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A Comparison of Selection Methods for Reduced Shattering
in Wild Rice!l
L. A. Everett and R. E. Stucker?

ABSTRACT

Current wild rice (Zizania palustris L.) cultivars are consid-
ered to be recessive for a two-complementary-gene system in
which complete seed shattering is dominant. The strength of
seed retention in these nonshattering cultivars is not adequate
to prevent substantial field losses. To test for the existence of
quantitative genetic variability above that conditioned by the
two-gene qualitative system and to compare selection systems,
two forms of selection were conducted in the cultivar Netum.
The selection criterion was strength of individual seed retention
on plant main-stems at maturity as measured with a hand-held
spring operated meter. Two cycles of mass selection in the green-
house and one cycle of half-sib family selection in the field, both
at a 10% selection intensity, produced two populations which
were compared to each other and to Netum at Grand Rapids
and Excelsior, Minn. Progress from selection for tensile strength
was 49.6% for two cycles of mass selection and 15.9% for one
cycle of half-sib family selection. Realized heritability estimates
for seed retention were 0.58 and 0.55 at the two test locations.
Selection for tensile strength had no effect on flowering or ma-
turity date.

Additional index words: Quantitative variation, Heritability,
Zizania palustris, Zizania aquatica, Tiller maturity.

CULTIVATION of wild rice, Zizania palustris L.
(Dore, 1969), previously classified as Zizania
aquatica L., is a recent development that is lariely
attributable to the discovery of genotypes which shat-
ter less than those in natural stands. Reduced shat-
tering was recognized in a few plants by Paul Yagyu
and Erwin Brooks, Department of Agronomy, Uni-
versity of Minnesota in 1963.

Woods and Clark (1976) in a preliminary study re-
ported that shattering is dominant to nonshattering,
and that control of shattering is simply inherited, per-
haps involving only one or two genes. Elliott and Per-
linger (1977) reported that segregation in crosses in-
volving shattering and nonshattering types fit ratios
expected in a two-com lementary-gene system, where
seed retention is conditioned by homozygous reces-
sive alleles at either locus.

Even though the discovery of this qualitatively in-
herited seed retention characteristic permits the use
of combines to harvest wild rice, the strength of seed
retention of current cultivars is considerab y less than
in modern cultivars of other grain crops, and shat-
tering losses prior to or at harvest frequently are large.
Strength of retention declines rapidiy after seed ma-
turation, and seed can be dislodged from panicles by
wind, contact with other panicles, birds, and other
mild disturbances if harvest is not timely. An increase
in seed retention above that available with the qual-
itative gene system would permit a greater harvest-
able yield by allowing later harvest, when more seeds
are mature, and by reducing losses from environ-
mental hazards.

Numerous reports in the literature have consid-
ered the inheritance of shattering in grasses but only
those dealing with the reduction or elimination of an
abscission layer are reviewed here, because of their
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similarity to wild rice shattering. The histologic;i
studies by Hanten (1975) and Hanten et al. (198¢
emphasized the importance of the abscission laye;

attaching the spikelet to the pedicel, in the contr

of shattering in wild rice. The two cell layer, whic,
extended from the exterior surface to the supportin

tissue of the vascular bundle, plasmolyzed and dis
played some cell separation in both shattering anc
nonshattering types. However, further developmen
of separation pockets and complete separation wer:
observed only in the shattering type of wild rice. Han.
ten et al. (1980) also reported the existence of a cone
of sclerified cells surrounding the vascular cylinder
Jjust proximal to the abscission zone, which did no:
appear as well developed in shattering as in non-
shattering types.

Abscission layer formation appears to have beer
eliminated from modern cultivars of most grain crops
(McWilliam, 1980) with the possible exception of rice
(Onyza sativa L.). However, inheritance and selectior
studies involving older cultivars and wild relatives in-
dicate a trend for major gene control (one to three
loci). Intermediate shattering types often occur and
indicate the existence of modifying %enes.

Tunis grass [Sorghum virgatum (Hack.) Stapf], a wild
relative of sorghum [S. bicolor (L.) Moench], forms an
abscission layer while modern cultivars do not. Crosses
of tunis grass with several forms of cultivated sorghum
revealed a two-complementary-gene control of abs-
cission with abscission being dominant (Karper and
Quinby, 1947).

In crosses between tetraploid oat species A. barbata
Pott ex Link (shattering) and A. abyssinica Hochst. ex
A. Rich. (nonshattering), duplicate dominant epis-
tasis was observed (Ladizinsky, 1975). In crosses be-
tween hexaploid A. byzantina K. Koch and A. sativa
L. (Kehr and Hayes, 1950), shattering was found to
be single gene recessive, but intermediate types were
reported. Modifying genes as well as suppressor genes
appear to be added with the third genome in hex-
aploid oats (Jensen, 1961; Coffman and MacKey,
1959; and Hafiz, 1981).

In rice (Oryza sativa) an abscission layer has per-
sisted even into modern cultivars (Zee et al. 1979)
although genotypes which do not develop an abscis-
sion layer have been known for 50 years (Chandrar-
atna, 1964). Reported segregation ratios for shatt-er-
ing in rice vary considerably with the material studied
and range from single gene inheritance with shat-
tering dominant to two or three genes with non-
shattering dominant (implying Eerhaps a suppressor
gene as in oats), to polygenic inheritance (Chandrar-

! Contribution of the Minnesota Agric. Exp. Stn. Paper no.
13 235 of the scientific journal series ofgt-ll-le Minnesota Agric. Exp.
Stn. Received 11 Jan. f983.

2 Former research assistant (now junior scientist, Int. Inst. for
Tropical Aéric., Oyo Road, P.M.B: 5320, Ibadan, Nigeria) and
protessor, Dep. of Agronomy and Plant Genetics, Univ. of Min-
nesota, St. Paul, MN 55108.
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atna, 1964). The latter is most common, especially
when a quantitative measure of shattering is used
(\'idyadharan and Ponnaiya, 1963; and Ramiah and
Rao, 1936).

The structure of the abscission layer in rice is sim-
Jar to that in wild rice (Hanten et al., 1980). Studies
with rice indicate that variation in shattering is re-
lated to the degree of development of the subtending
cone of sclerenchyma (Zee et al., 1979; Srinivas et
al., 1979). O. sativa var. ‘fatua’, a shattering type, does
aot have a lignified cylinder of cells around the vas-
cular tissue that excludes the abscission zone (Chalam,
1942).

The primary purpose of the research reported
herein was to explore the usefulness of quantitative
cariation within a population of wild rice which has
major gene resistance to shattering. Previous work
(unpublished) from our wild rice breeding project has
indicated differences in strength of seed retention
within nonshattering populations, but no systematic
evaluation of this variation had been made. The first
objective of this study was to determine, by progress
from selection experiments, if quantitative genetic
variation for seed retention exists in a cultivar which
has shattering resistance conferred by two recessive
genes. A second objective was to compare the efficacy
of mass selection and half-sib family selection for seed
retention. Also, we estimated realized heritability for
quantitatively controlled seed retention and evalu-
ated flowering date and harvest maturity for corre-
lated response to selection.

MATERIALS AND METHODS

Consideration of the wild rice reproductive system, proj-
ect facilities, labor availability, and alternative selection
«chemes led to the choice of mass selection and half-sib
progeny testing for comparative evaluation as alternative
selection methods.

Mass Selection

_ Two cycles of mass selection for seed retention were per-
formed in the greenhouse, one each during the fall seasons
of 1979 and 1980 in the cultivar Netum which has resist-
ance to shattering conferred by two recessive genes. Plants
were handled using standard greenhouse technique (Elliott,
1980) for both mass selection cycles and for the recombi-
nation generation of half-sib family selection. Two seed-
lings each were planted in 15 cm pots submerged in water
to approximately 1 cm above the top of the pot. Plants
were thinned to one per pot when they were approximately
20 cm tall. Supplemental fluorescent lighting with an 18-
h photoperiod was provided throughout the growing pe-
riod and the temperature was 25 +5°C. Plants were fer-
tilized with 40 kg ha~! of N as NH,4NOj at early boot stage.
_ In the first cycle of mass selection 5 to 10 seeds per main
culm of 750 plants were measured with a tensile strength
meter (Dial push-pull gauge model DPP-1 kg, John Cha-
tillon and Sons, Inc., Kew Gardens, New York3). All data
are reported as decinewtons (dN). The gauge was rigidly
attached to a modified hemostat clip which closed on the
seed. The gauge and clip were held parallel to the long
axis of the seed which was kept in its natural position rel-

e )
st Mention of a trademark of proprietary product does not con-
\{_ute a guarantee or warranty of the product by the Univ. of
Minnesota, and does not imply its approval to the exclusion of

other products that may also be suitable.

ative to the axis of the panicle branch. The retention of
seeds of a panicle was determined when approximately 40
to 50% of the seeds on a panicle had darkened and the
seeds could not be indented with the thumbnail. Selections
were made within groups of 100 to 200 plants located in
different greenhouse subsections using a 10% selection in-
tensity among materials in each subsection.

The open-pollinated plants selected in the first cycle pro-
duced an average of 11.75 seedlings for establishing the
C, population (range was 4 to 17). A total of 500 plants
were grown for the second cycle of selection. Greenhouse
growth conditions and evaluation of tensile strength of ker-
nel attachment were similar to the first cycle.

A composite of seeds from 50 selected plants was made
for the evaluation phase in 1981. A degree of balance was
achieved by including 36 seeds from each of 40 families
and all available seeds (range 3 to 33, mean 22.5) from the
remaining families. This composite was designated N(M)C2.

Half-Sib Family Selection

In 1979, 226 random open-pollinated plants of Netum
from a grower’s paddy were individually harvested and
progeny of each open-pollinated plant constituted a half-
sib family. The families were hand-planted in a research
paddy at Excelsior, Minn. on 6 May 1980. The families
were planted in single-row unreplicated plots grouped into
five incomplete blocks; four of the blocks contained 40
families each and one block contained 66 families. The
single-row plots were 1.8 m long, spaced 60 cm apart, and
contained approximately 15 plants. Standard paddy pro-
cedures (Elliott, 1980) were used in growing the half-sib
family selection trial in 1980.

Random plants were tagged at flowering and were re-
viewed for maturity at 2-day intervals. Seed retention mea-
surements were made on five seeds of one panicle per plant
(usually the main culm) on each of five tagged plants per
row. A within-block selection intensity of 10% was used in
each of the five blocks.

Remnant seeds from each of the selected families were
germinated and planted in the greenhouse, fall, 1980. Re-
Combination was accomplished by open pollination of ap-
proximately 26 plants per family randomly distributed
through the population. A balanced composite of seed from
the recombination generation was made for the 1981 eval-
uation and was designated N(HS)CL

Evaluation of Progress from Selection

The two selected populations, N(M)C2 and N(HS)CI, a
1980 source of the parent cultivar Netum, an unrelated
cultivar ‘K2’ and a related population, experimental 3, were
grown in the 1981 field season. Experimental 3 was derived
from the same source population as Netum but had been
further selected for plant type, early maturity, and seed
retention. The five entries were planted at Excelsior (21
May) and Grand Rapids, Minn. (7 May) each with 15 rep-
licates in a randomized complete block design. Each plot
consisited of two rows 1.8 m long, 30 cm between rows of
a plot, and 60 cm between rows of adjacent plots. Strength
of seed retention and date of measurement were recorded
on 10 randomly selected and pretagged plants per plot by
the senior author at Excelsior and by a technician at Grand
Rapids. Data recorded were tensile strength and date of
measurement. An approximate measure of length of grain
filling period for each plot was calculated using mean head-
ing date and mean date of seed retention measurement.

In an effort to determine if there was an effect of mea-
suring the first or second tiller instead of the main culm




958 CROP SCIENCE, VOL. 23, SEPTEMBER-OCTOBER 1983

Table 1. Mean kernel tensile strengths of Netum, the two
selected populations and check entries by location and com-
bined over locations.

Location
Entry Excelsior Grand Rapids Combined
dN

Netum 8.4 12.0 10.2
N(HS)C1 10.5 13.2 11.8
N(M)C2 14.1 16.4 15.3
K2 8.1 13.2 10.7
Experimental 3 14.2 18.3 16.2
LSD (0.05)

One-tailed tT 13 1.1 1.8
Two-tailed t 1.4 1.3 2.3

+ For comparison of Netum with the selected populations.

when necessitated by breakage or sterility, strength of seed
retention and date of measurement were recorded for the
main-stem and two tillers of each of 50 plants of the Netum
halfsib families in 1980, and 44 plants of the N(HS)Cl
population and 52 plants of the K2 cultivar from the eval-
uation of selection progress experiment at Excelsior in 1981.

Data Analysis

Data were analyzed using the Statistical Analysis System
(Statistical Analysis Institute, 1979). The progress from se-
lection experimental results were analyzed using the Gen-
eral Linear Models procedure because of imbalance in the
number of plants available per plot at Excelsior. The anal-
yses presented were calculated on plant means using a se-
quential fitting of variables in the model (type I sum of
squares). In each case the sum of squares (type IV) obtained
by fitting each variable last in the model revealed virtually
no change in estimates and thus the type I sum of squares
analyses of variance were used.

Gain from selection was computed as the difference in
kernel tensile strength mean of the selected population and
the parental population. Estimates of realized heritability
from mass selection were computed by location as the ratio
of actual gain in kernel tensile strength to an estimate of
cumulative selection differential.

To assess possible correlated response in flowering date
or harvest maturity, flowering date, and harvest maturity
means of the selected populations were compared to the
original population.

RESULTS AND DISCUSSION

The 1981 evaluation trial at Grand Rapids was in
generally good condition except for some stalk break-
age due to wind. Tillers or alternate plants in the plot
were measured to provide data when broken main-
stems were encountered on the randomly selected
plants. Ducks and deer at Excelsior reduced stands
enough to introduce imbalance in the data. Some
plants were available in all plots but 10 plants per
plot were not always available.

Progress from Selection

Comparison of single location analyses indicated
homogeneity of error and a significant entries effect
for seed retention. The combined analysis indicated
significant entries and locations (confounded with op-
erator) effects as well as a significant entries X lo-
cations effect.

The mean tensile strengths of the entries at each
location and combined over locations are given in

NETUM ymean

TENSILE STRENGTH CLASS
MIDPOINT (dN)

Fig. 1. Distribution of plant mean kernel tensile strength atl:x
celsior for Netum, N(HS)C1, and N(M)C2. 3ee

PERCENT OF PLANTS IN TENSILE STRENGTH CLASS

[
Table 1. Based on means over locations, pro Tess
from selection was 15.9% with the single cycle ofi-z;{!.ﬁ
sib selection and 49.6% from two cycles of mass se
lection. E
Netum and its subpopulations may be compared
using the protected LSD based on a one-tailed t-test;
all other comparisons should be based on two-tailed
tests. For comparisons among the combined locations
means, the entries X locations interaction mean
square (4 df) was used in the F-test of entries and
the mean square error for the LSD. This explains
the insignificant combined locations result for prdg:
ress from selection for N(HS)Cl whereas the indivi
ual locations showed significance. e
Progress from half-sib selection was probably red
since N(HS)Cl was significantly greater than Netum
at each location. However, the estimate of actual gam
could be questioned because of genotype X enviror
ment interaction. £

Gain from two cycles of mass selection was clczg'b
superior to that from one cycle of half-sib family $¢ |
lection. The superiority of experimental 3, an ur
released population which had been mildly selef:};d
several generations for tensile strength and otherag
ronomic traits, over Netum also indicated the C_g?"
tiveness of single plant selection for seed retentioh

Frequency distributions of plant mean kernel.tet
sile strengths (Fig. 1 and 2) within each location i®
dicate normal distributions of the seed retentiol &
plants within populations except for Netum 2ty
celsior. The selected populations were not skt
and did not show any indication of reduced var.
due to selection.

Correlated Response to Selection

Flowering date on a plot basis (emer ence OLEL
first floret of the main-stem of 50% of the plaBt
mean date of main-stem maturity and length of gT&
filling period were evaluated to detect possiblec®:
related changes due to selection for seed reten
Because of deer grazing, flowering date data
four replicates at Excelsior were omitted. The;
bined locations analysis indicated significant er
and locations effects but not entries X locations:
was known from other trials (Stucker, 1981) K2 '
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fig. 2. Distribution of plant mean kernel tensile strength at Grand

%8  Rupids for Netum, N(HS)CI, and N(M)C2.
?’CIEE. ster than Netum (an average of 5 days in this trial)
of ms i experimental 3 was earlier (an average of 3 %

- s Selection for tensile strength did not alter the
le “ wering date of the selected populations compared

ailed s \etum, the parent cultivar (Table 2). ‘

| two ik \n analysis of mean date of main-stem maturity
dloiiel zaicated sx.gmﬁcan't locations angi entries effects but
tion] .~ nteraction. Mainstem maturity means (Table 2)
Lries' i :urﬁ.;;c;!ed flowering dates in that there was no cor-
lis expl v response to selection for tensile strength. Since
It for;f (4 omsistent seed maturity was used to determine the
the indel ~ tensile strength measurement, no shift in pop-
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- «L.on maturity date with selection was expected.
‘2 avproximate measure of the grain filling period
"+ ocations basis was obtained by computing the
= terence between mean flowering dates and mean
“=nistem maturity dates. An unprotected LSD was
“yructed using twice the pooled error variances
“owering dates and maturity dates for comparison
“wtries. There appear to be no real differences
¢ entries for grain filling period at this level of
ttion even though the Netum derived popula-

» ciffered in maturity from K2 and experimental

Tiller Evaluation

u:;;ht‘ tiller evaluation experiments the analysis of
2 cd :C‘ gf seed retention for Netum in 1980 indi-
. ~kn-;(: ffff{rf-‘nCt.?S (P = 0.14) among means of the
5e |og lm>. tiller #1, and tiller #2, across plants. In
B evaluation of N(HS)CI and K2, there was
o, E_’sm:)l significance (P = 0.08) for differences in
St main-stems a.md tillers. Across.the three
Lok R4z 3, 1% stem rankings were not consistent (Ta-
lonL gy ! " arh'f lack of consistent differences among main-
. mr:geﬂnel"s Justified the substitution of a tiller
 There Warsn when a main-stem was lost.
ysis of [hnolentry by stem type interaction in the
N lens('?] 981 data (Table 3). The difference
€t lle strength of kernel attachment be-
iomir . vO €ntries based on means over stem type

4. THEHE TS cant (P = 0.002)
; > g:: }t)}l]ant do not usually mature on the same

us measured on different days with

queng s . o s
Opel‘ator and Cllma[lc variation Iintro-

EVERETT & STUCKER: SHATTERING IN WILD RICE 959

Table 2. Mean flowering date and mean date of kernel strength
measurement (maturity) by location and combined over loca-
tions.

Location
Excelsior Grand Rapids Combined

Flower- Ma- Flower- Ma- Flowerr Ma-

Entry ing turity ing turity ingf  turity}
days after 1 July

Netum 14.5 42.7 19.0 48.4 16.8 45.5
N(HS)C1 14.7 42.0 18.0 48.7 16.4 45.4
N(M)C2 15.0 42.0 18.2 47.3 16.6 44.6
K2 20.3 47.1 23.1 53.2 21.7 50.2

Experimental 3 11.2 39.2 15.2 46.2 13.2 42.7

T LSD 0.05 combined over locations = 0.8.
1 LSD 0.05 combined over locations = 0.9.

Table 3. Mean kernel tensile strength for main-stems and tillers
in three populations measured at Excelsior.

Stem Netum (1980) N(HS)C1 (1981) K2(1981)F
dN

Main stem 10.7 9.3 8.0

#1 tiller 9.2 11.3 8.9

#2 tiller 8.8 9.8 8.7

TLSDO0.05 = 1.8.

Table 4. Analysis of variance of kernel tensile strength for
N(HS)C1 and K2 in the tillers evaluation trial, assuming all
sources of variation nested.

Mean Variance component (dN)?
Source df square = SE
Entries 1 896.7
Plants/entries 94 165.4 7.61 = 2.99
Tillers/plants 180 56.0 6.09 = 1.44
Seedsitillers 1104 25.6 25.56 = 1.19

Table 5. Tiller sequence periodsT for N(HS)C1 and K2 (1981) and
Netum (1980) at Excelsior.

Period 95% C.I.  Period 95% C.I.

Entry #1 SD of mean #2 SD of mean
_Netum 9.0 3.8 =11 3.3 2.5 0.8
N(HS)C1 7.3 3.8 =1.0 2.8 2.7 1.0
K2 8.3 3.6 +=1.0 3.0 2.7 1.0

T Period #1 = date of tensile strength measurement (maturity) of tiller #1
minus that of the main stem. Period #2 = date of measurement of tiller
#2 — tiller #1.

duced. Consequently the tiller-to-tiller within-plant
variance can be used as an estimate of plant-to-plant
environmental variance. The contribution of among-
stem variation was calculated by using a nested clas-
sification analysis of the 1981 Excelsior data (Table
4). The variance component for plant-to-plant vari-
ation was about equal to that for tiller-to-tiller within-
plant variation, and each was slightly less than 20%
of the total variation within an entry on a seed basis.

Of interest also are the sequence periods of tiller
maturation which were available from the 1980 Ex-
celsior tiller measurement sample in Netum and the
1981 Excelsior tiller sample in N(HS)CI and K2 (Ta-
ble 5). Period #1 was the number of days between
the maturity date of the main-stem and the first tiller,
and period #2 was the number of days between ma-
turity of the first and second tillers. In all three pop-
ulations the average for period #1 was more than
twice that for period #2 and ranged from 7 to 9 days.
The variance for both periods was high, however,
with a range of about 12 days for period #1 and 9
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Table 6. Components of error variance of kernel tensile strength
in the evaluation of the selection progress experiment.

Value of variance

Variance component component (dN)* SE
Among plots within

entries and locations 1.04 0.23
Among plants within plots 16.45 0.80
Among seeds within plots 28.97 0.30

days for period #2 in the Netum and Netum derived
populations. Period #1 approximated a uniform dis-
tribution more than a normal distribution.

The long average period of time between maturity
of the main-stem and first tiller (7 to 9 days) relative
to that between first and second tillers (3 days) is a
major contributing factor in the field yield loss. The
rapid loss in kernel tensile strength of the main-stem
during the interval between maturity of the main-
stem and the several tillers before harvest leads to
the common observation of almost total seed loss from
the main-stem. It also suggests that if genetic varia-
tion exists for length of this maturation synchrony
period, selection for shorter period could be useful
in reducing crop losses. There is a high degree of
phenotypic variability for both tiller synchrony pe-
riods which suggests an exploitable genetic compo-
nent, an observation also made by Foster and Rutger

(1980). ;
{w’/J

Substantial gain from two cycles of mass selection
and a smaller %ut probably real gain from one cycle
of half-sib family selection for kernel tensile strength
were observed in this experiment. This progress can
only be possible if substantial additive genetic vari-
ance for this trait exists in the population and if its
heritability on a single plant basis is high. Since actual
gain from half-sib selection was not significant, re-
alized heritability was not computed for half-sib se-
lection.

A form of realized heritability can be computed by
location from the 1981 evaluation trial data. Ignor-
ing block effects, which were small, the mean of the
top 10% of the plants of Netum, minus the mean of
the population provided an estimate of the selection
differential (9.63 at Excelsior, 8.10 at Grand Rapids).
Actual gain (two cycles) is the mean of N(M)C2 minus
the mean of Netum at each location. Narrow sense
heritability (h2) on a plant mean basis is (actual gain
per cycle/selection differential) X 2 since only one
parent was controlled. The estimates are h%? = 0.58
(Excelsior) and 0.55 (Grand Rapids).

Realized Heritability in Mass Selection

Effect of Variability on Choice of Selection
Method

Components of the error variance were calculated
for the evaluation of selection progress experiment
(Table 6). The largest components are those of seed-
to-seed and plant-to-plant variance. In the tiller eval-
uation experiment it was observed that about half of
the plant-to-plant variance could be accounted for by
tiller-to-tiller (nongenetic) variation and thus perhaps
half is genetic, which would be expected from the
high realized heritability observed with mass selec-
tion.

/i
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[

J;/]E o 7
v
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Plot-to-plot variance was small and would not jus-
tify replicated family testing. Only one cycle per year
is possible with half-sib family testing. However, one
advantage of this method is the opportunity for mul.
tiple trait evaluation.

Mass selection appears to be superior for improy-
ing seed retention in wild rice. The effect of the prin-
cipal component of error variance, that of seed-to-
seed, was reduced by multiple seed measurement per
plant and at least equal gain per cycle was observed
in comparison with half-sib family selection. Mass se-
lection in the greenhouse allows two cycles per year
and is labor efficient since it does not compete with
labor demands of fall field harvest.
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Seed Dormancy Mechanisms in Wild Rice (Zizania aquatica)'

V. B. Cardwell, E. A. Oelke, and W. A. Elliott

ABSTRACT

Freshly harvested seeds of wild rice (Zizania aquatica
L.) require 3 to 5 months of moist storage at 1 to 3 C
to induce germination. Dormancy lasting more than 1
year has been noted. These periods of dormancy pose
problems to plant breeders desiring multiple generations
per year and to growers desiring to change varieties in
establish fields. The p of this research was to
determine the role of the pericarp in seed dormancy, the
existence of germination inhibitors, and the influence of
gibberellin and kinetin on germination of dormant wild
rice seeds.

The pericarp of seeds harvested the previous day was
scraped off, punctured, or cut at several locations on
the seed. Germination occurred only when the treat-
ments were made directly over or very near the em-
bryo, indicating mechanical resistance by the pericarp.
Soil collected from fields 1 and 2 years out of produc-
tion was screened for seed. The pericarps of nongerm-
inating seeds were randomly punctured, increasing germ-
ination 33 and 799, respectively. This suggests an im-
permeable pericarp.

Freshly harvested seeds from which the pericarp was
either scraped or not scraped were germinated in
aqueous extracts of the pericarp, and hulls (lemma and
palea) from freshly harvested seeds. Aqueous extracts of
the pericarp reduced germination 779, while aqueous
extracts of the hulls reduced germination 849, com-
pared to scraped seed germinated in water. Aqueous ex-
tracts of the hulls from seeds stored for 1 year had little
influence on germination when used as germination me-
dia for freshly harvested scraped seeds. The hulls were
removed from some freshly harvested seeds and not from
others before storing for 1, 2, and 4 weeks in water at
L5 C.. Seedling survival after 30 days was significantly
reduced when lemmas and paleas were left on the seeds
1 or 2 weeks during storage in water at 1.5 C. These
experiments support the contention of growth regulators
in the hulls of freshly harvested seed.

All combinations of 0, 0.01, 0.1, 1, and 5xM solutions
of gibberellic acid (GA;) and kinetin were applied to
germinated dehulled, punctured seeds. Before seeds were
dehulled and punctured, they were stored in plastic con-
tainers at 1.5 C for 90 days. Germination increased from
36 to 519, as GA, concentrations increased. Kinetin alone
had little influence on germination except in combina-
tion with GA; Less etiolated seedlings were obtained
when kinetin was included in GA, treatments. The addi-
tion of 54M GA; 4 1xM kinetin increased germination
of freshly harvested, scraped seeds from 29 to 76%.

Wild rice appears to have multiple mechanisms of
seed dormancy. The seed pericarp exhibits mechanical
resistance and impermeability. Water soluble germina-
tion inhibitors appear to be present in hulls and peri-
carp, and gibberellic acid concentrations are low in
freshly harvested seed. Freshly harvested seed can be
germinated by dehulling and scraping, permitting multi-
ple generations per year in breeding programs. Per-
sistence of dormant seeds in fields will present problems
in introducing new varieties.

Additional index words: Wild rice, Inhibitors, Germ-
ination, Impermeability, Growth regulators.
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? Associate professors and assistant professor, respectively. Dep.
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THE ability of wild rice (Zizania aquatica L.) to

delay germination for prolonged Ierioc!s after har-
vest was first reported by Brown an Scofield (1903)
and Duvel (1906). Failure of seeds to germinate un-
der conditions normally favorable to germination is
termed dormancy. Historically, domestication of
plants has resulted in selection of less dormant types.
Wild rice represents a wild species in the process of
being domesticated. Barton and Crocker (1953) have
suggested that dormancy may be due to: (1) imperme-
ability of seed coats to water (alfalfa [Medicago sativa
L.}, clovers [Trifoliumn spp.], and other legumes) or
gases (cocklebur [Xanthium pensylvanicum, Wallr],
cucumber [Cucumis sativa L.], and wild oats [Avena
fatua, L.]); (2) mechanical resistance of the seed coat
to expansion of the embryo (waterplantain [Alisma
trivale Pursh], pigweed [dmaranthus retroflexus L.],
and raspberry [Rubus idaeus L.]); (3) morphological-
ly incomplete embryos (holly [Ilex opaca Ait.]);
(4) physiological dormancy requiring stratification
(swamp persiaria [Polygonum ~coccineum Muhl.],
water pepper [Polygonum hydropiperoides Michx.],
sugar pine [Pinus lambertiana Dougl.], and Chinese
maple [Acer truncatum Bunge], or light of appropri-
ate intensity, wavelength or duration (lettuce [lactuca
sativa L.], birch [Betula sp], and Canadian hemlock
[ Tsuga canadensis Carr.]; and (5) chemical inhibition
of metabolic events (sugar beets [Beta vulgaris L.],
lovegrass [Eragrositis lehmanniana, Nees], and wild
oats [Avena fatua L.]).

Muenscher (1936) observed no germination of wild
rice after 60 days of storage in water at 1 to 3 C, but
near maximum germination in samples taken after 150
days of storage. Simpson (1966) observed initial loss
of dormancy began after 96 days of storage at 1 to 3 C
in water. Maximum germination was reached after
192 days of storage. This suggests a physiological form
of dormancy but Simpson (1966) observed no effect
from gibberellic acid treatments. Using wet seed stored
128 days, Simpson increased the germination percent-
age four to 10-fold by a single puncture in the scutellar
region of the seed coat of dehulled seeds with a dissect-
ing needle, a response suggestive of seed coat imperme-
ability as a dormancy factor. Further support for
seed coat impermeability as a factor of dormancy was
presented by Halstead and Vicario (1969) who re-
ported no germination for untreated seeds removed
from 1 to 3 C wet storage 90 days after harvest. Treat-
ing seeds with ultrasonic vibrations at 70 kc/s for 10
min resulted in 749, germination.

LaRue and Avery (1938) were able to germinate im-
mature seeds on agar and Woods and Gutek (1974)
report germination of freshly harvested wild rice fol-
lowing removal of the lemma and palea and scraping
the pericarp from above the embryo with a scalpel.
This would apparently rule out the possibility of mor-
phologically immature embryos as a cause of dor-
mancy.
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Table 1. Effects of treatments on germination of freshly
harvested Z. aguatica seeds.

Germination

Treatments after 7 days
%

Check 0
Pericarp punctured 0
Pericarp removed; dorsal side distal to embryo 0
ventral side opposite embryo 0
over embryo 55
Pericarp cut over and parallel to embryo 10
Pericarp cut on either side of embryo 25
L.S.D. 0.05 11.0

The objectives of these investigations were to ex-
plore the role of the pericarp on seed dormancy, de-
termine if inhibitors are present, and study the in-
fluence of gibberellin and kinetin on germination of
dormant wild rice seeds.

MATERIALS AND METHODS
Role of Pericarp in Seed Dormancy

Experiment 1. In 1973,, wild rice seeds were dehulled (lemma
and palea removed by hand) and the pericarp partially re-
moved, punctured, or cut within 24 hours after harvest. Peri-
carp tissue was removed by scraping with a razor blade over
the embryo, on the ventral side of the seed opposite the em-
bryo, and the end opposite the embryo. Other treatments in
which pericarp tissue was not removed included puncturing
the pericarp with a dissecting needle three times on each side
of the embryo area, cutting through the pericarp with a razor
blade immediately over and parallel to the embryo, and cutting
through the pericarp on both sides of the embryo. Four replica-
tions of 10 seeds of each treatment and a control were germinated
in petri dishes on the laboratory bench (22 = 2 C) in deionized
water.

Experiment 2. Soil samples were taken in late June from three
wild rice fields for a period of 2 years after they had been in
wild rice. Wild rice seeds were removed from the peat soil
by sieving and picking by hand from 0.9 m* x 30 cm deep
samples and allowed to germinate for 3 weeks in water at 26 C.
The pericarp of any seeds that did not germinate after a period
of 3 weeks was punctured three times on each side of the em-
bryo. These were allowed to germinate an additional 3 weeks.
Seeds failing to germinate after puncturing were tested for vi-
ability using 19 solution of 2,3,5-Triphenyl-2H-tetrazolium
chloride (tetrazolium). The tetrazolium procedures suggested by
Grabe (1970) for large-seeded grasses was followed, modified
using a 1%, solution rather than the suggested 0.19%,.

Presence of Germination Inhibitors

Experiment 1. To determine if germination inhibitors were
present, freshly harvested seeds were germinated in water with
hulls or pericarp scrapings added. Ten scraped seeds and their
hulls were placed in a petri dish for germination in distilled
water. A second treatment consisted of returning pericarp scrap-
ings from 50 seeds to the germination media (water) contain-
ing 10 scraped seeds. The check treatments included dehulled
nonscraped and dehulled scraped seeds. Germination counts were
taken after 7 days. Seeds failing to germinate when the hulls
were included in the petri dish were rinsed in and placed in
distilled water without the hulls for another 7 days before tak-
ing final germination counts. Each treatment was replicated
three times using a randomized complete block design.

Experiment 2. The hulls of freshly harvested seeds and hulls of
seeds stored in water at 1.5 C since the previous fall (approxi-
mately 1 year) were air-dried or dried for 24 hours at 68 C
and then ground through a 50 (30-mesh) screen. Samples
weighing 3.2 g (hulls of approximately 1,000 seeds) were soaked
24 hours in 100 ml of distilled water. After filtering through
Whatman No. 1 filter paper, a one-tenth dilution series, start-
ing with 3.2 g/100 ml and continuing to 0.0032 g/100 ml, was
established. Ten dehulled, freshly harvested seeds, scraped as

Table 2. Effect of pericarp scrapings and hulls of Z. aquatica

added to germination media on germination of freshly har

vested scraped seeds. 1
Treatments Germinationt Treatment-1
%

1. Seeds scraped—distilled water 43.3 100.0
2. Check—no scraping—distilled water 0.0 0.0
3. Seeds scraped—hulls added 6.7 15.5
4. Seeds scraped—pericarp scrapings added 10.0 23.1
5. Ungerminated seeds of treatment 3—

distilled water} 50.0 115.5
L.S.D.0.05 28.8

t7-day germination. } Germination count taken 7 days after

removing hulls.

described by Woods and Gutek (1974) were germinated in each
dilution and a water check. The treatments were replicated five
times using a randomized split plot design with sources of hulls
or hull treatment as main plots and dilutions as subplots.

Experiment 3. To determine if leaving the hulls on the seed &

during storage in water influences seedling growth and survival,
the hulls were removed from some freshly harvested seeds and
not from others before storing for 1, 2, and 4 weeks in water

at 1.5 C. In addition, a third group of seeds were dehulled and

scraped and also stored in water at 1.5 C for 1, 2 and 4 weeks.
After storage in water for the prescribed length of time, the
seeds were removed and those which were not scraped before
storage were scraped before testing for germination in water at .
24 C. The resulting l-week-old seedlings were transplanted into

flooded soil in the greenhouse. The seedlings were measured for ';‘;

height and leaf number before transplanting, and again 30 days

later. Tiller number was determined 30 days after transplanting. g

Each treatment was replicated four times with 25 seeds per !
replication, using a randomized complete block design.

Gibberellin and/or Kinetin Influence on
Germination of Dormant Seeds

Experiment 1. Wet seeds (40%, moisture) stored without
water at 1.5 C for 90 days in plastic covered containers were
dehulled and surface sterilized with 0.5%, solution of sodium
hypochlorite for 15 min. The pericarp of each seed was then
punctured several times with a dissecting needle and the seeds

were germinated in sterilized petri dishes containing solutions of

GA; and kinetin alone and in combination. All procedures were
conducted under aseptic conditions and the seeds were germ-
inated in an incubator kept at 26 C. All combinations of 0,
0.01, 0.1, 1, and 5gM solutions of GA, and kinetin were used. :
Each treatment was replicated four times using a randomized
complete block design with 20 seeds per replication. Germination -
counts were taken at the end of 14 days. 3

Experiment 2. Freshly harvested seeds and seed stored for 130

days at 1 to 3 C were dehulled and surface sterilized with 0.5%,
solution of sodium hypochlorite. Freshly harvested seeds were
scraped under aseptic conditions. All seeds were germinated in
sterilized petri dishes containing a solution with 5uM of GA,
and 1xM of kinetin. One set was germinated on the laboratory
bench at ambient room temperature (22 + 2 C) and another
set was germinated at 24 C day and 14 C night temperature in
an illuminated incubator. Florescent lighting was supplied dur-
ing the 16 hour day period. Four replications of 50 seeds each
were arranged in a randomized block design.

RESULTS AND DISCUSSION
Role of Pericarp on Seed Dormancy

Removal of the pericarp over the embryo resulted in
a germination of 559, compared to 0%, when the peri-
carp was left intact on freshly harvested seeds (Table
1). Removal of the pericarp directly above the embryo
was necessary, since removing it from the dorsal side
distal to the embryo or from the ventral side opposite
the embryo did not result in any germination. Punc-

Weight
extr

210

32x1
32x1
32x1
32x1
0 (wate:

LS.D.(
L.S.D.(

0
L.S.D.(
d

T Mean

turing
embr
peric:
the er
mum
carp ¢
(1974
than
sugge
to em
tion
seed.
Th
wet s
posth
carp
diffus
evide
the p
or mc
nate.
in fie
found
befor
seeds
the p
germi
remos
that
of dot
is con
gen, 1
mitia

Alt
the pe
ling
the sc
in the
cant 1
ly ha
carp
clearl
hibitc




fares m e

hulls of Z. aguatica
ition of freshly har-

‘minationt Treatment-1

%

43.3 100.0
0.0 0.0
6.7 15.5

10.0 23.1

50.0 115.5

28.8
nt taken 7 days after

: germinated in each
were replicated five
with sources of hulls
ns as subplots.
he hulls on the seed
growth and survival,
harvested seeds and
id 4 weeks in water
s were dehulled and
or 1, 2 and 4 weeks.
length of time, the
not scraped before
nination in water at
re transplanted into
s were measured for
3. and again 30 days
; after transplanting.
with 25 seeds per
lock design.

fluence on
Seeds

ire) stored without
red containers were
solution of sodium
each seed was then
eedle and the seeds
1taining solutions of
All procedures were
e seeds were germ-
combinations of 0,
kinetin were used.
using 2 randomized
ication. Germination

seed stored for 130
sterilized with 0.59,
arvested seeds were
were germinated in
with 5uM of GA,
d on the laboratory
: 2 C) and another
ight temperature in
; was supplied dur-
ns of 50 seeds each
1

SION
ormancy

1bryo resulted in
» when the peri-
ed seeds (Table
2 embryo

rsal side
Opposite

Punc-

.
.

Do

AN M

C

o _{1“;4(%‘. s

g

T T RS

1

i o3

CARDWELL ET AL.. SEED DORMANCY IN RICE 483

Table 3. Effect of aqueous extracts of hulls of freshly harvested
and 1-year-old seeds of Z. aquatica on germination percentage
of freshly harvested scraped seeds.

Table 4. Percent germination and seedling growth of Z. aquatica
after 1 week in water as influenced by hull removal before
storage in water at 1.5 C.

Hulls (lemma and palea)

Fresh hulls
Driedat 68 C
Weight of hulls w— Y S Dwed
extracted ol Fresh dried at68C Meant
2100 ml %
3.2 x 10 69 48 35 40 41
3.2 x 10 73 62 51 . 72 62
3.2 x 10~ 73 67 72 67 69
3.2 x 10~ 68 74 73 76 74
0 (water check) 69 66 66 66 66
L.S.D. 0.05—dilutions NS NS 16 16 11
L.S.D. 0.05—hulls at
one dilution 10 NS
L.S.D. 0.05—hulls x
dilutions NS NS

T Mean of all freshly harvested hull extraction experiments.

turing the pericarp three times on either side of the
embryo did not cause germination. Weakening the
pericarp by making a cut over or on either side of
the embryo allowed some seeds to germinate, but maxi-
mum germination was obtained by removing the peri-
carp over the embryo as described by Woods and Gutek
(1974). The lack of germination from treatments other
than the direct removal of pericarp over the embryo
suggests the possibility of some mechanical resistance
to emergence of the coleoptile and radicle or germina-
tion inhibitor in the pericarp of freshly harvested
seed.

The earlier study of Simpson (1966) working with
wet stored seeds having undergone at least a 90-day
postharvest “after ripening” period suggested the peri-
carp acted as an impermeable structure restricting
diffusion of gases or water. We found supportative
evidence for this because it was necessary to puncture
the pericarp of seed that had been in the soil for 1
or more years before some of the seeds would germi-
nate. Thirty-three percent of the viable seeds found
in fields 1 year after the last crop and 799, of seeds
found in the soil after 2 years had to be punctured
before they would germinate. Puncturing old dormant
seeds stimulated germination, whereas disruption of
the pericarp of freshly harvested seeds produced no
germination unless the pericarp over the embryo was
removed. These data are supportive of the hypothesis
that pericarp permeability to gases is a major cause
of dormancy after the postharvest after-ripening period
is completed but factors other than temperature, oxy-
gen, water, and light restrict germination during the
initial -postharvest period.

Presence of Germination Inhibitors

Although many dormant seeds will germinate when
the pericarp is removed above the embryo, often seed-
ling vigor is poor resulting in a low survival rate of
the seedlings. This prompted a check for inhibitors
in the hulls (lemma, palea) and pericarp. A signifi-
cant reduction (6.7 vs. 43.3%,) in germination of fresh-
ly harvested scraped seeds resulted when hulls or peri-
carp scrapings were added to the germination media
clearly indicating the presence of a water soluble in-
hibitor (Table 2). Removing the hulls after 7 days,

Seedling measurements
Storage Prestorage _
period treatment of seeds Length  Leaves/plant Germination

Days Hulls cm %
7 Ont 29 13 39
Removedt 4.4 16 51
Removed and scrapedt 3.6 1.5 46
L.S.D.0.05 NS NS NS
14 On 1.5 1.3 37
Removed 2.3 1.3 47
Removed and scraped 2.6 1.6 46
L.S.D.0.05 NS NS NS
28 On 3.2 2.0 61
Removed 3.5 1.9 49
Removed and scraped 1.7 1.5 77
L.S.D.0.05 0.4 0.2 NS

T Pericarp removed above embryo after removal from storage.
1 Pericarp removed above embryo before storage period.

rinsing the seeds, and placing them in distilled water
for another 7 days resulted in a total germination equal
to the scraped check. Pericarp scrapings restricted
germination of scraped seed to levels similar to those
obtained when hulls were present.

Aqueous extracts from hulls of freshly harvested
seeds reduced the germination of dormant scraped
seeds at the highest concentration of the hull extract
(Table 3). Extract from the hulls of freshly harvested
seeds reduced germination an average of 37%, when the
extract of approximately 100 hulls was used as the
germination media. A similar extract from the hulls of
l-year-old seed had no inhibitory effects on freshly har-
vested scraped seeds. This loss of inhibition may be
associated with the natural breaking of dormancy af-
ter 3 or more months of storage in water at 1 to § C
as reported by Muensher (1936) and Simpson (1966).
Drying hulls at 68 C had no effect on activity of in-
hibitors.

Evidence of germination inhibitor(s) in the hulls
prompted the removal of hulls from same freshly har-
vested seeds before storage in water at 1.5 C for differ-
ent time intervals to determine if the inhibitor(s)
diffused from the hulls into the pericarp. The mean
germination percent was lower and seedling length
was less when the hulls were left on 7 or 14 days, com-
pared to dehulled seeds stored for the same length
of time, but differences were non-significant (Table
4).

Growth and survival measurements for seeds stored
for different intervals of time were made 30 days
after transplanting (Table 5). Height, tillers per
plant, and leaves per plant were non-significant; how-
ever, transplanting survival percent was significantly
reduced when the hulls were left on the seed for 7 and
14 days. After 28 days of storage, survival percent was
the same whether the hulls were left on or not during
this interval of storage. The data are not conclusive,
but suggest that the germination inhibitor(s) located
in the hulls may diffuse into the seed and surrounding
water media during storage. During the initial stage
of postharvest dormancy, the pericarp appears to
exert its influence through chemical inhibitors and
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Table 5. Seedling growth and percent survival 30 days after
transplanting into flooded soil of Z aquatica seedlings ob-
tained from seeds with or without hulls during different stor-

age periods in water at 1.5 C.

Plant measurements
Storage Prestorage Tillers/ Leaves/

period treatment of seeds Height plant plant Survival

Days Hulls cm %

7 Ont 60 0.4 5.5 16

Removedt 12 0.6, 6.2 46

Removed and scrapedt 62 0.4 6.1 38

L.S.D.0.05 NS NS NS 10

14 On 48 0.3 3.4 13

Removed 72 0.9 7.4 33

Removed and scraped 63 0.7 6.5 31

L.S.D.0.05 NS NS NS 15

28 On 73 0.7 6.9 43

Removed 79 0.9 8.2 43

Removed and scraped 73 11 8.2 36

L.S.D.0.05 NS NS NS NS

T Pericarp removed above embryo after removal from storage.
$ Pericarp removed above embryo before storage period.

mechanical resistance rather than permeability restric-
tions as found in older seeds.

Gibberellin and/or Kinetin Influence on
Germination of Dormant Seeds

Germination response of dormant (freshly harvest-
ed), partially dormant (stored 90 days), and non-
dormant (stored 180 days) wild rice treated with gib-
berellic acid (GAj) was differential. GAj3 treatments
stimulated germination in freshly harvested seed and
partially dormant seeds, but had no effect on non-dor-
mant seeds (Tables 6 and 7). Simpson (1966), using
seed stored 182 days, observed no response to GA. The
data are not conclusive but indicate either endogenous
GA levels are low in freshly harvested seeds and build
up during the period of low temperature storage or,
the effect of natural inhibitors is suppressed by the
application of exogenous sources of GA.

Kinetin alone in the absence of GA; had no signifi-
cant effect on germination percent, but in combina-
tion with GA,4 differences were noted (Table 6). Kine-
tin at 1,M in combination with GA4 produced less
etiolated seedlings with more normal root develop-
ment than were obtained with GA; alone, thus kinetin
was included in GA treatment reported in Table 7.

In summary, inhibition of germination in freshly
harvested wild rice seed stored less than 90 days is
primarily a function of chemical (physiological) ‘dor-
mancy imposed by inhibitors located principally in
the lemmas and paleas and to a lesser extent in' the
pericarp. There may also be some mechanical resist-
ance of the pericarp. This dormancy can be broken
by scraping the pericarp over the embryo as shown in
our experiments and by Woods and Gutek (1974).
Stratifying the seeds at 1 to 3 C for 90 days will normal-
ly break dormancy. Dormancy which persists after
3 to 5 months of storage or in the field is probably im-
posed by impermeability of the pericarp since germi-
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Table 6. Influence of GA, and kinetin on germination percent-
age of partially dormant (stored 90 days at 40% seed moisture ¥
and 1.5 ¢) seeds of Z. aquatica.

GA, levels (M) ,

Kinetin : :
levels 0 0.01 0.1 1 5 Average =
M %
0 362t 3L5 462 450 512 420 o
0.01 20 375 438 362 500 35 .
0.1 350 275 462 500 488 415

1 38 438 512 500 488 415 ¢

5 375 462 500 512 462 469 o
Average 355 372 415 465 490 ¥

T L.S.D. 0.05 for treatment means = 14.6%.

Table 7. Influence of GA; and kinetin on germination of freshly

harvested Z. aquatica seeds (dormant) and seeds stored in &
water at 1 to 3 C for more than 130 days (nondormant). :
Germizati "
Germination Dormancy o =
temperature of seed Water GA, + kinetint
%
Constant 21 C Dormant 24 59*
Nondormant 44 43
Alternating 14-24 C Dormant 29 76%
Nondormant 55 57
* Significant at the 0.05 confidence level 3
15 M GA, + 1 uM kinetin, =

nation is markedly increased by puncturing the seeds *
as shown in this study and the earlier work of Simp-

son (1966). Reduced seedling vigor and survival of e
seedlings from freshly harvested seeds forced to break
dormancy by scraping may be due to inhibitors and in- =
teraction with growth regulators in the seeds. Gib-
berellic acid at 5,M stimulates germination and in :
combination with kinetin gives normal appearing seed-
lings. Response to GA is not observed in non-dormant
seeds. Plant breeders can obtain multiple generations '

per year by scraping and treating with GA and kinetin, -
but dormant wild rice seeds in fields will still be a -
problem to growers wanting to change varieties.
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