11.4 ± 0.0a,b 12.2 ± 0.2b 14.2 ± 1.2c 14.8 ± 1.0c,d 15.0 ± 0.8c,d 15.9 ± 0.5d

C17:0 0.1 ± 0.0a 0.1 ± 0.0a,b 0.1 ± 0.0a,b 0.1 ± 0.0b 0.1 ± 0.0c 0.1 ± 0.0d 0.2 ± 0.0d 0.1 ± 0.0d

C18:0 3.6 ± 0.1a 3.6 ± 0.2a 3.9 ± 0.1a 4.2 ± 0.2a 5.2 ± 0.9b 5.1 ± 0.6b 5.3 ± 0.8b 5.1 ± 0.1b

C20:0 0.3 ± 0.0a 0.3 ± 0.0a 0.3 ± 0.0a 0.3 ± 0.0a 0.5 ± 0.1b 0.5 ± 0.0b 0.5 ± 0.1b 0.6 ± 0.1c

C21:0 n.d. n.d. 0.0 ± 0.0a 0.1 ± 0.0a 0.2 ± 0.1b 0.2 ± 0.1b 0.2 ± 0.0b 0.3 ± 0.1c

C22:0 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.3 ± 0.0b 0.3 ± 0.0c 0.3 ± 0.0c 0.5 ± 0.0d

C24:0 0.1 ± 0.0a,b 0.1 ± 0.0a,b 0.1 ± 0.0a 0.1 ± 0.0b 0.1 ± 0.0b,c 0.1 ± 0.0c 0.2 ± 0.0d 0.3 ± 0.0e

R Monounsaturates 22.7 ± 0.2a 22.4 ± 0.1a 22.6 ± 0.01a 24.0 ± 0.3a,b 26.4 ± 2.4c 26.3 ± 2.1c 25.6 ± 1.1b,c 25.5 ± 0.6b,c

C16:1 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0b 0.2 ± 0.0b 0.2 ± 0.0b 0.3 ± 0.0c

C18:1 14.3 ± 0.2a,b,c 13.9 ± 0.1a,b,c 13.5 ± 0.2a,b 14.4 ± 0.3b,c 14.9 ± 1.3c 14.5 ± 1.1b,c 14.1 ± 0.8a,b,c 13.2 ± 0.4a

C20:1 4.0 ± 0.0a 4.0 ± 0.0a 4.3 ± 0.1a 4.4 ± 0.1a 5.1 ± 0.5b 5.4 ± 0.5b,c 5.3 ± 0.2b,c 5.6 ± 0.1c

C22:1 2.7 ± 0.0a 2.7 ± 0.0a 2.9 ± 0.1a,b 3.1 ± 0.0b 3.8 ± 0.4c 3.8 ± 0.3c 3.6 ± 0.1c 3.8 ± 0.1c

C24:1 1.5 ± 0.0a 1.5 ± 0.0a 1.7 ± 0.0a 1.9 ± 0.1b 2.3 ± 0.2c 2.4 ± 0.2c,d 2.3 ± 0.0c 2.5 ± 0.1d

R Polyunsaturates 62.0 ± 0.2b 62.2 ± 0.4b 61.2 ± 0.2b 58.3 ± 0.5b 51.9 ± 5.1a 51.3 ± 3.9a 51.7 ± 2.7a 50.4 ± 1.5a

C18:2n-6 37.6 ± 0.2d 37.3 ± 0.1d 35.6 ± 0.1c,d 34.0 ± 0.3c 29.2 ± 2.6b 28.7 ± 1.9a,b 28.6 ± 1.1a,b 26.7 ± 0.7a

C18:3n-6 23.7 ± 0.1b 24.2 ± 0.4b 24.4 ± 0.2b 22.9 ± 0.5b 20.2 ± 2.8a 19.8 ± 2.0a 19.9 ± 1.5a 19.0 ± 0.9a

C20:2n-6 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a 0.2 ± 0.0a

C18:3n-3 0.2 ± 0.0a 0.3 ± 0.0a 0.5 ± 0.0b 0.6 ± 0.0b 1.0 ± 0.0c 1.3 ± 0.3c 1.6 ± 0.2d 2.6 ± 0.3e

C18:4n-3 0.2 ± 0.0a 0.2 ± 0.0a 0.3 ± 0.0a 0.3 ± 0.0a 0.4 ± 0.0b 0.5 ± 0.1c 0.7 ± 0.1d 1.0 ± 0.1e

C20 PUFA(1)? n.d. n.d. n.d. n.d. 0.1 ± 0.1a 0.1 ± 0.1a 0.1 ± 0.0a 0.1 ± 0.0a

[0.0 ± 0.0]a[0.1 ± 0.0]a[0.0 ± 0.0]a[0.1 ± 0.0]a

C20 PUFA(2)? n.d. n.d. 0.2 ± 0.0a 0.3 ± 0.0a,b 0.7 ± 0.3c 0.7 ± 0.3c 0.6 ± 0.1b,c 0.8 ± 0.1c

[0.1]a [0.2]a,b [0.4]c [0.2]b,c [0.4]c [0.4]c

TAG 99.6 ± 0.1e 99.5 ± 0.2e 96.1 ± 0.6d 91.5 ± 1.4d 75.2 ± 9.4c 68.2 ± 6.6b,c 62.7 ± 7.2b 49.8 ± 3.6a

DAG n.d. n.d. 0.4 ± 0.2a 0.6 ± 0.3a 3.6 ± 3.2a,b 4.3 ± 2.5b 3.7 ± 1.3a,b 4.8 ± 0.6b

FFA 0.2 ± 0.1a 0.1 ± 0.1a 1.4 ± 0.1a 3.0 ± 0.6a,b 6.3 ± 3.5b,c 7.0 ± 2.6c 6.7 ± 1.8c 6.3 ± 0.6b,c

PL 0.2 ± 0.1a 0.4 ± 0.1a 2.1 ± 0.4a 4.9 ± 1.0a 14.8 ± 3.4b 20.6 ± 2.4c 26.9 ± 4.7d 39.1 ± 3.4e

Results are presented as mean values (±SD; n = 6–9); different superscript letters in each row represent significant differences (P \ 0.05); n.d:

not detected
1 The amount of unsaturation and bond location was not assessable from mass spectra data
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PUFA in borage oil compared with an increase in both,

saturated and monounsaturated FA. The n-3 FA, ALA and

SDA increased significantly (P \ 0.05) (from 0.2 to 2.6%

and 0.2 to 1.0%, respectively); however, their amounts

remained relatively small compared with the n-6 FA. This

increase may indicate that that the n-3 FA were selectively

conserved in the growth phase. When these FA are

expressed in absolute amounts (Fig. 3), OA, LA and GLA

decreased over the 13-day germination period, while the

n-3 FA ALA and SDA increased slightly, but significantly

(P \ 0.05). The increase in n-3 PUFA is likely due to FA

biosynthesis via D6-desaturase.

The light exposure on day 13 did not have a large effect

on the overall FA composition. However, a significant

(P \ 0.05) increase was detectable in ALA and SDA (from

1.0 to 1.4 g/100 g oil and 0.4 to 0.6 g/100 g oil, respec-

tively) from day 12 to day 13. Chloroplasts in green pho-

tosynthetic tissue are proposed to have high levels of

D15-desaturase, the enzyme responsible for producing

ALA [35]. It is known that acyl-lipid desaturases such as

D15- and D6-desaturase are localized in the membranes of

plant plastids and/or endoplasmic reticulum with varying

electron donors and substrate specificities [7]. Both,

D15- and D6-desaturase enzymes are present at this stage

of germination. The high abundance of n-3 PUFA was also

detected in the total oil of borage leaves with high amounts

of ALA and SDA (36.2 and 25.2%, respectively) (Table 1)

and in the chloroplast lipid fraction MGDG (49.1 and
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Fig. 3 Changes in fatty acid (FA) composition (g/100 g oil) of the

n-6 (a) and n-3 pathway (b) during germination of borage seeds with

light exposure on day 13. Results presented as mean values (±SD;

n = 9); different letters on each graph and series represent significant

differences (P \ 0.05)

Table 3 Fatty acid composition (in % of total fatty acids) of total lipids, neutral lipids (NL), glyco- (GL), polar lipids (PL) and monogalactosyl

diacylglycerol (MGDG) of borage leaves

Total lipids NL PL GL MGDG

R Saturates 21.5 (±2.5)b 47.0 (±4.8)d 31.0 (±0.2)c 11.8 (±0.3)a 4.0 (±0.3)a

C6:0 0.4 (±0.3) 3.0 (±0.1) n.d. n.d. n.d.

C10:0 0.8 (±0.7) 4.9 (±0.5) n.d. n.d. n.d.

C12:0 n.d. 0.6 (±0.5) n.d. n.d. n.d.

C14:0 3.7 (±0.5)b 17.1 (±1.1)c n.d. 0.2 (±0.2)a n.d.

C16:0 12.5 (±0.3)b,c 13.8 (±3.2)c 27.1 (±0.3)d 9.3 (±0.4)b 3.3 (±0.2)a

C18:0 2.5 (±0.1)a,b 5.0 (±1.4)c 4.0 (±0.2)b,c 2.3 (±0.4)a,b 0.7 (±0.0)a

C20:0 0.7 (±0.2) 2.6 (±0.4) n.d. n.d. n.d.

C22:0 0.6 (±0.5) n.d. n.d. n.d. n.d.

R Monounsaturates 2.4 (±0.3)b 6.5 (±0.3)d 3.6 (±0.2)c 1.1 (±0.2)a n.d.

C16:1 0.3 (±0.3) 1.9 (±0.3) n.d. n.d. n.d.

C18:1 2.1 (±0.1)b 4.6 (±0.4)d 3.6 (±0.2)c 1.1 (±0.2)a n.d.

R Polyunsaturates 76.5 (±2.8)c 46.6 (±4.9)a 65.4 (±0.3)b 87.1 (±0.5)d 96.0 (±0.3)e

C18:2n-6 9.3 (±0.5)c 10.4 (±0.2)c 23.2 (±0.2)d 5.2 (±0.8)b 1.7 (±0.1)a

C18:3n-6 5.9 (±0.2)b 4.2 (±0.3)a 8.4 (±0.2)c 5.5 (±0.2)b 5.5 (±0.1)b

C18:3n-3 36.2 (±1.7)c 16.4 (±3.2)a 22.9 (±0.4)b 44.6 (±0.7)d 49.1 (±0.4)d

C18:4n-3 25.2 (±1.4)c 15.5 (±1.7)b 10.8 (±0.3)a 31.8 (±0.7)d 39.8 (±0.6)e

Results presented as mean values (±SD; n = 3); different superscript letters within each row represent significant differences (P \ 0.05)
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39.8%, respectively) (Table 3) (this aspect is further dis-

cussed in the following section). Our results demonstrate

that the high n-3 FA production, resulting from activity of

D15- and D6-desaturase, is connected with photosynthetic

tissue and chloroplasts in borage.

The changes in individual FA during germination

described here are more extensive than described in pre-

vious research into borage germination, where Senanayake

and Shahidi [12] reported that palmitic acid remained

constant with *10.5%, LA decreased from 37.2 to 35.2%,

whereas GLA increased slightly from 20.5 to 21.9% over a

germination period of 10 days in complete darkness.

Fatty Acid Composition of Borage Plant Parts

The further the tissues were differentiated, the more vari-

ations in the FA compositions were observed, particularly

with respect to the PUFA content (Table 1). The saturated

FA myristic acid (14:0) was detected only in cotyledons

and leaves. Similar studies conducted in southern Europe

(Spain and Italy) [16, 17] support the presence of myristic

acid, which is contrary to other studies in northern parts of

Europe (Finland) [12, 13] and Canada [12]. The amounts of

myristic acid observed in this and other studies could be

due to factors including genetic, seasonal, climatic (colder

regions might increase the need of the plant for more

unsaturated FA) and experimental variations.

The major FA found in the roots was LA (42.5%), fol-

lowed by palmitic acid (25.2%) and GLA (13.7%). The

overall content of n-3 FA in roots was 12.6%, with

approximately one third SDA. The stems consisted mainly

of LA (25.0%), palmitic acid (23.8%) and ALA (21.5%),

followed by GLA and SDA (10.1 and 9.8%, respectively).

The SDA content in the stems is relatively high compared

to the other tissues analyzed which could be connected to

the presence of chloroplasts and photosynthetic activity.

However, the low oil content of roots and stem (Fig. 2)

demonstrate that these two tissues are not active sites of

lipid storage.

Of the three flower parts, carpels had the highest amount

of n-3 FA (ALA 22.6% and SDA 13.4%), compared with

the central flower (11.3 and 8.4%) and petals (5.9 and

2.3%). The GLA content of these three parts was similar

(15.0, 14.0 and 15.4%, respectively), but the content of LA

(precursor of GLA) varied from 20.4, 33.0 to 45.4%,

respectively. Therefore, activity of D6-desaturase is rela-

tively higher during carpel or central flower development

than during development of the petals.

The FA compositions of developing and mature seeds

were similar, indicating that the majority of oil synthesis

and modification took place in the initial phase of seed

development. The major period when oil synthesis occur-

red was between the sample points of PB and developing

seeds. The D6-desaturase was most active during the

development of the green seeds on n-6 FA. The LA and

GLA contents of developing and mature seeds were very

similar (35.2 and 22.4% in developing seeds, 36.8 and

22.7% in mature seeds, respectively). The ALA content

decreased by threefold from developing to mature seeds

(0.6 to 0.2%), whereas the SDA content remained

approximately the same (0.2%). The decreasing percentage

of n-3 FA could be associated with the loss of chloroplasts

(assessed by loss of green color) in which D15-desaturase

is active [35] and usage of ALA for energy during the final

maturation of the seed. In developing seeds, the main

location of D6-desaturase is on the endoplasmic reticulum

membrane, where this enzyme generally desaturates FA

bound onto phosphatidylcholine (PC) in the sn-2 position

[18, 36]. The FA composition of PB comprises a lower

GLA content than the one in developing seeds (15.5%

compared with 22.4%), but a higher n-3 FA content (8.6%

with approximately one third SDA compared to 0.9%).

This subsequent loss of n-3 FA could also be associated

with the loss of photosynthetic tissue. A finer sampling

scale between pollination and the sampling point of

developing seeds would further define FA biosynthesis

during seed development.

Cotyledons, the initial photosynthetic tissue of a plant

enabling autotrophic function, contained mainly LA

(23.2%) and GLA (22.6%). This indicates a high

D6-desaturase activity during their development. In the

leaves, n-3 FA were the major components of the oil

(61.4%). Their n-6 FA content was approximately three-

fold lower versus cotyledons (15.2% compared with

45.8%). A similar FA composition in borage leaves has

previously been reported, with up to 68.2% n-3 FA and

17.7% n-6 FA, depending on seasonal variations [13]. The

high ALA content (36.2%) in the leaves indicates high

activity of D15-desaturase, most likely in the chloroplasts.

Although chloroplasts are able to import FA synthesized in

the endoplasmic reticulum [37], it is more likely that SDA

and its precursors ALA are produced within the chloro-

plast, which was found in developing cotyledons exposed

to light [15]. The high content of n-6 FA in the cotyledons

might be explained by their large oil storage compartments

[27] and the lack of photosynthetic tissues during seed

development.

The NL fraction (46.8% of total borage leaves oil)

contained mainly myristic acid (17.1%), followed by ALA

(16.4%) and SDA (15.5%) (Table 3). The main FA of the

borage leaves PL fraction (6.3% of total oil) were palmitic

acid (27.1%), LA (23.2%) and ALA (22.9%). The amount

of GLA was approximately one third of its precursor LA

(resulting in a GLA/LA ratio of 0.36) and that of SDA one

half of its precursor ALA (resulting in a SDA/ALA ratio of

0.47). These relatively low ratios in the PL fraction may
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indicate that D6-desaturase in borage leaves is less active in

the endoplasmic reticulum. When bound to the endoplas-

mic reticulum membrane, D6-desaturase uses LA or ALA

esterified on PC as substrates [18, 36] and enriches there-

fore, GLA and/or SDA in the PL fraction. Conversely, the

GL fraction (46.9% of total oil) as lipids characteristic of

the chloroplast membranes [14] showed the highest per-

centages of ALA and SDA (44.6 and 31.8%, respectively)

within these three lipid fractions of borage leaves. The

GLA content was with 5.5% relatively low. This might be

explained by a high D15-desaturase activity in leaves,

converting its substrate LA into ALA which is then further

modified by the D6-desaturase enzyme. The GL fraction

contained approximately 12.6% MGDG lipids. In leaves,

D6-desaturase produces SDA esterified mainly on MGDG

[15] and is bound to the chloroplast envelope membrane

[7, 9]. As a proportion of total SDA in borage leaves oil,

GL contains approximately 58.9% SDA and MGDG as part

of the GL fraction, 8.6% SDA of the total oil. The per-

centage of SDA of leaf MGDG was found to be signifi-

cantly (P \ 0.05) higher compared to SDA of the total GL

fraction (31.8% compared with 39.8%). The relatively high

presence of SDA in the GL and MGDG fractions indicates

that D6-desaturase is active in the chloroplast membrane,

with specificity to ALA esterified on GL and probably

MGDG. Therefore, leaves of the borage plant are a sig-

nificant source of D6-desaturase due to their increased

amounts of SDA, and the ability to produce SDA in the

chloroplasts.

Conclusion

This study demonstrated that the large amounts of oil

stored in borage seeds are most likely to be used to supply

energy for growth of the new shoots during germination.

There was no dramatic increase in the production of indi-

vidual FA in the growing seeds. However, an increase of

SDA indicates the existence of minor FA biosynthesis and

the presence of D6-desaturase activity, in particular, when

associated with the addition of light and subsequent

greening of cotyledons on day 13. We demonstrated that

the initial stage of seed development is the time when the

majority of oil synthesis takes place. The deficiency of

chloroplasts, which are connected with higher D15-desat-

urase activity, in the seeds may be the reasons for an

increased production of n-6 FA rather than n-3 FA. FA

profiles with high GLA contents in developing and mature

seeds indicate high D6-desaturase activity during the initial

stage of seed development. Of the other plant parts, the

leaves demonstrated the presence of high D6-desaturase

activity due to the high presence of SDA, especially in the

GL and MDGD fraction, which are considered as typical

chloroplast lipids. More n-3 FA than n-6 FA were deter-

mined in the total leaf lipids, which may be related to the

D15-desaturase active chloroplasts. The major sources of

D6-desaturase in borage are the seeds during their initial

stage of development, and the leaves.
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