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ABSTRACT

Evening primrose (Oenothera spp.) has the potential to become an alternative oilseed crop
in Patagonia, Argentina. This paper describes and compares phenology and allocation pat-
terns of four wild accessions of Oenothera grown in a common garden, under non-limiting
conditions. Our objective was to identify useful traits to shorten the domestication process.
Accessions differed in the duration of the vegetative growth phase, which was negatively
correlated to seed production per plant (reproductive output). Fruit set ranged between 70%
and 95%, and did not differ among accessions. Differences found in the rate of capsule
production did not explain the observed disparity in the number of fruits per plant. Repro-
ductive output was mainly affected by the number of fruits per plant, vegetative biomass,
and the proportion between seeds and total biomass (reproductive effort). Individual seed
mass did not affect total seed production per plant. Seed-oil content was similar to that of
domesticated species of evening primrose, but the content of gamma-linolenic acid was far
too low (<2%) in comparison to the minimum acceptable standard necessary for seed com-
mercialization (9%). Oenothera wild accessions are prone to seed losses by shattering. We
concluded that short vegetative growth phase and high vegetative biomass would be use-
ful traits for selection in breeding programs. Fruit shattering and low gamma-linolenic acid
content are the main drawbacks that should be overcome to facilitate the domestication of
one of these wild accessions.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Argentina (Ravetta and Soriano, 1998). Thirty native species
of Oenothera have been described in Argentina (Munz, 1933;

Oenothera L. (evening primrose) is a relatively new, high-value
oilseed crop for temperate regions. Seeds contain 17-25% oil,
which is an important commercial source of y-linolenic acid
(GLA), an essential fatty acid with proven applications as
a nutrient and pharmaceutical for humans (Fieldsend and
Morison, 2000a). The production of evening primrose has been
established in northern and eastern Europe, North Amer-
ica and Australasia (Simpson and Fieldsend, 1993), and has
been suggested as a new seed-oil crop suitable for Patagonia,
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Dietrich, 1977; Hoch, 1988) and have yet to be evaluated for
yield potential.

The morphological and phenological traits selected for an
oil-seed crop usually consist in plants with (i) a determinate
growth habit, required for uniform ripening of fruits (Cagirgan,
2006; Ghasemnezhad and Hornermeier, 2007); (ii) an adequate
duration of the vegetative growth phase for the targeted envi-
ronment (Habekotté, 1997; Ploschuk et al., 2003); (iii) a high rate
of flower and fruit production; (iv) indehiscent fruits (Pascual-
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Villalobos et al., 1994); (v) a high number of fruits per plant
(Asare and Scarisbrick, 1995); (vi) a high proportion of the
economically useful part of the plant (Adamsen et al., 2003;
Dingkuhn et al., 2006; Giunta et al., 2007); (vii) high oil and
target fatty-acid content (Fieldsend and Morison, 2000a).

Here, we describe and compare the duration of vegetative
growth phase, allocation patterns, seed-oil content and fatty-
acid composition of individual plants of four accessions of
Oenothera grown in a common garden in Patagonia, Argentina.
Our purpose was to determine the relative importance of these
traits for the selection of improved accessions of currently wild
evening primrose.

We performed a path analysis in order to unravel the com-
parative contribution of these traits to reproductive output.
We considered three attributes: fruit number per plant, seed
number per fruit and seed mass. Fruit number was further
analyzed as a function of the rate of production and duration
of the vegetative phase. The utility of these traits for breeding
programs is discussed.

2. Material and methods
2.1. Plant material

We evaluated two species, Oenothera mendocinensis Gillies ex
Hooker et Arnott and Oenothera odorata Jacquin, sympatric in
the Monte Desert. O. odorata is widely distributed in Patagonia,
from Neuquén to Santa Cruz. Bulk seeds were collected from
Las Lenas, Mendoza (ID 753, 35°11'729"S, 69°47'396"W, 1828 m
a.s.l.) Since O. mendocinensis is a common species in West-
ern Argentina, spread from 33°S to 46°S, and plant adaptive
strategies to the stresses normally encountered by different
populations may differ concomitantly with environmental dif-
ferences over their distribution range (Berger et al., 2002), two
populations were evaluated in our study: one native to the
north-west of the area (hereafter referred to as O. mendocinen-
sis N, ID 738 located in 33°03'158"S, 69°17'201"W, Tupungato,
Mendoza, 2318 m a.s.l.) and one native to the south-west of
the country (hereafter referred to as O. mendocinensis S, ID 863
located in 46°26'910”S, 70° 12’ 781”W, El Pluma, Santa Cruz,
464m a.s.l). A natural occurring hybrid (O. odorata x O. men-
docinensis, hereafter referred to as “hybrid”; ID 756, located in
35°08'773"S, 70°04'690"W, Las Lenas, Mendoza, 2256 m a.s.l.)
was also included in this study.

2.2. Study site and experimental conditions

The four accessions of Oenothera described above were
grown in a common garden, in Gaiman, Chubut, Argentina
(43°21'31"S; 65°38'39”"W). The common garden approach has
the advantage of making studies with populations from dif-
ferent regions possible, and it also limits variation due to
heterogeneity of environmental conditions (Becker et al,
2006). At the same time, conditions are more benign than in
the native environment (roadsides and other eroded areas) to
permit the expression of the reproductive potential of each
genotype.

In the experimental area the mean annual precipitation is
179 mm, the mean low temperature of the coldest month (June

and July) is 1°C and the absolute minimum air temperature is
—10.8°C.

At the beginning of February 2004, seeds were sown in
germination trays filled with soil, peat moss and sand in
equal proportion and maintained in a greenhouse, where
they received 80% of outside light levels and temperature
ranged between 25 and 15 °C (average maximum daytime and
average minimum nighttime temperature). Seedlings were
transplanted to the field 45 days after sowing (April 2004).
Experimental units within this common garden consisted in
plots of 150 individual plants (4 reps per accession for a total of
600 plants per accession). Accessions were randomly assigned
to each plot. Plant density was 21 plantsm~2 (30 cm between
rows, 15 cm between plants). Density was low enough to avoid
intraspecific competition and detrimental effects on final indi-
vidual biomass and reproductive output (Kromer and Gross,
1987). Plants were flood irrigated every 15 days. Weed control
was done by hand-pulling.

2.3.  Vegetative and reproductive variables

Plants were considered to be in vegetative growth phase from
the time of seeding to the day in which at least 50% of the
individuals in each plot showed at least one flower in anthe-
sis. Fruit set was determined in five flowers per plant (10
plants/plot; 4 plots/accession). The rate of capsule produc-
tion (RCP) was calculated from bolting to the date of final
harvest (5 plants/plot; 4 plots/accession). The final number
of capsules per plant (5 plants/plot; 4 plots/accession), the
number of seeds per capsule and seed weight (5 reps/plant;
5 plants/plot; 4 plots/accessions) were recorded 349 days after
sowing. Reproductive output and reproductive effort (RE) were
calculated, like measures of reproductive allocation of individ-
ual plants (5 plants/plot; 4 plots/accessions), as follows:

e Reproductive output = number of seeds per fruit x individual
seed weight x number of fruits per plant.

e Reproductive effort=seed biomass/total biomass (Reekie
and Bazzaz, 1987).

Mean values obtained from 100 individual observations (5
fruits/plant, 5 plants/plot; 4 plots/accessions), were used for
the calculations of RE and reproductive output.

Fruit shattering was recorded 285, 293, 306, 318 and 336
days after sowing. The total number of flowers and the number
of shattered and non-shattered fruits per plant were recorded
in each date (5 plants/plot; 4 plots/accessions).

Plants were harvested (3 plants/plot; 4 plots/accession), 371
days after seeding. Leaves, stems and roots were separated
and placed in an oven at 60°C and weighed daily until con-
stancy.

2.4. Chemical analyses

Seed-oil content was determined by Soxhlet extraction. Seed
samples were oven-dried overnight at 80°C and then allowed
to cool in a desiccator. Samples (1-3g) were ground to a
fine meal and extracted with hexane for 5h (IUPAC Method
1.122). The fatty-acid composition of the oil was determined
by gas-liquid chromatography of fatty-acid methyl esters.
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The fatty-acid methyl esters were obtained by transesterifi-
cation with cold methanolic solution of potassium hydroxide
(Christie, 1999). Oil samples (0.1g) were diluted in 2mL of
hexane and 0.2mL of 2N methanolic hydroxide solution was
added. After stratification, 1 uL from the upper layer, contain-
ing the methyl esters, was injected into a Hewlett-Packard
5890 gas chromatograph (Hewlett-Packard, Sacramento, CA)
equipped with a flame ionization detector and a CP-Wax 52 CB
(Chrompack, Holland) capillary column (25 m length; 0.32 mm
i.d.; 0.22 um film thickness) of fused silica. Nitrogen was used
as carrier gas, and the injector and detector temperatures were
250 and 260°C. Oven temperature was programmed at 180°C
for 5min, then 180-240°C at 4 °Cmin—1, then 240 °C for 10 min.
The fatty acids were identified by comparison with retention
times of a known standard mixture (AOCS-1, Sigma-Aldrich,
St. Louis, MO).

2.5. Statistical analyses

Phenological and morphological variables were analyzed
using one-way ANOVA, with accession (four levels) as the
factor. To determine whether variables were adequately mod-
eled by a normal distribution, the Shapiro-Wilks test was
used. To check for variance homogeneity, the Cochran’s C
test was used. Comparison of means among accessions was
assessed by Tukey’s test. All analyses were done using Stat-
graphics 5.0 (Statistical Graphics Corp.). Fruit shattering was
analyzed using a repeated measures ANOVA design. To gain
more insightinto the relative contribution to reproductive out-
put of phenological and allocation patterns, a path analysis
was performed, using the program package AMOS (Arbuckle
and Wothke, 1999).

3. Results
3.1. Phenology and allocation patterns

All evening primrose accessions were transplanted to the field
during early autumn and survived as an acaulescent rosette
during winter. Eighty percent of the seedlings tolerated freez-
ing temperatures (data not shown) and no differences were
found in winter survival among accessions (P=0.84). Plants
remained in a vegetative state for 7-9 months. The duration
of this vegetative growth phase differed among accessions: O.
mendocinensis N was the first and O. odorata the last accession
to bloom (Table 1). Standard error is zero (Table 1) because
for every accession, the day in which at least one flower was
opened was the same for the four plots. Therefore, it was not
possible to estimate the mean square error of the variable and
analysis of variance could not be conducted. Fruit set ranged
between 70% and 95% and did not differ among accessions
(Table 1). The rate of capsule production (RCP) was significantly
lower in O. mendocinensis S than in the other three accessions,
among which no differences were found (Table 1).

0. mendocinensis N showed a significantly higher number
of fruits per plant than O. mendocinensis S and O. odorata, at
harvest time (371 days after seeding; Table 1). The hybrid
accession showed a higher number of seeds per fruit than
the other accessions (Table 1) but this variable was not related
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Hybrid

Oenothera mendocinensis S

Oenothera mendocinensis N

Oenothera odorata

d.f. error

246 £ 0

246 £ 0

232 +£0

272 £0

Vegetative growth phase (days)®

Fruit set

0.95 + 0.07 a

0.7 £0.01a
0.49 + 0.06 a

0.9 +0.01a
0.80 +£ 0.06 b

548 £43c
1423 £ 20.5a

0.8 £0.10a
0.73 £ 0.06b

208 £ 3.3a
159.2 + 20.1 ab

0.12

2.46
4.73
5.01
19.01
1.02
2.22
5.81

8.7

12
12
12
12

0.71 £+ 0.06 b
442 + 11.5bc

265.8 £ 109 ¢

0.015

RCP (capsule day—1)©

26.4 + 12.5 ab
207.1 £8.0Db

0.019

Fruits per plant (n)

0.001
0.42

Seeds per capsule (n)

100 seed mass (g)
Reproductive output (gpl-?)

Reproductive effort (gg=1)
Vegetative biomass (g)

0.022 + 0.002 a

0.024 + 0.002 a

0.024 + 0.002 a

0.027 + 0.002 a

12
12
12
12

251+ 0.65a

142 £ 032 a

1.99 +£ 0.38 a

1.04 £ 0.20 a

0.143
0.013

0.16 + 0.007 a
2.88 £ 0.55b

0.13 £ 0.010 a
4.57 £ 0.99b

0.22 + 0.037 b
0.92 + 0.07 a

0.10 £+ 0.004 a
397 £045b

0.003

@ Data is mean =+ S.E. Different letters within a row indicate significant differences among accessions (P <0.05). Comparison of means among accessions was assessed by Tukey’s test.

b It was not possible to estimate the mean squares error of the vegetative growth phase and thus, analysis of variance could not be conducted.

rate of capsule production.

¢ RCP=
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O.odorata
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Number of capsules
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100- O.mendocinensis N
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60
40
204

285 293 306 318 336
Days after seeding

Fig. 1 - Fruit shattering in four wild accessions of Oenothera, grown in a common garden in the Chubut River Valley. The
total number of capsules (closed signs) and the number of dehiscent capsules (open signs) per plant were recorded between
285 and 336 days after sowing. Each point represents the mean value of four plots +S.E.

(P>0.05; R?: 0.14) to seed production per plant (reproductive
output). Individual seed mass did not differ among accessions
and did not have a significant effect on reproductive output
(P>0.05; R2: 0.003).

The proportion of biomass allocated to the economically
useful part of the plant (reproductive effort) varied between
0.1 and 0.2 (Table 1). O. mendocinensis showed a higher repro-
ductive effort that the other accessions (Table 1).

The genus Oenothera is prone to seed losses by shattering.
O. odorata and O. mendocinensis (N and S) capsules shattered
as soon as they ripened, while the hybrid accession showed
the lowest fruit shattering during mid-Spring (days 285-300 in
Fig. 1).

3.2.  Seed-oil content and composition

Whereas similar contents of seed-oil were found in every
accession, chromatography revealed significant differences in
fatty-acid composition (Table 2). O. odorata showed a signifi-
cantly lower content of linoleic (18:2), the major component
of the fatty-acid profile, as well as higher oleic (18:1) content
(Table 2). Palmitic acid (16:0) was lower in O. mendocinensis (N
and S; Table 2).

Gamma-linolenic acid (GLA) values ranged from 1.1% to
1.6%. 0. mendocinensis S had a significant higher GLA content
than the rest (Table 2). GLA content was not related to seed-oil
content (P >0.05; R?: 0.02).

Table 2 - Seed-oil content and fatty-acid profile of four Oenothera accessions native to Argentina, grown in a common

garden in the Chubut River Valley?

d.f. error F P O. odorata 0. mendocinensis N 0. mendocinensis S Hybrid

Oil 12 243 0.12 226+ 0.7a 232 +02a 176 £3.2a 192+ 11a
Fatty acids®

14:0 12 0.24 0.86 00+0.1a 0.0+00a 0.1+00a 01+00a
16:0 12 9.5 0.002 83+0.1b 7.7 £02a 76+0.1a 83+0.1a
16:1 12 1.02 0.42 0.1+00a 01+00a 0.1+00a 01+00a
18:0 12 14.91 0.001 24+00a 26+0.0b 27 +£00b 26+00Db
18:1 12 11.89 0.001 10.8 £ 0.3 b 94+02a 94+01a 94+02a
18:2 12 8.06 0.003 76.7 £ 04 a 784 +0.1b 78.0+0.2b 77.9 £ 0.2Db
18:3a 12 5.18 0.02 11+01a 1.1+00a 1.6 +£0.1b 1.2+ 0.1ab
18:3b 12 0.06 0.98 02+00a 02+00a 02+00a 02+00a
20:0 12 7 0.01 02+00a 02+00a 02+00a 02+00a
20:1 12 1.08 0.39 0.1+00a 01+00a 0.1+00a 01+00a

@ Seed-oil content is presented as percentage on seed dry weight basis. Fatty-acid profile is presented as percentages of total seed-oil content.
Values are means (n=4). Means followed by different letters within a row are significantly different (P <0.05).

b 14:0 = miristic acid, 16:0 = palmitic acid, 16:1 = palmitoleic acid, 18:0 = stearic acid, 18:1 = oleic acid, 18:2 =linoleic acid, 18:3a = gamma-linolenic
acid, 18:3b=alpha-linolenic acid, 20:0 = arachidic acid, 20:1 = arachidonic acid.
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Reproductive

output v

~~._ 006"

~ Reproductive
~ effort

N
0.52™ N, 050

Fig. 2 - Path diagram showing the effects of phenology and
plant attributes on reproductive output. RCP =rate of
capsule production. Numbers indicate direct g path
coefficients between traits. Asterisks indicate significance
of the coefficient (P <0.05). Total and indirect effects are
listed in Table 3.

3.3. Relative contribution of attributes to reproductive
output

Reproductive output was affected positively by the number
of fruits per plant, reproductive effort and vegetative biomass
(Fig. 2) and negatively by the duration of the vegetative phase
(Table 3). The relative total effect of the number of fruits per
plant on reproductive output was higher than that of vegeta-
tive biomass or reproductive effort, as indicated by the higher
path coefficients (B; Table 3).

The duration of the vegetative growth phase had a direct
effect on the number of fruits per plant and reproductive effort
(Fig. 2). Indirectly, it also affected reproductive output, through
a negative effect on reproductive effort and on the number of
fruits per plant. Its total negative effect was greater on repro-
ductive output than on the other two variables (Table 3). RCP
did not explain differences found in the total number of fruits
per plant or reproductive output (Fig. 2; Table 3). Reproductive
effort was not affected, as expected, by the number of fruits
per plant (Fig. 2).

4, Discussion

Currently, many wild species are coming under consider-
able scrutiny in breeding and germplasm evaluation programs
around the world, because of the necessity to diversify crop-
ping systems (Berger et al., 2002; Dingkuhn et al., 2006).

The first steps of domestication require some knowledge of
reproductive, vegetative and genetic variation of wild popula-
tions of the potential candidates (Garcia et al., 1997; Ravetta
and Soriano, 1998; Wendel and Cronn, 2003).

All Oenothera populations included in this experiment have
an indeterminate growth habit, which prevents all seeds in
a crop maturing at once. Furthermore, early harvesting of
immature seeds can reduce yield quality and late harvesting
can enhance fruit shattering. Capsule dehiscence is a major
issue that should be overcome in order to accomplish a high
reproductive output. Harvest management techniques have
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Indirect effects

Total effects

RE

No. fruits

Vegetative phase

RCP

Vegetative biomass

RE

No. fruits

Vegetative phase

RCP

Vegetative biomass

0.00
0.00
0.00

0.00
0.00
0.10

0.00
0.00
—0.74

0.00
0.00
0.06

0.00
0.00
0.00

0.00
0.00
0.32

0.00
0.30
0.85

—0.68
—0.70
-0.74

0.07
0.02
0.11

0.00
0.00
0.47

No. fruits

RE

RO

Bold numbers indicate significant coefficients (P <0.05). Direct path coefficients are indicated in Fig. 2.
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been proposed, as a way of limiting seed losses and improv-
ing seed quality in evening primrose (Ghasemnezhad and
Hornermeier, 2007), but these methods require a plant vari-
ety bearing a certain number of matured non-shattering fruits
during harvest time. In our experiment, the hybrid accession
has the potential for higher seed-yields based on the rela-
tively stable number of non-shattering fruits during nearly
12 days. Another option to avoid seed losses is the selection
of non-shattering genotypes from spontaneous mutants from
natural populations or induced through mutation breeding, as
was it has been previously done for other new crops (Pascual-
Villalobos et al., 1994).

Yield advances in traditional crops have come mainly
through improvements in reproductive effort, an alloca-
tion measure similar to harvest index (Loomis and Connor,
1992). Reproductive effort is the proportion between the
organs of economic significance and total biomass, therefore,
small plants, such as those of wild accessions of Oenothera,
despite having a similar reproductive effort than that of
their domesticated relatives (Fieldsend and Morison, 2000a),
yielded a reduced amount of seeds. Consequently, during
the initial stages of the domestication process, selecting for
higher individual plant biomass would be more effective
than improving reproductive effort. Nevertheless, breeding
for increased biomass should be done within the constrains
imposed by environmental conditions of the targeted envi-
ronment, avoiding the generation of a water-consuming crop
(McLaughlin, 1985) and the ecological problems associated
with excessive and, at times, inefficientirrigation in arid lands
(Deng et al., 2006).

The number of fruits per plant had a major impact on
the reproductive output of Oenothera (Fig. 2). Nonetheless, this
variable does not seem to be useful for breeding programs,
because heritability of this trait is usually low, since it is
mainly governed by environmental conditions (Richards and
Thurling, 1979) and competition (Diepenbrock, 2000). How-
ever, low heritability traits can be improved directly by crop
management practices such as nitrogen application (Asare
and Scarisbrick, 1995; Adamsen et al.,, 2003) or indirectly
through selection of other high heritability traits, which have
a significant effect on the former. In this regard, an early bolt-
ing demonstrated to be advantageous for O. mendocinensis N,
resulting in the highest number of fruits per plant. Similar
results were found in other crops, where the highest produc-
tion of fruits was found in plants that flowered first and had
the longest flowering period (Berger et al., 2002; Vignolio et al.,
2002; Ploschuk et al., 2003). The factors influencing the tim-
ing of bolting in Oenothera comprise rosette size (Hirose and
Kachi, 1982), vernalization and long-day photoperiod (Kachi
and Hirose, 1983). The vegetative growth period is of great
importance, because the life cycle of evening primrose in
short-season areas such as Patagonia (Cabrera, 1994), is lim-
ited by the duration of the growing season, and an increase
in the duration of the vegetative phase is followed by a con-
comitant decrease in the duration of the grain-filling period.
Considering a fixed and common date for the end of the repro-
ductive period, the number of fruits per plant mostly depends
on early bolting. In theory, it also depends on fruit set and the
rate of capsule production, but in our experiment the former
was similar among the studied accessions and the latter had a

non-significant effect on the final number of fruits. Therefore,
the duration of the vegetative phase constitutes one of the
key yield components. This variable has been used as a cri-
terion for selection in breeding programs for several species,
i.e. chickpea (Berger et al., 2006), wheat (Mahfoozi et al., 2006)
and groundnut (Upadhyaya et al., 2006), to avoid drought or
temperature stresses.

Seed-oil content ranged between 17% and 23% (Table 2).
These values are similar to those described for wild and cul-
tivated evening primrose (Wolf et al., 1983; Christie, 1999;
Fieldsend and Morison, 2000b). The GLA content found in our
accessions were upto 1.6%. These concentrations are similar
to that found in some other species of the genus (Velasco and
Goffman, 1999), but very low in comparison to the minimum
acceptable standard for the nutritional supplements indus-
try content (9%; Fieldsend and Morison, 2000b). Nevertheless,
there are several options available to enhance GLA production.
Possibilities range from the employment of genetic engineer-
ing protocols (Liu et al., 2001; Mendoza de Gyvest et al., 2004) to
the application of relatively simple management techniques,
i.e. breeding early cultivars (Levy et al., 1993) or harvesting in
late Spring (Ghasemnezhad and Hornermeier, 2007). The cul-
tivation of early cultivars can help increase the activity of A
6-desaturase. Several authors demonstrated that this enzyme
is affected by heat (more than 27 °C) and that the occurrence of
high temperatures during seed-filling (3040 days after anthe-
sis; Levy et al., 1993) is the main cause for the low GLA content
(Yaniv et al., 1989; Fieldsend and Morison, 2000b).

Our results indicate that there was no significant rela-
tionship between seed-oil content and GLA content (Table 2).
Similar results were found by Fieldsend and Morison (2000b)
for Oenothera biennis. As these variables are not negatively
associated, GLA content might be used as a selection
criterion without restraining selection for seed-oil con-
tent.

5. Conclusions

Four accessions of evening primrose native to Argentina were
evaluated for their potential as crops. The influence of pheno-
logical and allocation patterns on reproductive output were
analyzed with the purpose of proposing criteria for breeding
programs. We concluded that the following traits would pro-
vide useful selection criteria to improve reproductive output
and seed quality: (1) a short vegetative phase (early bolting)
would be advantageous in terms of prolonging the reproduc-
tive season and enhancing GLA content; (2) plants with higher
vegetative biomass; and (3) higher number of fruits per plant.
Management practices such as fertilization should be tested in
order to improve the last two traits. The main drawbacks that
should be overcome to facilitate the domestication of one of
these accessions are (1) fruit shattering and (2) low gamma-
linolenic content.

On the basis of phenological and allocation patterns, the
hybrid accession is the best candidate to become a new crop.
0. mendocinensis and O. odorata have little to offer, on the basis
of very poor agronomy, including a low reproductive effort,
tendency to shatter, and late bolting.
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