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Abstract. Dormancy issues and lack of approved protocols have led to increasing use of
the pregermination tetrazolium test to assess whether seeds of premium-priced,
prevariety germplasm of native wildflower species are living and have the potential to
germinate and develop normally under field conditions, that is, whether seeds are viable,
A major concern is the limited amount of industrywide training on how to conduct and
interpret results of tetrazolium (TZ) tests for the multitude of native species. Precise
methods that yield uniform results are especially critical for testing of prevariety
germplasm of native species given their high value and economic consequences of
inaccurate test results. In preliminary work, we observed that embryos extracted from

turgid and appeared normal and were stained pink, red, or were pure white with or
without the radicle tip stained pink to red. In this study, we conducted an in-depth
analysis of TZ testing of intact seeds of prevariety germplasm of four native Coreopsis
species to: 1) verify our preliminary conclusions; and 2) to determine if staining could be
improved by preconditioning or gibberellic acid (GA;) because relatively lIow percen-
tages of embryos of intact seeds stained pink or red. In addition, we evaluated two other

uniform across all species and seed lots, issues usually encountered in seed lots that were
relatively dormant or of poor quality, and in postgermination TZ testing of seed lots with
relatively low dormancy. Moreover, these issues are likely to be encountered even with
standard TZ testing protocols given the widely accepted challenges of accurately
interpreting TZ tests of native species in general. The most precise, uniform method of
assessing viability was the excised embryo germination test because all viable seeds
germinated, results were easy to interpret so the likelihood of false-positives or -negatives
was nil, and results were very uniform across replications. Emergence tests under
ambient conditions substantially underestimated viability. In summary, the high cost of
prevariety germplasm seeds of native Coreopsis species, inherent genetic and phenotypic
variability, and unknown dormancy characteristics warrant the use of the embryo
excision test for determining viability and for increased sample sizes, especially for any

tests involving TZ.

Growing demand for premium value,
prevariety germplasm of site or regionally
specific ecotype seeds of native forbs (here-
after referred to as wildflowers) for use in
ecological restoration, reclamation, and
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along roadsides has resulted in a concomitant
rise in seed production. Cost of these seeds is
typically $110 to $220 per kilogram and often
more for species of limited quantity and those
that were manually harvested. Seeds of such
prevariety germplasm are mainly produced in
the midwestern and western United States
(Booth and Jones, 2001; Houseal and Smith,
2000), Pennsylvania, Maryland, and Florida.
Unlike seeds of domesticated flower, vegeta-
ble, and agronomic crops, moderate to sub-
stantial dormancy is common among seeds of
prevariety germplasm of native wildflowers,

Seed dormancy can vary within a species
and by seed origin (Andersson and Milberg,
1998; Baskin and Baskin, 1998) and harvest
season. (Norcini et al., 2004, 2006). More-

over, relatively broad genetic and/or pheno-
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typic diversity of prevariety germplasm
(Czarnecki et al., 2007) usually translates
into uneven flowering and ripening so seeds
likely mature under different environmental *
conditions. Seed maturation environment
affects germination and dormancy character-
istics (Fenner, 1991; Roach and Wulff, 1987)
and hence methods that can effectively alle-
viate dormancy and promote germination.

Seed dormancy presents a major chal-
lenge to those producing, testing, and using
seeds of prevariety germplasm because it
affects the assessment of seed quality and
hence value to the producer and the amount
purchased by the end user. Seed quality of
prevariety germplasm of native species is
based on two percentages—purity (by weight)
and viability—which are used to calculate the
percentage of living (hereafter referred to as
viable) seeds in a seed lot, a percentage
termed pure live seed (PLS). From a pro-
ducer/user perspective, viable seeds are those
that have been classified by testing to have
the potential to germinate, emerge, and
develop normally under field conditions.
The PLS standard is widely used in native
seed commerce because PLS allows quality
among seed lots to be compared.

Methods used to determine viability vary
among seed testing laboratories. To assess
the total percentage of viable seeds, some
laboratories rely only on germination tests
(R. Wynia and V. Vankus, personal commu-
nication), which can be problematic. The
inherent and potentially variable dormancy
of prevariety germplasm seeds coupled with
the limited number of official protocols for
breaking dotmancy and assessing germina-
tion of many native species means that
laboratories use protocols of closely related
species or use a general protocol designed for
native species. As a result, the actual per-
centage of viable seeds can be substantially
underestimated because the viability of non-
germinated seeds is not assessed and the
germination protocol might have not been
optimal. Seed lots are then undervalued,
which affects the producer, and end users
must purchase more seeds than might be
necessary. To assess whether nongerminated
seeds are viable, many laboratories use the
tetrazolium (TZ) test. Use of the TZ test has
mirrored the increase in production and use
of prevariety germplasm of native herba-
ceous species because the TZ test only
determines whether an embryo is viable and
the test is unaffected by the seed dormancy
state except in rare cases (Vivrette, 1995).
Dehydrogenase enzymes in respiring tissue
reduce the colorless 2,3,5-triphenyl tetrazo-
lium chloride to the insoluble red formazan
(Lakon, 1942). A seed subjected to TZ testing
is classified as viable if the embryo of the
imbibed seed is turgid, and tissues/structures
essential for germination and normal seed-
ling development appear normal and are
stained pink to red. For Asteraceae species,
the cotyledons and radicle are the essential
embryo structures evaluated for staining
[Association of Official Seed Analysts
(AOSA), 20001.
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The TZ test is conducted in the dark using
2 0.1% or 1% solution with the optimal pH
between 6 and 7 (AOSA, 2000). The higher
percentage solution is used for intact seeds to
compensate for the seedcoat potentially
slowing or otherwise limiting absorption,
Testing can be conducted at room tempera-
ture, but increasing the temperature can
speed up the staining reaction thereby reduc-
ing the time required for testing (AOSA,
2000). Staining of seeds with low metabolic
rates can be enhanced by preconditioning
seeds with gibberellic acid (GA;) at 400
mg:L™ (Vivrette, 1995); otherwise, viable
seeds might yield a false-negative. To ensure
that the TZ solution comes in contact with
the embryo, seeds with coverings considered
impervious to the TZ solution are cut or
punctured (AOSA, 2000). However, cutting
seeds can be a labor-intensive, intricate task,
especially for small-seeded species. For
example, AOSA protocols call for achenes
of several Asteraceae genera to be cut later-
ally through the cotyledonary end to ensure
that the TZ solution contacts the embryo
(AOSA, 2000). In a commercial laboratory,
the seed technologist must quickly identify
the cotyledonary end and then orient each
seed so that the proper cut can be made. After
the staining period, Asteraceae embryos are
extracted to examine the staining pattern and
determine whether they are turgid and appear
normal. For some Asteraceae, seeds stained
with TZ are placed in a solution of lactic acid
or glycerol to clear the seedcoat and examine
the embryo color without extracting it (AOSA,
2000). While clearing the seedcoat can save
time and prevent damage to the embryo, deter-
mining turgidity of the embryo can be difficult.
The TZ test is often conducted at the end
of'a germination test to determine viability of
nongerminated seeds (i.e., a postgermination
TZ test), thereby providing both the producer
and end user information about germinability
and the percentage of dormant seeds. How-
ever, germination and dormancy percentages
are also calculated by conducting a pregermi-
nation TZ test concurrently with a germina-

-tion test, The reasoning behind pregermination

TZ testing is to avoid the prolonged warm,
moist conditions of a germination test (essen-
tially a stress test) that might kill at least some
low-vigor seeds, thereby underestimating the
total percentage of viable seeds. In prelimi-
nary pre- and postgermination TZ testing of
intact seeds of prevariety germplasm of native
Coreopsis species, we provided evidence indi-
cating that embryos were viable if they were
white, turgid, and appeared normal regardless
of the degree of staining (Dehgan and Norcini,
2006; Norcini and Aldrich, 2005). Pink to red
staining of the radicle tip—a site of relatively
high metabolic activity—was very common.
Based on those criteria for viability, percent-
age of viable seed values were the same
when determined by pregermination TZ test-
ing and germination plus a postgermination
TZ test. b
Determining total percentage of viable
seeds using pregermination TZ testing is
controversial, based on the argument that
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low-vigor seeds would not germinate,
emerge, and develop normally under field
conditions. The counterargument is that low-
vigor seeds might play an important role in
population establishment and sustainability
because small, slow-growing seedlings might
be less susceptible to biotic or abiotic stresses
(Aarssen and Burton, 1990; Wulff, 1986).
The pregermination TZ test is also run as a
standalone test to determine the total percent-
age of viable seeds. However, with rare
exception, state and federal seed [aws require
germination percentages on seed labels (D.
Buckingham, personal communication).
Labeling of prevariety germplasm seeds
based solely on TZ test results is allowed
only in Idaho and Nebraska (Idaho Dept. of
Agriculture, 1993; Nebraska Dept. of Agri-
culture, Bureau of Plant Industry, 1997) and
in South Dakota for two native grasses (South
Dakota Statutes, 2007). .

The other widely accepted test for evaly-
ating viability of nongerminated seeds (either
pre- or postgermination) is the embryo exci-
sion test (AOSA, 2004). Embryos typically
are extracted from imbibed seeds and germi-
nated under the same conditions as intact
seeds of those species (Flemion, 1948). The
embryo excision test, which was used before
the TZ test became widely accepted in the
1960s (Gutormson, 2002), requires several
days but is much shorter than a typical
germination test. Heit (1947) found the
embryo excision test to be an accurate
method of evaluating viability of Coreopsis
seeds but provided no quantitative results or
details about species or methods.

Coreopsis species (coreopsis, tickseed;
Asteraceae) are distributed throughout North
and South America (Smith, 1975; Tadesse
et al., 1995). Of the 28 Coreopsis species
native to the United States (U.S. Dept. of
Agriculture, Natural Resources Conservation
Service, 2006), ecotype seeds of at least eight
species are being commercially produced in
the United States (Norcini and Aldrich,
2007). Dormancy is variable within and
among freshly harvested and/or stored seeds
of prevariety germplasm of native Coreopsis
species produced under cultivated conditions

_ (Kabat et al., 2007; Norcini and Aldrich,

2007; Norcini et al., 2004, 2006; Rukuni
et al., 2006, 2007a).

The objectives of this study were to: 1)
verify that embryos of intact Coreopsis seeds
subjected to TZ testing are viable if they are
turgid, appear normal, and are pure white,
white with a pink radicle tip, or stained pink
or red; 2) determine if TZ staining results of
intact seeds.can be improved by moist pre-
conditioning or GA;; 3) determine the accy-
racy of the excised embryo germination test;
and 4) determine the accuracy of emergence
tests for use by those that lack the laboratory
facilities to conduct viability tests under
controlled conditions.

Materials and Methods

Seed origin. All seeds of C, basalis, C.
foridana, C. lanceolata, and C. leavenwor-

SEED TECHNOLOGY

thii were harvested from Florida ecotypes
grown under cultivated conditions. Some
seeds were harvested from plants growing
In containers or in the field at the North
Florida Research & Education Center
(NFREC) in Quincy, and some seeds were
purchased from Florida growers. Purchased
seeds and those harvested at the NFREC,
except where noted, were stored- at room
temperature (20 to 23.9 °C) in the dark at
30% relative humidity (RH) until they were
used. The use of freshly harvested seeds is
specifically noted with fresh seeds defined as
those seeds used within 2 weeks of harvest.
These seeds were dried in a desiccator
(~23% RH) at 22.2 to 25.6 °C for2t0 10 d
before use. Where appropriate, seed produc-
tion practices, harvesting, and/or postharvest
treatment of seeds are described.

General experimental and statistical
analysis methods. For germination tests,
seeds of all species were incubated in 100 x
15-mm petri dishes that were sealed with
Parafilm® (Alcan Packaging, Nennah, WI)
and contained filter paper (P4, 9.0 cm; Fisher
Scientific, Pittsburgh, PA) moistened with
sterile, glass-distilled water (SDW); devia-
tions from this protocol are noted. Seeds
of all species, except C. lanceolata, were
incubated for germination tests and moist
preconditioning under an alternating temper-
ature regime of 15/25 °C (B. Dehgan, unpub-
lished data; Kabat et al., 2007; Norcini and

Fig. 1. Viable Coreopsis lanceolata embryos
extracted from intact seeds after tetrazolium
testing: (A) the embryo can easily be seen
beneath the single-cell layer of endosperm
(Rukuni et al., 2007b), x40; and (B) embryo
minus endosperm, x30. In both images, note
that the embrybs are pure white except for pink
to red staining at the radicle tip. In some cases
(including the other Coreopsis species), non-
stained embryos might appear off-white when
enclosed by the endosperm.

1871




I ——

Aldrich, 2005), or 20/30 °C for C. lanceolata
(AOSA, 2004; Norcini and Aldrich, 2005),
with the warmer temperature during an 8-h
photoperiod. Light during the 8-h photope-‘
riod was provided by two 20-W cool-white
fluorescent bulbs (F20T12/CW; Osram Syl-
vania, Danvers, MA). A seed was deemed
germinated if the radicle protruded 2 mm or
more. Germination was recorded at 7 and 21
d unless otherwise noted. All germinated
seeds were removed during interim counts.
All TZ tests were conducted with intact seeds
using 1% TZ at 31 to 32 °C for 24 h in the
dark (AOSA, 2000) unless otherwise noted.

Embryos were excised and classified as
turgid with a normal appearance, nonviable
based on an abnormal appearance, or lacking
a visible embryo. Except where noted, the
turgid, normal-appearing embryos were fur-
ther classified as pure white (hereafter
referred to as white), white with a pink
radicle tip (Fig. 1), mostly to completely
stained pink (hereafter referred to as pink),
or mostly to completely stained red (with
nonred portions stained pink, hereafter
referred to as red). For excised embryo tests
(germination and TZ tests), embryos were
excised only from seeds that were filled

Table 1. Evaluation of methods to assess viability of stored seeds of Coreopsis basalis prevariety

germplasm.
Tetrazolium test (%)
Stained white
with pink radicle to Germination Viable

Method White completely red (%)? seeds (%)
Pregerm. TZ of intact seeds

30°C 16.8 b*™ (25.5) 77.8 a* (4.6) : — 94.5 (3.7)

35°C 353a(2.7) 558b(2.3) — 91.0 (1.6)
Germ. + postgerm. TZ of

intact seeds 3.0¢(38.5) 4.5 ¢ (66.7) 85.0 b¥ (4.9) 925 (4.1)
Germ. of excised embryos — R —

in vitro® 90.1 2 (0.2) 90.1 (0.2)

“Percentage germination at 21 d and 6 d for intact seeds and excised embryos, respectively.
*Percentages of viable seeds among all methods were not significantly different from each other as
determined by Tukey’s studentized range test (o = 0.10).

*Means were arcsine transformed before analyses as necessary; nontransformed means are presented with

coefficients of variation in parentheses.

“Any two means, within a column, not followed by the same letter are significantly different as determined

by Tukey’s studentized range test (o = 0.01).

“The two means, within this column, are significantly different as determined by Tukey’s studentized range

test (o = 0.05).
“Germination on White’s medium.
TZ = tetrazolium. -

(seeds that had clearly enlarged as a result
of imbibition) and hence potentially viable.
The presence of an underdeveloped embryo
that matures during afterripening, i.e., mor-
phological dormancy, is not known to occur
in Asteraceae (Baskin and Baskin, 1998).
Germination of excised embryos was re-
corded at 6 d; we observed in preliminary
work that viable excised embryos germinated
in 6 d or less.

For each treatment, there were four 50- or
100-seed replications depending on seed
availability at the time of each study.

Data for all species were analyzed sepa-
rately. Percentage data were tested for homo-
geneity of variance and arcsine-transformed,
if required, before analyses by general linear
model methods of SAS (version 8.01; SAS
Institute, Cary, NC). Main effects means were
compared using Tukey’s studentized range
test (0= 0.05 or 0.01). Comparisons between
individual means for interactive effects were
determined using least Squares means analy-
ses [LSMEANS with PDIFF option (SAS
version 8.01; SAS Institute)]. Coefficients of
variation (CsV) were calculated as a measure
of uniformity for staining, germination, and
viability percentages. Dther data analysis
procedures are noted for each study.

Tetrazolium staining of intact seeds.
Coreopsis basalis seeds were purchased from
Wildflowers of Florida (Alachua, FL), who

- harvested seeds from a natural population in

Alachua County, FL. The following experi-
ments were conducted to verify that embryos
excised from intact seeds subjected to TZ
testing were viable if they were turgid, white,
and appeared normal regardless of the degree
of staining: 1) TZ test of intact seeds at 30 or

Table 2. Assessing viability of stored seeds of prevariety germplasm of native Coreopsis species: effects of presoaking intact seeds on staining, and use of excised -

embryos.
Tetrazolium test (%)
Method White White with pink radicle tip Pink Red Germ. at 7 d (%) Viable (%)
Coreopsis basalis
Pregerm. TZ—intact seeds
Not soaked 0* 79.0(11.8) 12.0 (40.8) 4.5(142.3) — 95.5(4.3)
24-h soak 0 86.0 (6.8) 6.5 (46.2) 3.0 (86.1) — 95.5(4.3)
Excised embryo
Pregerm. TZ 0 0 0 99.0(1.2) — 99.0 (1.2)
Germination — — — — 100 100
Coreopsis lanceolata
Pregerm. TZ—intact seeds
Not soaked 4.0 (40.8) 76.0 (7.7) 18.0 (39.5) 1.5(127.7) — 99.5 (1.0)
24-h soak 3.5(54.7) 85.5(6.2) 7.5(25.5) 1.0 (115.5) — 97.52.0)
Excised embryo
Pregerm. TZ 0 0 0 92.0 (3.1) — 920 (3.1)
Germination — — — — 100 100 a
Coreopsis leavenworthii
Pregerm. TZ-—intact seeds
Not soaked 4.0 a (40.8) 80.0 (2.9) 1.5 (66.7) 1.5(127.7) — 87.0(2.3)
24-h soak 0b 85.1(4.9) 1.0 (115.5) 0 — 86.1 (4.2)
Excised embryo
Pregerm. TZ 0 0b 0 925 (2.1) — 9256 (2.1)
Germination — — — — 100 100 a

ans were arcsine-transformed as necessary before analyses; nontransformed means are presented with coefficients of variation in parentheses.

Me

"Means, within a species, column, and method, followed b
Mean separations shown are within method only (prege
did not include seeds that were nonviable as a result of

among the pregermination TZ tests and excised embryo germination test were nonsignificant (o = 0.05).

TZ = tetrazolium.
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y different letters are significantly different as determined by Tukey’s studentized range test (0. =0.01).
rmination TZ and excised embryo) because only filled seeds were used for embryo excision tests, which

an underdeveloped embryo or lack of an embryo. However, when analyses were conducted across methods
within a species, differences among all C. basalis percentage viability values were nonsi gnificant (0= 0.05), and for C, lanceolata percentage viability differences
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Analyses of TZ staining results were nor-
malized based on percentage of viable seeds
for each replication, Significant moist precon-
ditioning effects P = 0.05) as well as
interactions involving moist preconditioning
with P < 0.10 (R. Littell, personal communi-
cation) were subjected to sequential, regres-
sion analyses. The quadratic term was
included in the final model only if its inclusion
was significant at o = 0.05 and the adjusted R?
value improved by at least 0.05. For models
involving only “plus GA;3”, only linear mod-
els were evaluated. Analyses were conducted
separately for each species and seed lot,

Substrate and seed Storage effects on
assessing viability of intact seeds. Seed pro-
ducers and those that harvest their own seeds
from local natural stands for restoration or
mine reclamation occasionally desire to esti-
mate the viability and germinability of their
seeds. However, they typically lack the facil-
ities to conduct such testing under controlled
conditions. This experiment was conducted
to determine the accuracy of viability testing
that could be used by those that lack such
facilities.

Seeds were harvested, half of which were
placed in a desiccator (23% RH; 22.8 to
25.6 °C) for 2 d and the other half after-
ripened in the dark for 2 weeks at 31 to 32 °C
(35% to 37% RH). Subsets of 50 seeds from
the desiccator were sown on field soil or
Metro-Mix 200 (Sun Gro Horticulture, Bel-
levue, WA) in each of four pots. The field soil
(Orangeburg loamy sand) was sifted (soil
sieve with 1.7-mm openings in mesh) to
remove root pieces and large particles. Media
was contained in square plastic pots (8.9 x 8.9 x
8.9 cm). Sown seeds were lightly covered
with 1 to 2 mm of substrate, irrigated with tap
water, and subsequently irrigated at least
every 3 d. Except for C. floridana, pots of
all species were placed outdoors in the shade
during mid-June to Aug. 2004. Average
summer minimum and maximum temper-
atures are 23 and 33 °C, respectively (South-
east Regional Climate Center, 2001). Pots of
C. floridana were germinated under labora-
tory conditions (20 to 24.4 °C) because it was
winter. For controls, subsets of seeds were
subjected to a pregermination TZ test and a
germination test plus a postgermination TZ
test of nongerminated seeds. Numbers of
emerged seedlings were recorded every 3 d
over 42 d, whereas numbers of germinated
seeds incubated in petri dishes were recorded
every 3 to 4 d. Emerged seedlings and
germinated seeds were removed during
interim counts. Only the final total number
of germinated and emerged seedlings is
reported.

Afterripened seeds were subjected to the
same tests as previously described. The entire
study was then repeated using newly har-
vested seeds from the same groups of plants
for each species.

Results and Discussion

Excising embryos from imbibed seeds
was easiest with C. floridana with minimal
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Fig. 2. Moist preconditioning (water only) and gibberellic acid (GA;) effects on the pregermination

tetrazolium (TZ) test to estimate percentage viability of fresh (less than 2 weeks after harvest), intact
seeds of Coreopsis basalis. Seeds were exposed to GAj3 at 0 or 400 mg-L™! for 24 h after moist
preconditioning for 24, 48, or 96 h, and then subjected to TZ testing. A germination test (70.4%;
coefficient of variation = 27.3) plus postgermination test of nongerminated seeds was included as a
standard method of calculating percentage viability; this treatment was not included in the regression
analyses. Estimated percentage viability based on a preliminary pregermination TZ test using the
AOSA (2000) protocol (seeds cut through the cotyledonary end; essential tissues stained pink to red)
was 94.4% (n = 18). Coefficients of variation less than 100 are shown within or to the immediate left
of each bar.
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skill needed to do so without damaging the
embryos. More extensive skill and practice
were required for excising embryos of
C. basalis and C. lanceolata, mainly because
seeds were smaller. Manipulating seeds of
C. lanceolata was slightly more challenging
because seeds were winged and convex/
concave (Rukuni et al., 2007b). The most
difficult seeds to work with were those of
C. leavenworthii. Excising the thin, delicate,
linear embryos from the slightly convex/
concave, winged seeds of leavenworthii
(Kabat et al., 2007) was an intricate tagk and
required considerable skill. Embryos were
easily injured, which hampered interpretation
of TZ staining patterns as well as excision of
embryos for extracted embryo germination
tests.

Assessing viability of intact seeds using
tetrazolium. Turgid, normal-appearing em-
bryos excised from intact Coreopsis seeds
subjected to TZ testing were viable provided
that they were either white, white with just
the radicle tip stained pink (Fig. 1), or stained
pink to red. That white embryos and white
embryos with pink radicle tips were viable
was first confirmed by results with C. basalis
seeds (Table 1). When total percentage of
viable seeds subjected to TZ testing included
turgid, normal-appearing embryos that were
white + pink radicle tip, or stained pink to
red, similar percentage ‘values were obtained
for a germination test plus TZ testing of
nongerminated seeds, germination of excised
embryos, and a pregermination TZ test. Other
researchers have concluded that normal-
appearing, firm white embryos are viable
(C.  Baskin, personal communication),
including those of Asteraceae  (Bender
et al, 2003; Ruiz de Clavijo, 2005). In
follow-up studies with C. basalis, C. flori-
dana, C. lanceolata, and C. leavenworthii,
nearly all evidence supported the premise
that embryos extracted from intact seeds
subjected to TZ testing are viable provided
that the embryos are turgid, appear normal,
and are white + pink radicle tip or stained
pink to red (Tables 2 and 3; Figs. 2-8).

For our standard pregermination TZ test-
ing of intact seeds (i.e., no pretreatment), the
greatest percentage of viable embryos
extracted from C basalis, C. lanceolata,
and C. leavenworthii were white with a pink
radicle tip (Table 2; Figs. 1-3 and 5-8). In
all but one case, this percentage was 50 or
greater with values ranging as high as 91.9%.
In contrast to the other three species, only
9.7% of viable C. floridana embryos were
white with a pink radicle tip with the remain-
der staining pink or red. For the other three
species, embryos staining pink to red consti-
tuted approximately one-third or less of
viable embryos (Figs. 2, 3, and 5-8). Only a
small percentage of viable embryos did not
stain with values ranging from 0% to 22.7%
depending on species (Table 2; Figs. 2, 3,
and 5-8).

Viability percentages based on our stan-
dard pregermination TZ protocol were rela-
tively uniform because CsV were usually 5 or
less (Tables 1-3). The two highest CsV were
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Fig. 3. Moist preconditioning (water only) and gibberellic acid (GA3) effects on the pregermination

tetrazolium (TZ) test to estimate percentage viability of stored, intact seeds of Coreopsis basalis. Seeds
were exposed to GAj at 0 or 400 mg-L™! for 24 h after moist preconditioning for ?4,_ 48, or 96 h, and
then subjected to TZ testing. A germination test (67.5%; coefficient of variation = 9.8) p_lus
postgermination test of nongerminated seeds was included as a standard method of calculating
percentage viability; this treatment was not included in the regression analyses. Seeds were frgm a
different lot or source than in Figure 2. Estimated percentage viability based on a preliminary
pregermination TZ test using the AOSA (2000) protocol (seeds cut through t}_le cotyledonary end;
essential tissues stained pink to red) was 93.3% (n = 15). Coefficients of variation less than 100 are
shown within or to the immediate left of each bar.
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for C. leavenworthii—~19.4 (Table 3) and 34.0
(results not shown), which was likely related
to difficulties extracting embryos and inter-
preting staining patterns as we noted previ-
ously. In the latter case, viability percentage
based on the pregermination TZ test (21%)
was substantially less than the actual viability
because 53% of the seeds germinated and
total viable seeds was nearly 60%. Hence, TZ
testing of C. leavenworthii intact seeds, either
pre- or postgermination, might considerably
underestimate the actual percentage of viable
seeds, especially in seeds lots with moderate
to high percentages of dormant seeds. Also,
given the nature of imbibed C. leavenworthii
seeds, we would expect similar challenges
extracting embryos even for seeds that were
cut laterally through the cotyledon before TZ
testing (AOSA, 2000).

For the pregermination TZ test of intact
seeds, the relative percentages of embryos
that stained pink to red were not consistently
improved across all seed lots of all species
by: 1) increasing the incubation temperature,
which reduced staining (Table 1; C. basalis
only); 2) by seed pretreatments of soaking
under running tap water for 24 h (Table 2); or
3) up to 96 h moist preconditioning + 400
mg- L~ GA; (Figs. 2-8). Moreover, seed
pretreatments did little to improve uniformity
(Table 2; Figs. 2-8); within a seed pretreat-
ment, greatest uniformity as determined by
CsV most often occurred for the staining
category with the highest percentages (Figs.
2-8). In only two cases did any pretreatment
increase the percentages of pink + red
embryos with the only significant effect
being for moist preconditioning. Twenty-
four hours of moist preconditioning of stored

 C. basalis seeds increased the relative per-
centage of pink + red embryos (Fig. 3). For
stored seeds of C. lanceolata, pink + red
staining was directly related to hours of moist
preconditioning (Fig. 6). However, any
increases in the relative percentages of
embryos that stained pink to red after 96 h
moist preconditioning was likely the result of
seedcoat rupture as the radicle emerged
resulting in penetration of the TZ solution.
Radicle emergence in Coreopsis has been
observed as early as 4 d after seeds are placed
on a moistened medium (J.G. Norcini and
D. Rukuni, unpublished observations).

For postgermination TZ testing of non-
germinated seeds, percentages of stained
embryos (red, pink, or white with a pink
radicle) varied widely depending on species
and seed lot and with no hint of any apparent
relationship to percentage of dormant seeds.
There were few or no dormant seeds of C.
floridana. Percentages of viable, nonstained
embryos varied widely with relatively low
values for C. leavenworthii (0% and 8.3%;
Figs. 7 and 8) and C. basalis (9.2% and 25%;
Figs. 2 and 3), but higher values for C.
lanceolata (41.0 and 58.8%,; Figs. 5 and 6).

The widely accepted reason for the lack of
staining is that the endosperm surrounding
Coreopsis embryos (Rukuni et al., 2007b)
and other Asteraceae (Borthwick and
Robbins, 1928; Kaye, 2002) is impermeable,
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Fig. 4. Moist preconditioning (water only) and gibberellic acid (GAj) effects on the pregermination
tetrazolium (TZ) test to estimate percentage viability of stored, intact seeds of Coreopsis floridana.
Seeds were exposed to GA; at 0 or 400 mg-L~! for 24 h after moist preconditioning for 24, 48, or 96 h,
and then subjected to TZ testing. A germination test (77.9%; coefficient of variation = 1.4) plus
postgermination test of nongerminated seeds was included as a standard method of calculating
percentage viability; this treatment was not included in the regression analysis. Coefficients of
variation less than 100 are shown within or to the immediate left of each bar.

or nearly so, to tetrazolium chloride at neutral
pH (AOSA, 2000), although we showed that
Coreopsis endosperm clearly has some per-
meability to 1% TZ at neutral pH and 30 to
35 °C. Some degree of staining was observed
for 77% to 100% of viable embryos of all
species (Tables 1-3; Figs. 1-8). To ensure
contact of the TZ solution with the embryo,
the AOSA TZ protocol for Asteraceae spe-
cies specifies that seeds be cut laterally or
longitudinally before their exposure to the TZ
solution (AOSA, 2000). Although cutting
seeds overcomes the issue of TZ contact with
Coreopsis embryos, cutting might not over-
come challenges associated with accurately
determining whether a seed is viable based on
the - staining pattem. We observed some
inconsistencies based on preliminary data
for seeds that were cut laterally through the
cotyledon end before the TZ test with viabil-
ity based on AOSA specifications for Aster-
aceae (AOSA, 2000) (Figs. 6 and 8). The
most notable example was for stored seeds of
C. leavenworthii (Fig. 8). Two of 13 embryos
from seeds that were laterally cut were
deemed viable (=13%) (Fig. 8), although
nine embryos were white with a pink radicle
tip. However, germination was 53.0% with

total viable seeds estimated at 57.0%. Esti-
mated percentage viable seeds based on a
pregermination TZ test was 38.5%, signifi-
cantly less than 57.0% (P = 0.05).
Metabolic activity might have affected
staining as well. First, a relatively high
percentage of radicle tips, a site of meriste-
matic activity, stained pink (Tables 1 and 2;
Figs. 2-8). Second, a high percentage of C.
foridana embryos stained pink or red, their
dormancy was nil (Fig. 3), and C. floridana
seeds have short storage life (Norcini and
Aldrich, 2007), all of which is consistent for
seeds having relatively high metabolic activ-
ity. Failure of GA; at 400 mg-L~' to increase
staining is not inconsistent with a metabolic
activity effect on staining. The lack of a GA5
effect simply might have been the result of
GA; concentration. Gibberellic acid at 0.1
to 100 um (400 mg- L7 = 1 um GAj) had
little effect on germination of C. lanceolata,
whereas germination of C. floridana only was
enhanced by GA; at 10 to 100 pm (D. Rukuni,
unpublished data). Percent germination and
germination velocity of C. basalis seeds was
increased by GA; but at 1000 mg-L™' (lower
concentrations not tested) (Carpenter and
Ostmark, 1992, 2007). Seed coat permeability
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Fig. 5. Moist preconditioning (water only) and gibberellic acid (GA,) effects on the pregermination

tetrazolium (TZ) test to estimate percentage viability of fresh (less than 2 weeks after harvest), intact
seeds of Coreopsis lanceolata. Seeds were exposed to GAj at 0 or 400 mg-L™ for 24 h after moist
preconditioning for 24, 48, or 96 h, and then subjected to TZ testing. A germination test (3.0%;
coefficient of variation = 115.5) plus postgermination test of nongerminated seeds was included as a
standard method of calculating percentage viability; this treatment was not included in the regression
analyses. Estimated percentage viability based on a preliminary pregermination TZ test using the
AOSA (2000) protocol (seeds cut through the cotyledonary end; essential tissues stained pink to red)
was 92.3% (n = 13). Coefficients of variation less than 100 are shown within or to the immediate left of
each bar.
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to GA;3 might also have been a factor. For
example, germination of Parthenium argen.
tatum Gray (Asteraceae) was enhanced more
by GA; (200 mg-L™') when seeds were
scarified for 2 h in sodium hypochlorite
compared with nonscarified seeds treated
with GA; (Naqvi and Hanson, 1980). The
inability of moist preconditioning or soaking
seeds in running tap water to improve stain-
ing also is consistent with a metabolic activ-
ity effect on staining, The pericarp, testa, and/
or endosperm simply might have been imper-
meable to metabolic inhibitors in the embryo,
inhibitors that could leach when seeds are
cut before TZ testing. Germination inhibitors
commonly occur in cotyledons of Asteraceae
seeds (Intl. Board for Plant Genet. Resources,
1985), and testa-impermeable germination

" inhibitors have been noted in Xanthium

[Asteraceae] (Porter and Wareing, 1974),
Differences in the degree of staining
within a seed lot probably were not the result
of differences in embryo vigor. An indicator
of seed vigor is speed of germination (Gen-
eve, 2005), and the intensity of staining
would be expected to be greater as seed vigor
increases (AOSA, 2000). Although this
clearly held true for C SAoridana—there
was nearly a one-to-one relationship because
almost all viable seeds germinated within 7d
and most viable seeds stained pink or red—
this was not the case for the other species.
Stored, nonpreconditioned seeds of C. basa-
lis, C. leavenworthii, and C. lanceolata were
much more vigorous than their corresponding
fresh seeds based on the percentage of viable
seeds that germinated by 7 d (C. basalis,
54.4% versus 2.7%; C. leavenworthii, 91.8%
versus 40.4%; C. lanceolata, 93.2% versus
0%). However, these differences in vigor
were not manifested as correspondingly
higher percentages of viable embryos that
stained pink or red in pregermination TZ
testing. For C. basalis and C. leavenworthii,
these percentages were similar within a
species for stored and fresh, nonprecondi-
tioned seeds (C. basalis, 34.1% versus
39.1%; C. leavenworthii, 14.4% versus
9.9%). Although the percentage of viable
embryos that stained pink or red in pregermi-
nation TZ testing of stored, nonprecondi-
tioned seeds of C. lanceolata was greater
than that for fresh seeds (31.3% versus
18.6%), the difference was much less than
would be expected for the substantial differ-
ence in vigor. Lack of staining in any species
was mnot the result of deep dormancy
(Vivrette, 1995) because all viable excised
embryos of C. basalis, C. lanceolata, and C.
leavenworthii germinated (Tables 1 and 2).
Other methods of assessing seed viability.
The excised embryo germination test in light
was an extremely accurate, uniform method
for determining percentage viability of C.
basalis, C. lanceolata, and C. leavenworthii
seeds. All viable excised embryos of C
basalis, C. lanceolata, and C. leavenworthii
germinated under light (Tables 1 and 2) with
all CsV less than 0.2. Light is an important
factor because Rukuni et al. (2006) reported
that optimal germination of all prevariety
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Fig. 6. Moist preconditioning (water only) and gibberellic acid (GA;) effects on the pregermination

tetrazolium (TZ) test to estimate percentage viability of stored, intact seeds of Coreopsis lanceolata.
Seeds were exposed to GA; at 0 or 400 mg-L~! for 24 h after moist preconditioning for 24, 48, or 96 h,
and then subjected to TZ testing. A germination test (67.8%; coefficient of variation = 16.9) plus
postgermination test of nongerminated seeds was included as a standard method of calculating
percentage viability; this treatment was not included in the regression analyses. Seeds were from a
different lot or source than in Figure 5. Estimated percentage viability based on a preliminary
pregermination TZ test using the AOSA (2000) protocol (seeds cut through the cotyledonary end;
essential tissues stained pink to red) was 66.7% (n = 15). Coefficients of variation less than 100 are
shown within or to the immediate left of each bar.

germplasm of these species occurred with
light. Given the accuracy and uniformity of
the excised embryo test, the likelihood of a
false-positive or -negative, that is, experi-
mental error, is nil for these three Coreopsis
species. Although radicle emergence was
defined as a positive result for the embryo
excision test, redefining a positive test as
development of a normal seedling would
have minimal impact on experimental error
with the main disadvantage being the addi-
tional time required for the test. Regardless,
removing experimental error as a source of
nonuniformity among replications in the
excised embryo germination test should
ensure that percentage viability results will
fall well within AOSA tolerance levels for
germination tests (AOSA, 2004) provided
that the seeds tested accurately represent the
seed lot. An embryo excision test was not
conducted for C. floridana, but based on
results with the other three Coreopsis species
and those of Rukuni et al. (2007b), we expect
that an excised embryo germination test of C,
Sforidana would be as uniform and accurate
as with the other three species. This test must
be conducted under light as well because
Rukuni et al. (2007b) noted that 100%
germination of viable C. floridana excised
embryos only occurred under light.

Germinating seeds in a soilless medium or
field soil substantially underestimated per-
centage viable seeds of all four Coreopsis
species although emergence tests lasted twice
as long as standard germination tests (Table
3). Moreover, results usually were highly
variable because most CsV ranged from
20.2 to 120. Poor emergence of C. lanceolata
might have been the result of thermoinhibi-
tion (Rukuni et al., 2006), but that possibility
is less clear for C. basalis and C. leavenwor-
thii. Rukuni et &l. (2006) noted that germina-
tion of C. basalis and C. leavenworthii
declined above 25 °C, but C. basalis germi-
nation under north Florida field conditions
typically occurs in late August and Septem-
ber (J. G. Norcini, unpublished observation),
and no thermoinhibition of C. leavenworthii
was observed by Kabat et al. (2007). Seeds
of C. floridana were exposed to nonoptimal
germination temperatures (Norcini  and
Aldrich, 2005), which might have inhibited
emergence.

Conclusions

Precise testing methods that yield uniform
results are critical for evaluating the quality
of premium value seeds of regionally and
locally adapted native species. When 10s to
100s of kilograms of seeds costing $110 per
kilogram or more are purchased for roadside,
reclamation, or restoration projects, even
small errors in viability estimates can have
substantial economic impacts for the pro-
ducer and end user. Such potential economic
impact warrants the use of the embryo exci-
sion germination test, although it might be
more costly and take longer to conduct than a
pregermination TZ test.
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led age viability values for C. lanceolata and C.
the 151131 8 a8 [ 85| |19] | leavenworthii were obtained with the excised
not 0 Bl % embryo germination test than for the preger-
on LI LN r T T mination TZ test of excised embryos (Table
ies 24 48 9% 24 48 96 24 48 98 2) although staining of viable excised
ect embryos should have been same as if seeds
C. 100 + — “GA; 4R 6K NS 46 N 36 were cut per the AOSA TZ protocol for
ate — § 52 76 57 § Asteraceae seeds (AOSA, 2000). Also, per-
ust centage viability results for C. basalis were
use 80 - ] not always consistent when using the TZ test
0% o as exemplified by results in Table 3. Third,
sed & ’— ! the embryo. excision germination test
£ sod ] Red requires about the same level of manual
101 g B Pink 7 dexterity needed for the AOSA TZ test and
Yer- E 10(|4{711]lo White w/pink the same skill level required to interpret a
)s5is radicle standard germination test. We acknowledge
ice ; 40 - | =7 white 8V 1804 1 27  that cutting seeds through the cotyledonary
ble end would improve staining and make the TZ
hly W Z test easier to interpret, but the potential for
om 20 4 experimental error is still greater with the TZ
‘ata % test than for the excised embryo germination
ibi- é test as we noted previously. The substantial
lity ) 36 15 training and experience required to accu-
or- R B s e ey j T T T rately determine viability based largely on
na- Germ. 0 24 48 96 Post 0 24 48 96 Post 0 24 48 96 the degree of TZ staining of essential embryo
thii + PostGerm Germ T2 Germ Tz ' structures, which can vary by species, is
mi- e Moist preconditioning (h) prior to 24-h GA, exposure }mdely ac'knowledged as a major challenge
ons Significance (Pr >F) in TZ testing (_AOSA, 2000).
sm- However, if using the TZ test for deter-
>n), GA, at 400 mg L™ GAgat 0 mg.L™ mining viability of these native Coreopsis
thii Regression Regression species, the use of intact seeds prov1des a
eds L L, potentially labor-saving alternative to the
mal Precond. AdiR Precond. AdiR standard practice of laterally cutting seeds
and , Viable 0.0028 NS — 0.0001 NS - through the cotyledonary end before the TZ
ited : P+R 0.0027 L 0.688 0.0189 Q™ 0.447 test. Seeds do not need to be individually
' Rel.pct. oriented to make the necessary cut, no train-
White 0.0016 L* 0.386 0.0042 a* 0379 ing is required to identify the cotylec_ionary
Wipink 0.2639 NS — 0.0879 T 0.340 end of seeds, and the seed technologist can
. 0.5913 NS . 0.0751 L 0.274 use the most convenient method to propquy
extract the embryo after the TZ test. Clearing
orm Red 0.0002 Lo 0.759 0.0001 Q™ 0.773 the seedcoat to observe embryo staining,
ity Fig. 7. Moist preconditioning (water only) and gibberellic acid (GA;) effects on the pregemmination thereby reducing lal?or’ 1S not an op tl.OIl
and e tetrazolium (TZ) test to estimate percentage viability of fresh (less than 2 weeks after harvest), intact ~ because the Coreopsis seedcoat is too thick
s t0 seeds of Coreopsis leavenworthii. Seeds were exposed to GAj3 at 0 or 400 mg-L~* for 24 h after moist  to be cleared (S. Dammen, personal‘ commu-
per preconditioning for 24, 48, or 96 h, and then subjected to TZ testing. A germination test (61.5%; nication) and turgidity would be difficult to
iide, coefficient of variation = 10.3) plus postgermination test of nongerminated seeds was included as a determine.
wen ] standard metl'aod of calculating percentage viability; this treatment was not incl}lded in the regression One problem that we noted was the
\ave analyses. Estimated percentage viability based on a preliminary preg.erm.inatlon T.Z test using the relatively high degree of variability (i.e., high
pro- AOS7/§7 g%})OO)_p;%toccol (;gefis cut ft}lrot}gl} thle cotiledogary end; cssen‘txal. tissues ;ta.med I()jmk t;) ;:d% CsV) when germination rates were .low as
mic : ;\:::sh ba.u— 5 (n=18). Coefficients of variation less than 100 are shown within or to t e immediate left o a result of dorman?y or poor quality and
xci- : ' ' in postgermination ' TZ testing when the
t be 1 percentages of dormant seeds were low.
ana e . Given the premium values of these seeds,
k we suggest that sample sizes be increased to
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Viable Pink+red Relative staining of
(actual) viable embryos
100
¥
+ GA,
80
o
o
L
S 60
2
[
o.
40
14
20
71/18([11 A L
32 55123 36
0 R — N
24 48 96 24 48 96
100 N
- GA, § TRy 34
515 61
" N 7
!—' Y Red
é’» Pink
€ 60 Kz White wipink
3 [— radicle
1™
S [ white
] 40
40 .
71(34/10/[17|| & 12 811536
’ N 7
35 [40] |44 % %
Al 37 22 51 30
R B e e S S B e 1 T I ] T
Germ. 0 24 48 96 o 0 24 48 96 Post 0 24 48 96
+ PostGerm Germ TZ Germ TZ
1z Moist preconditioning (h) prior to 24-h GA, exposure
Significance (Pr >F)
GA; at 400 mg-L" GA; at 0 mg-L!
Regression Regression
Pre-cond. Adj.R? Pre-cond. Adj.R?
Viable 0.0021 NS - 0.0021 Qe 0.606
P+R 0.0013 L 0.447 0.0001 Qe 0.832
Rel.pet.
White 0.0146 L* 0.269 0.0692 Q 0.558
Wipink 0.0243 L 0.502 0.0001 Q=+ 0.765
Pink 0.0163 L 0.467 0.8157 NS ——
Red 0.0001 L 0.821 0.00014 Q*** 0.851

Fig. 8. Moist preconditioning (water only) and gibberellic acid (GA;) effects on the pregermination

tetrazolium (TZ) test to estimate percentage viability of stored, intact seeds of Coreopsis leavenwor-
thii. Seeds were exposed to GA; at 0 or 400 mg-L™ for 24 h after moist preconditioning for 24, 48, or 96
h, and then subjected to TZ testing, A germination test (53.0%; coefficient of variation = 9.0) plus
postgermination test of nongerminated seeds was included as a standard method of calculating
percentage viability; this treatment was not included in the regression analyses. Seeds were from 2
different lot or source than in Figure 7. Estimated percentage viability based on a preliminary
pregermination TZ test using the AOSA (2000) protocol (seeds cut through the cotyledonary end;
essential tissues stained pink to red) was 13.3% (n = 15) (60.0% of embryos were white with a pink
radicle tip). Coefficients of variation less than 100 are shown within or to the immediate left of each
bar.

reduce variability among replications if
seeds are thought be relatively dormant.
Although increasing sample size increases
testing costs, repeating germination tests
because variability among replications is
great -enough to exceed AOSA tolerance
levels (AOSA, 2000) is probably more costly.
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