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Abstract. A tissue culture protocol was developed that increased the germination percentage and decreased the lag
time to germination for strawberry (Fragaria x ananassa Duch.) achenes. This technique involved cutting surface-
sterilized achenes across the embryo axis then placing the shoot apex/radicle-containing sections on semisolid Mura-
shige and Skoog medium lacking hormones. Cut achenes began germinating 5 days after culture and achieved
maximum germination (97% to 100%) in less than 2 weeks, compared to whole achenes, which began to germinate
7 to 10 days after sowing and required more than 7 weeks for maximum germination (<50% ). Enhanced germination
of cut achenes was a general phenomenon since achenes from 231 hybrid crosses responded similarly. Following
placement on culture medium, cut achenes could be stored up to 8 weeks at 4C then removed to 27C, where
germination and seedling development occurred at percentages and rates comparable to freshly cut achenes. Achenes
did not require stratification before cutting to exhibit increased germination. Nearly 100% of the achenes from freshly
harvested red-ripe, pink and white strawberries germinated after cutting and culture, although cut achenes from
white and pink berries germinated more slowly than those from red-ripe berries. Achenes from green berries, whether
whole or cut, did not germinate. This method of “embryo rescue’” could be used to generate more seedlings from
poorly germinating hybrid crosses, would considerably decr ease the time from sowing to seedling production compar ed

to traditional means, and would produce seedlings of uniform age for subsequent field evaluation.

Strawberry achenes often exhibit variable and/or low germi-
nation percentages. ‘Further, emergence of seedlings may be
staggered, occurring from 2 to 12 weeks after sowing (Henry,
1935; lyer et a., 1979; Scott and Draper, 1967; Wilson et a.,
1973). For a strawberry breeding program, these aspects of
strawberry seedling production result in the loss of potentially
valuable genotypes and evaluation of plants of different ages.
Hence, the development of a technique that would consistently
result in a high germination percentage occurring over a short
period for numerous genotypes would be of great value.

Several treatments have been reported to affect strawberry
achene germination, including acid scarification (Scott and Ink,
1948), cold treatment (Bringhurst and Voth, 1957; Thompson,
1969), light exposure (Nakamura, 1972 Scott and Draper, 1967),
gibberellic acid (Nakamura, 1972; Thompson, 1969), and ethe-
phon (lyer et a., 1979; Wilson et al., 1973). To some extent,
al of these treatments were successful. However, strawberry
genotypes exhibited variable responses in maximum germina-
tion percentage, and germination still occurred over an extended
period.

Recently, we reported (Miller and Chandler, 1990) that an
excised shoot apex/radicle-containing portion of strawberry
achenes germinated and developed into a normal seedling. In a
subsequent preliminary study (Erb et al., 1989), we found that
nearly 100% of the cut achenes tested germinated in less than
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1 month. A similar treatment has been reported to significantly
improve the germination of Rubus seeds (Ke et al., 1985). The
present paper reports the results of four experiments that com-
pared the temporal and developmental characteristics for the
germination of cut achenes (shoot apex/radicle-containing ex-
plants) with that of whole achenes subjected to chemical and/
or physical treatments previously reported to stimulate germi-
nation. In al experiments, whole (intact), untreated achenes
were used as controls.

Materials and Methods

Plant material. Strawberry achenes for this study were from
open-pollinated ‘ Catskill’, a hybrid cross of ‘Chandler’ x ‘To-
tem’, and crosses of other selected cultivars used as parents in
a breeding program. All achenes, except those from ‘ Catskill’,
were dried to 10% to 14% water content. After drying, ‘Chan-
dier x ‘Totem’ achenes were stored at 4C for at least 4 months
before experimentation, whereas breeding program seed lots were
cold-stored for variable periods.

Achene culture and germination. In Expt. 1 (Table 1), ‘Chan-
dier'x ‘Totem’ achenes to be cut were surface-sterilized with
10% Clorox (0.5% final NaOCI) for 10 rein, then rinsed (4x)
in sterile, double-distilled (SDD) water. Cut achenes were pre-
pared under sterile conditions in a laminar flow hood (Baker,
Sanford, Maine) by cutting the sterilized achenes transversely
with a scalpel (Miller and Chandler, 1990). Cut achenes were
then placed in plastic-capped baby food jars containing 50 ml
of MS (Murashige and Skoog, 1962) medium solidified with
0.2% (w/v) Phytagel (Sigma Chemica Co., St. Louis) and sup-
plemented with 3% (w/v) sucrose. Comparative treatments with
intact achenes were prepared under sterile conditions as follows:
1) Surface-sterilized whole achenes were placed on MS medium
as described above [i.e., without hormones (control)] or on MS
medium containing various hormone combinations. N-(phenyl-
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Table 1. Total germination percentage and time to maximum ger-
mination of whole, acid-scarified, mechanically scarified, and cut
‘Chandler’ x “Totem’ strawberry achenes.

Time for
' maximum
Achene Germination germination
treatment Germination medium (%) (months)
Experiment 1
Whole
Untreated  Soilless mix 27 abc? 3
. Moistened filter paper 39 bed 3
MS medium/no hormones 32 abed 3
MS medium/5 pm BA '+
5 uwM NAA 47 cd¥ 2.5
MS medium/5 pm BA 57 @ 2.5
MS medium/5 pM NAA 33 abed” 2.5
MS medium/1 pM GA, S3d 2
. MS medium/5000 ppm ethrel 37 abed® 2
Acid-
scarified Moistened filter paper 13a 2.5
MS medium/no hormones 21 ab 3
Cut MS medium/no hormones 97 ¢ 0.5
Experiment 2
Whole ‘
Untreated Moistened filter paper 10a 2
Machine-
scarified Moistened filter paper 20a 2
Hand- ;
scarified Moistened filter paper 27a 2
Punctured :
hilum  Moistened filter paper 63b 125
Cut Moistened filter paper 100 ¢ 0.25

“Via ues represent the mean where n = 6 replicates, Mean separation
within an experiment by Duncan’s multiplerange test (t = 0.05).
"Seedlings emerged from achenes, but then formed callus.

‘ Seedlings emerged from achenes, but became chlorotic and were stunted.

methyl)- [H-purin-6-amine (BA) and I-naphthaleneacetic acid
(NAA) were added to MS medium before being autoclave,
whereas gibberdllic acid (GA,) and 2-chloroethylphosphonic acid
(ethrel) (adjusted to pH 5.8 with 2 n NaOH) were filter-steri-
lized, then added to the cooled, autoclave medium. 2) Surface-
sterilized whole achenes were germinated in 100 x 15-mm petri
dishes contaning two layers of sterile Whatman #1 filter paper
moistened with 5 ml SDD water or on the surface of moistened
soilless mix containing equal parts of vermiculite and perlite
(v/v) held in plastic-wrap-covered pots. 3) Dry, whole achenes
were acid-scarified in cold, concentrated HC1 for 15 rein, then
rinsed (4x ) in SDD water. Scarified, sterile achenes were cul-
tured on MS medium (no hormones) or germinated on moist-
ened filter paper as described above.

Experiment 2 (Table 1) compared germination of cut ‘Chan-
dler x ‘Totem’ achenes to that of whole achenes after physical
scarification treatments or to that demonstrated by a control
(unscarified). Scarification treatments were as follows: 1) Hand
scarification was accomplished by abrading individual achenes
(4x) between facing sheets of sandpaper (3MK 413Q Wet or
Dry Tri-m-ite A wt. W2). 2) Achenes were scarified mechani-
caly for 60 min at 35 kPa (supplied by compressed air) in a
Hoffman seed scarifier (Hoffman Manufacturing, Albany, Ore.)
equipped with 3M sandpaper (Crystal Bay Crocus Cloth NT1).
3) Scarification was also achieved by puncturing achenes through
the hilum with a no. 20 gauge syringe needle (i.e., boring into
the achene to breach the endocarp without cutting it and without
damaging the shoot apex/radicle-containing portion of the em-
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bryo). Asin Expt. 1, cut and control seed lots were prepared
by surface-sterilizing whole achenes in sodium hypochlorite be-
fore treatment (cut achenes only) and subseguent placement on
the germination medium. In contrast, achenes subjected to scar-
ification procedures were surface-sterilized after treatments were
performed. All achenes in Expt. 2 were germinated using the
moistened filter paper technique described above.

The effect of fruit maturity at harvest on cut achene germi-
nation was examined in Expt. 3 (Table 2). Open-pollinated
‘Catskill’ achenes were isolated from fresh receptacles at the
green, white, pink, and red-ripe stages of development. Im-
mediately after isolation (i.e., without drying or cold treat-
ments), achenes were surface-sterilized, cut, and then cultured
on hormone-free MS medium as described for Expt. 1. Corre-
sponding whole achenes serving as controls were comparably
surface-sterilized and cultured.

A fourth experiment was designed to determine whether cut
achenes could be stored before germination. ‘Chandler’ x ‘To-
tem’ achenes were surface-sterilized, treated, and then placed
on hormone-free MS medium as above (Table 3). Jars contain-
ing cut achenes were stored (4C, dark) for O, 3, 7, 14, 28, or
56 days before their removal and placement under standard ger-
mination conditions.

For all experiments, achenes were germinated at 27-'1C
under a 12-h photoperiod supplied by General Electric F40 W
warm-white fluorescent lamps (fluence of 100 pmol-m *s™
photosynthetically active radiation).

Each experiment was repeated at least twice with at least three
replicate jars, pots, or petri dishes per experiment and a mini-
mum of five achenes per replicate. All treatments were scored
daily for seedling germination as evidenced by protrusion of the
root and shoot.

Table 2.  Effect of fruit maturity on the germination percentage of cut
and whole, nonstratified achenes from Catskill’ strawberries.

Fruit maturity
Weeks after _Sced of white Seed of pink Seed of red-ripe
sowing  Whole  Cut  Whole Cut  Whole Cut
Germination (%)

1 00173 - - 0x0 7322
2 -y - 0+x0 0x0 00 8 =17
3 00677 00973 00 9 *10
4 00779 33973 0+ 0 9 =10
7 13+9 83 +730+697+323x12100=*0
*Values represent the mean +sE (n = three replicates, each containing

10 achenes).
¥Not determined.

e

Table 3. Effect of storage of cut achenes at 4C on subsequent ger-
mination of achenes from ‘Chandler’ x “Totem’ strawberries.

Time to

Duration of maximum
storage at 4C Germination germination

(days) (%) (weeks)
0 94 + 32 2
3 92 + 4 3
7 90 = 4 3
14 70 = 4 2
28 64 =9 3
56 72 £ 7 3
*Values represent the mean +Sg (n = 10 replicates, each with 10
seeds).
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Results and Discussion

In our initial experiment, whole ‘Chandler’ x ‘Totem’
achenes sowed on soilless mix, moistened filter paper, or MS
medium lacking hormones exhibited < 40% germination (Table
1, Expts. 1 and 2). Scarification of whole achenes with acid or
treatment with 5 pm BA + 5 um NAA, 5 pv NAA aone, or
5000 ppm ethrel did not enhance germination. Germination of
whole achenes increased slightly (up to 57% total) in the pres-
ence of 5 um BA or 1 pm GA,, but these seedlings became
stunted or formed callus (Table 1, Expt. 1). In our next exper-
iment, we attempted to affect germination of achenes by me-
chanically scarifying the endocarp (Table 1, Expt. 2). As shown,
neither machine nor hand scarification significantly enhanced
germination, compared to untreated achenes. Both of these
treatments removed substantial portions of the endocarp, as ob-
served by dark-field microscopy (data not shown), and further
scarification resulted in severe damage to the embryo.

A further consideration with al of the treatments in Expts. 1
and 2, except cutting, was that it took from 2 to 3 months for
maximum germination to occur. Therefore, although the above
treatments have been reported to increase germination of seeds
from other plant species (Hartmann and Kester, 1959) and ach-
enes from certain strawberry genotypes (Bringhurst and Voth,
1957; lyer et d., 1979; Nakamura, 1972; Scott and Draper,
1967; Scott and Ink, 1948; Thompson, 1969; Wilson et a.,
1973), they apparently have little effect on others, including
‘Chandler’ x ‘Totem'.

Two treatments that did significantly’ enhance germination
and yielded normal seedlings were puncturing of the endocarp
near the hilum region and cutting achenes across the embryo
axis. Puncturing did increase germination, relative to untreated,
whole achenes, but it still took 5 weeks to achieve maximum
germination. Further, the total germination percentage for punc-
tured achenes was less than that for cut achenes (Table 1, Expt.
2).

Cutting achenes and then placing the shoot apex/radicle-con-
taining portion on MS medium lacking hormones significantly
increased total germination of ‘Chandler’ x ‘Totem’ achenes to
alevel higher than that observed with any other treatment (> 97%;
Table 1, Expts. 1 and 2). Further, maximum germination oc-
curred in 2 weeks or less. During a detailed time course ex-
amination, we found that most achenes germinated ( > 70%) within
the first week after cutting and sowing the acheres (Fig. 1).
Embryo swelling was seen after 3 days, and germinated seed-
lings were clearly evident after only 5 days (Fig. 1, inset).
Germination of cut achenes began to plateau after 7 days. For
comparison, germination of whole achenes, regardless of acid
scarification, was not observed until after at least 7 days, began
to plateau after 6 to 7 weeks, and did not reach completion until
13 weeks (Fig. 1). Ke et a. (1985) reported that nicking Rubus
seeds increased germination and decreased the time to maximum
germination, relative to whole seeds. Thus, this technique may
be applicable to many rosaceous crops with a hard endocarp
surrounding the embryo. The utility of the cut achene technique
is further demonstrated by its success with numerous genotypes.
To date, we have germinated more than 97% of more than
15,000 achenes from 231 divergent strawberry crosses (data not
shown).

Factors other than embryo germination are involved in seed-
ling survivability, since not al of the cut achenes that germi-
nated produced mature field-grown plants. Only 56% of the cut
achenes from al hybrid crosses survived in the field. The re-
mainder (44%) were lost at previous handling steps. The largest
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Fig. 1. Germination time course of whole, whole (acid-scarified),
and cut ‘Chandler’ x ‘Totem’ achenes cultured on MS medium lack-
ing hormones. Inset shows germination of cut achenes during the
first week after cutting and culture. Bars indicate se.

loss (25%) occurred at the in vitro culture step, and the majority
of these (22%; 25% minus 3% not germinated) exhibited de-
velopmental abnormalities (no root development, no apical mer-
istem, etc.). Seedling losses in the mist bench, greenhouse, and
field were 14%, 4%, and 1%, respectively. The overall survival
rate for seedlings from cut achenes (56%) was higher than the
germination rate for whole achenes (10% to 39%, Table 1).
Seedling losses in the mist bench, greenhouse, and field for
whole achenes could be expected to be similar to seedling losses
from cut achenes. Thus, cutting achenes offers a distinct ad-
vantage to increase fina seedling counts. However, genotypic
variation was evident, since seedling survivability ranged from
0% to 100%, depending on the hybrid source of the achenes.
On MS medium supplemented with sucrose, cut achenes
underwent normal development into seedlings. When cut
achenes were placed on moistened filter paper, the germinating
seedlings died within 1 week after germination. Apparently, the
germinating embryos required sucrose and/or other nutrients in
the culture medium to replace the energy source normally found
in the cotyledons, which were removed by the cutting process.
Acclimatization to greenhouse conditions was necessary before
seedlings could be transplanted to the field. The total time for
the production of field-ready seedlings was 3.5 months.
Strawberry achenes normally require an extended cold treat-
ment (up to 4 months) to achieve maximum germination, and
only achenes from mature fruit are germinated (Bringhurst and
Voth, 1957; Thompson, 1969). In an attempt to overcome these
limitations of using whole achenes, we subjected achenes from
freshly harvested immature and mature fruit to cutting and in
vitro germination (i.e., the achenes were not dried or stratified).
We found that our technique eliminated the need for this cold
treatment, and achenes from immature strawberries germinated
(Table 2) and produced normal seedlings. Untreated whole
achenes from white, pink, and red-ripe fruit germinated poorly
(13%, 30%, and 23%, respectively), and germination was not
evident until at least 4 weeks after sowing. By contrast, cut
achenes from white and red-ripe fruit germinated within 1 week,
and cut achenes from pink fruit germinated within 3 weeks,
with those from red-ripe fruit germinating more rapidly and at
higher percentages than cut achenes from white and pink fruit.
Germination, regardless of fruit maturity, was maximum by 7
weeks after sowing and > 80% (Table 2). Achenes from green
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fruit, whether whole or cut, did not germinate (data not shown),
probably due to immaturity of the embryo.

A drawback of cutting achenes to achieve maximum germi-
nation is that it is labor-intensive. In our laboratory, it took 6
weeks (=225 person hours) to cut and culture 15,000 achenes,
which results in the planting and evaluation of seedlings of
different age. To overcome this age-related problem, we tested
the effectiveness of cold storage to arrest germination and de-
velopment of cut achenes. Cut achenes stored for 3 or 7 days
at 4C then placed at 27C exhibited germination percentages
similar to the cut unstored control (Table 3). Cold storage for
longer periods (14, 28, or 56 days) decreased germination com-
pared to the controls, however, the germination percentage for
these achenes (> 60%) was still higher than that observed for
whole achenes ( <40%; Table 1, Fig. 1). Further, germination
of the cut, stored achenes occurred in the same time period as
the unstored controls (Table 3), and seedlings from these stored
achenes appeared normal and developed into healthy plants (data
not shown). Hence, many cut achenes could be placed in cold
storage, then these achenes could be moved to suitable germi-
nation temperatures to produce seedlings of uniform age for
subseguent planting.

We do not know the means by which cutting affects straw-
berry achenes to alow more rapid germination and higher total
germination percentages than with control achenes. From pre-
liminary experiments, we know that the lack of germination by
whole achenes is not due to embryo inviability, since whole
achenes that have not germinated after 2 months on MS medium
will germinate within 7 days after cutting and placement on
fresh hormone-free MS medium (Miller, unpublished). Possible
explanations for the cut achene effect are: 1) cutting may mimic
mechanical scarification, which makes the tissue surrounding
the embryo permeable to water and gases (Hartmann and Kester,
1959). However, treatments that scarified the endocarp tissue
did not enhance germination of whole achenes (Table 1). Punc-
turing the endocarp to allow gas exchange and water uptake
doubled the overall germination percentages, but did not achieve
the percent germination of cut achenes (Table 1). Therefore,
cutting must weaken additional barriers that are unaffected by
normal mechanical scarification. 2) The hard strawberry endo-
carp simply acts as a physical barrier to expansion and germi-
nation of the embryo, and cutting is an effective means to separate
the endocarp from the embryo. 3) Strawberry achenes may con-
tain one or more endogenous germination inhibitors. After cut-
ting the achenes, the inhibitor(s) would diffuse away from the
embryo and germination would occur. The hypothesis that
strawberry achenes contain potential inhibitors, such as cyano-
genic glycosides found in many rosaceous plants (Corm, 1980)
has not been tested.

The cut achene technique we described offers several advan-
tages over other methods used to germinate whole strawberry
seeds: 1) Compared to germination of whole achenes in sphag-
num, the time for production of field-ready plants from cut
achenes is significantly reduced (6 to 8 months for whole ach-
enes; 3.5 months for cut achenes), primarily because cutting of
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achenes eliminates the need for cold treatment to achieve max-
imum germination. Also, the majority of cut achenes germinate
within 1 week of sowing, whereas whole achenes may take 2
months. 2) Overall, a higher percentage of seedlings from cut
achenes survive for field evaluation compared to whole achenes,
probably due to higher germination of cut achenes, since losses
of seedlings after germination of cut and whole achenes were
similar. 3) The cut achene technique is effective for germinating
all genotypes tested to date. Treatments intended to improve
germination of whole achenes are genotype-dependent. 4) Cut-
ting achenes can be used to rescue progeny from desirable hy-
brid crosses that exhibit poor or no germination. The technique
also allows the evaluation of larger populations of plants from
hybrid crosses that produce few achenes. 5) The cut achene
technique enables one to plant and evaluate seedlings or plants
of uniform age, since the mgjority of achenes germinate over a
short period. If one has hundreds or thousands of achenes to
germinate, achenes cut at various times can be stored on MS
medium at 4C for up to 2 months, then all can be germinated
at the same time by placing them at 27C.
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