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ABSTRACT: y-Linolenic acid (GLA, 18:3 A6,9,12) has been
reported to be helpful in the treatment of a wide range of disor-
ders. Borage (Borago officinalis L.) is an annual plant of re-
newed interest because the seeds are an important source of
GLA. The failure to retain mature seeds until harvest limits the
total seed and GLA yield per plant and is the major limiting fac-
tor for the commercial production of borage. In the course of a
mutagenesis program, an agronomically good line of white-
flowered borage (RG-001) was treated with ethyl methane sul-
fonate. As a result of this program, several types of mutants were
identified in the M2 generation of plants: a chlorotic mutant
(type A); a mutant with increased number of sepals, petals, and
ovules but reduced fertility (type B); and mutants with closed
flowers (type C1) or partially opened flowers (type C2) that had
increased seed retention. The type C mutants are the first re-
ported borage plants with a nonshattering habit. After crossing
type B plants with normal plants, a new mutant (type B1) was
obtained with higher fertility and higher seed production per
flower than those from normal plants. These mutants could be
used to develop borage lines that would be superior to those
currently available as a source of GLA.
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Borage (Borago officinalis L.) is an annual plant that has
been used from ancient times for culinary and medicinal pur-
poses. In the book History of Plants, published in 1597, John
Gerad quoted as “an old verse” the following sentence: “Ego
Borago gaudia semper ago” (I, Borage, bring always
courage), confirming the old belief in the properties of the
leaves and flowers of borage to take away sorrow and melan-
choly (1).

Recently, interest in borage has been renewed because its
seeds contain a high percentage of y-linolenic (all-cis-6,9,12-
octadecatrienoic) acid (GLA). This fatty acid is an intermedi-
ate of indispensable compounds in the body, such as prosta-
glandin E1 and its derivatives (2). Normal synthesis of GLA
from linoleic acid via A6-desaturase can be decreased or
blocked in humans by several factors, such as stress, diabetes,
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obesity, alcohol, and aging. Under these circumstances,
supplementation of the diet with vegetable oils that contain
this fatty acid is being used for the treatment of health prob-
lems related to deficiencies in essential fatty acids and prosta-
glandins (3).

Although seeds of many plants contain GLA (4-6), the
most common commercial sources of GLA for pharmaceuti-
cal uses are evening primrose (Oenothera biennis L.) and bor-
age. Borage seed appears to be the richest known plant source
of GLA, with 16 to 28% GLA in the oil and a total seed oil
content of 27 to 37% (5-8). Additional advantages of borage,
in comparison with evening primrose, are its annual life cycle
and its larger seeds, which make harvest and oil extraction
easier (9).

Large-scale commercial production of borage is difficult
because of its indeterminate growth habit, nonuniform seed
ripening, and its shattering habit: a large percentage of
ripened seed shatters and falls to the soil before and during
harvest. Therefore, typical seed yields of borage under Euro-
pean conditions range from 100 to 500 kg/ha, which repre-
sents about half of the potential seed yield (5,10).

Despite considerable natural variability for growth charac-
teristics found in germplasm collections of wild and culti-
vated borage, the lack of variation in seed shattering is still
the major challenge in research work on this semidomesti-
cated species (5,8). Galwey and Shirlin (9) carried out a pro-
gram of selection in borage for GLA, oil content and seed
production, including mutagenesis with 2 X 107 M or 2 x
1073 M aqueous solution of sodium azide, or 0.1 or 1%
aqueous solution of ethyl methane sulfonate (EMS) for 2 h,
but they produced no mutant phenotypes in subsequent gen-
erations.

In 1991, a breeding program was initiated with the ob-
jective of developing borage lines that are well adapted
to Mediterranean conditions, and with improved character-
istics for GLA production: high oil content in the seed, high
GLA content in the oil, and reduced seed shattering. After
evaluation of a germplasm collection of 210 wild and cul-
tivated species of borage (8), a trial was carried out to in-
crease the natural genetic variability by inducing chemical
mutagenesis with EMS. This paper describes the detection
and isolation of two mutant lines with improved seed produc-
tion traits.
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EXPERIMENTAL PROCEDURES

In November 1993, approximately 15,000 seeds of white-
flowered borage, belonging to an accession with high self-fer-
tility (RG-001), were exposed to a solution of 1% (vol/vol) of
EMS for 16 h under continuous stirring. Seeds were then thor-
oughly rinsed with tap water for 4 h. Immediately after muta-
genesis, M1 seeds were planted in the field in rows 5 m long
with 1-m spacing between rows at the experimental farm of
the Agricultural Research Center of Cérdoba. Approximately
1 wk before flowering, 1000 plants from the EMS-treated
seeds (M1 generation) were bagged both to force self-polli-
nation and to make the harvesting of M2 seeds easier. Plants
from RG-001 untreated seeds were used as a control.

Seeds of each bagged plant were sown in a single row in
November 1994 to produce the M2 generation and, before
flowering, five plants of each row were bagged and self-polli-
nated to obtain M3 seeds.

In the M2 generation, plants with modified morphological
traits in relation to the control were both self-pollinated and
crossed with untreated plants to recover the mutant traits and
to study the genetic modifications involved in these muta-
tions. For each mutant type, about 50 self-pollinations and
about 40 crosses with normal plants were made. In Novem-
ber 1995, samples of the resulting seeds were germinated on
Petri dishes and cultivated in pots, one seed in each, under
controlled pollination conditions to produce 20 plants from
each self-pollination and from each of the crosses between
mutants and normal plants. During the flowering period
(April-May 1996), 10 flowers per plant were inspected to an-
alyze the segregations in the resulting progenies. Fifty polli-
nated flowers from each mutant type were chosen at random
to calculate the variability in the number of petals, sepals,
ovules, and seeds per flower, and to apply statistical analysis.
Significant differences between means were determined by
Duncan’s multiple range test.

RESULTS AND DISCUSSION

Mutant isolation. Three different types of mutants were ob-
tained in the M2 generation of plants: Type A: Chlorotic or
yellow-leaved plants, with no pollen in their flowers. Type B:
Plants with modified flowers: larger than normal, with a
higher number of petals, sepals, and ovules (almost double
that in the original plants). In most flowers, the style and
stigma were malformed. Type C: Plants with flowers closed
(C1 type) or partially opened (C2 type). In these two mutant
types, the petals did not follow the general rule of falling 2 d
after opening, but instead they remained on the flower, dried,
and stayed on the plant to the end of the life-cycle. This mod-
ification seems to affect shattering of the seeds. Type C1
plants can be considered as indehiscent plants because their
mature seeds were fully retained by closed petals. Although
the seed retention in C2 plant types was not as strong as in the
C1 plants, partially opened petals and seeds remained on the
plant well after it had dried at the end of its life cycle.
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Because each one of these mutants was located in single
specific rows, we were able to hypothesize the genetic cause
of these mutations and the prospect of these mutants to in-
crease the yield of GLA per plant.

Mutant multiplication. As described above, the mutants
showed different levels of fertility among them when they
were both self-pollinated and crossed with untreated plants:
Type A was of poor physiological quality and could not be
reproduced. Type B mutant progeny showed reduced fertility
after both self-pollination and crossing to controls. This may
be due to visible pistil malformations and/or meiotic abnor-
malities, caused by the EMS treatment. These meiotic abnor-
malities were observed under the microscope as pollen grains
of variable size, but they were generally double that of pollen
from untreated plants. When fertilization was achieved, there
were as many as eight seeds per flower, double the maximum
productive capacity (four seeds) of a normal flower. Type C1
had low fertility when it was self-pollinated, possibly owing
to alterations in the style of the unopened flowers. In this mu-
tant, the normal process of style elongation that occurs dur-
ing anthesis is blocked. When flowers were manually opened
before anthesis and pollinated, they showed normal fertility.
Type C2 had fertility similar to that of normal plants.

Segregants. The self-pollinations of mutants and the
crosses with normal plants enabled us to recover all types of
mutants identified in the M2 generation. In addition to these
mutants, a new mutant type (B1) was obtained after crossing
type B plants with normal plants, with floral characteristics
intermediate between the two, and with the following advan-
tages: the flowers have about double the number of ovules, a
normal-shaped style, and higher fertility and higher seed pro-
duction per flower than normal plants.

Table 1 shows the mean and range of the number of petals,
sepals, ovules, and seeds per flower in the different mutant
types of borage. Although the flowers of type B plants have the
highest number of ovules, the seed production per flower was
significantly lower than in normal plants. Mutant plant type B1
showed the highest seed production per flower due to the com-
bination of high number of ovules per flower and high fertility.

Although an insufficient number of plants from each prog-
eny were studied to test genetic ratios and to establish genetic
conclusions, our preliminary results can be explained by the
hypothesis that, on the one hand, B and B1 are the results of
quantitative changes in the borage genome and, on the other
hand, C1 and C2 mutants are produced by localized mutations
in the borage genome.

These hypotheses need to be confirmed by means of cyto-
genetic and molecular techniques before the genetic changes
produced in B, B1, C1, and C2 mutants are fully understood.

B1 and C2 mutants could be used to obtain higher produc-
tion of seeds per plant and therefore of GLA. B1 mutants
would allow us to increase the number of seeds per flower,
and C2 mutants managed to obtain a higher yield of seeds be-
cause these plants retain their mature seeds until harvest,
eliminating the seed loss due to seed shattering that charac-
terizes normal plants.



ISOLATION OF CHEMICALLY INDUCED MUTANTS IN BORAGE 283

TABLE 1 REFERENCES
Variability in Flowers and Seeds in Untreated and Mutant . .
Borage Plants? 1. Gerard, J., The Hlsto;fy of Plants, 1597, eleed by Marcus Wood-
ward, 1927, and published by Senate, Studio Editions Ltd., Lon-
Untreated Mutant plants don, 1994, pp. 185-186.

plants  Type B® Type B1¢ Type C19 Type C2¢ 2. Horrobin, D.F., The Regulation of Prostaglandin Biosynthesis
by the Manipulation of Essential Fatty Acid Metabolism, Rev.

Petals  Mean” 5b  8a >1b - 5h ob Pure Appl. Pharmacol. 4:339-383 (1983).
Range 5 79 5-6 5 5 3. Horrobin, D.F., Nutritional and Medical Importance of Gamma-
Sepals Mean 5¢ 8a 5.2b 5¢ 5¢ linolenic Acid, Prog. Lipid Res. 31:163—194 (1992).
Range 5 7-9 5-7 5 5 4. Wolf, R.B., R. Kleiman, and R.E. England, New Sources of y-
Linolenic Acid, J. Am. Oil Chem. Soc. 60:1858-1860 (1983).
Ovules  Mean dc 18.3a 7.9b 4c 4c 5. Janick, J., J.LE. Simon, J. Quinn, and N. Beaubaire, Borage: A
Range 4 16-25 /-8 4 4 Source of Gamma-Linolenic acid, in Herbs, Spices and Medici-
Seeds Mean 2.8b 2.2¢ 4.5a 1.2d 2.4b,c nal Plants, Vol. 4, edited by L.E. Cracker and J.E. Simon, Oryx
per Range  0-4 0-8 0-7 0-4 0-4 Press, Phoenix, 1989, pp. 145-168.
flower 6. Gunstone, F.D., Gamma-Linolenic Acid—Occurrence and
“Number of flowers inspected in each mutant type and in untreated plants: Flhgygsgal and Chemical Properties, Prog. Lipid Res. 31:145-161
50. .
bType B: plants with flowers larger than normal and often with the style and 7. Muuse, B.G., M.L. Essers, and L.J.M. Van Soest, Oenothera
stigma malformed. Species and Borago officinalis: Sources of Gamma-Linolenic
“Type B1: plants with normal-shaped style and high fertility. Acid, Neth. J. Agr. Sci. 36:357-363 (1988).
“Type C1: plants with flowers closed and seed retention. 8. Del Rio, M., and A. De Haro, Wild and Cultivated Borago of-
)fTYPe C2: plants with flowers partially opened and seed retention. ) ficinalis L.: Sources of Gamma-Linolenic Acid, Grasas y
Meaqs V\([Fhln the same row with the same I(/etter are not significantly differ- Aceites 44:125-126 (1993).
ent. Significance was calculated by Duncan’s multiple range test (o0 = 0.05 9. Galwey, N.W., and A.J. Shirlin, Selection of Borage (Borago

level). officinalis) as a Seed Crop for Pharmaceutical Uses, Heredity

65:249-257 (1990).
10. Helme, J.P., Onagre, Bourrache, Pépins de cassis, in Manuel des
Corps Gras, Vol. 1, edited by A. Karleskind, Technique et Doc-

These results are a starting point for future breeding work umentation-Lavoisier—Paris, 1992, pp. 165-172.
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