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by
Lewis W. Jett
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(ABSTRACT)

Seed priming is a controlled hydration process, followed by dehydration, that allows
pregerminative metabolic activity to proceed without germination. The objective of this
research was to investigate the effects of priming on intrinsic characteristics of seed
germination including temperature, water, and development, in order to understand how
priming affects the germination of broccoli (Brassica oleracea var. italica Plenck) seeds.
Priming of broccoli seeds consistently improved germination and emergence rate in the
laboratory and field and was related to the accumulation of a specific level of
hydropriming units expressed in MPa-h. Priming reduced the sensitivity of seed
germination to temperature and increased the temperature range of germination but did
not lower the minimum temperature for germination. Primed seeds leaked less electrolytes
at supraoptimal temperatures (= 35°C) compared to nonprimed seeds. In the field, primed
seeds produced a greater plant stand and yield under stressful emergence conditions.
Under optimal conditions in the field for stand establishment, the advancement in
emergence of primed seeds did not carry over to earlier, greater yields. Matric priming,
using calcium silicate as the carrier in the ratio 1.0:0.8:1.8 (seed:carrier:water; by weight)

for 7 d at 20°C, was superior to osmotic priming using polyethylene glycol (PEG 8000) at



—1.2 MPa in nearly all variables examined. This may be attributed to reduced respiration
during priming of seeds in PEG or nutrient uptake by seeds in calcium silicate.

The testa was observed to be a barrier to broccoli seed germination. Priming-induced
changes to the physical characteristics of broccoli seeds included increased volume (32%)
and an irreversibly expanded, and weakened testa with some minute cracking near the area
where the radicle emerges. Primed seeds germinated faster, in part by maintaining a lower
hydrotime constant, and thus exhibited a greater progression towards germination per unit
water potential at a constant temperature compared with nonprimed seeds. It was
hypothesized that, since the testa threshold was reduced after priming by expansion and
formation of free spaces, the reversibly expanded embryo of primed seeds does not
become immediately appressed to the testa upon rehydration. Thus the yield threshold
component controlling the rate of germination of primed seeds is lower by the amount of
the testa threshold. The priming effect is more than just reducing the yield threshold as
indicated by a significant invigoration of seeds with split testae. Despite the increased
volume as a result of the formation of free spaces, primed broccoli seeds did not imbibe
more water or have a greater turgor at full hydration. Priming did not lower the minimum
water potential allowing germination, and primed seeds did not plateau in water uptake
but, instead, moved immediately from imbibition to expansive growth. Priming improved
the germination rate of broccoli seeds at all stages of maturity with the most significant
effects at stages before attainment of maximum dry weight. Dry storage of broccoli seeds
at harvestable maturity (> 56 days after pollination) did not improve germination,

indicating a lack of postharvest dormancy.



He causeth the grass to grow for the cattle, and herb for the service of man: that he
may bring forth food out of the earth;
Psalms 104:14
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Chapter 1

Introduction

The critical first step in successful production of vegetable crops is establishment of a
suitable plant stand. Uniformity and emergence percentage of direct-seeded crops has a
major impact on final yield and quality of vegetable crops (Wurr and Fellows, 1983).
Stand failures result from stresses in the seedbed such as temperature extremes, excess or
deficit of water, salinity, and soil crusting combined with biological stresses such as
pathogen and insect attack. Often, these stresses interact in a negative way to adversely
affect germination and seedling growth (Bradford, 1986).

In the southeastern United States, fresh market bunching broccoli (Brassica oleracea
var. italica Plenck) is routinely field established by direct-seeding. In bunching broccoli
production, several heads are bunched together to make a single marketable unit. Because
relatively high plant densities are required for profitable production of bunching broccol,
direct seeding is normally practiced to minimize plant establishment costs (Jett et al.,
1995). In the relatively hot, humid climates of Virginia, production of fall bunching
broccoli requires seeding during stressful summer climatic and edaphic conditions that
routinely reduce seedling emergence and yield (Elson et al., 1992; Jett and Welbaum,
1992).

Seed vigor is defined as those properties which determine the potential for rapid,
uniform emergence and development of normal seedlings under a wide range of field
conditions (AOSA, 1983). Thus, a pre-sowing treatment for broccoli seeds that would
enhance seed performance by improving seed vigor could possibly translate into improved
stand establishment of fall bunching broccoli in the southeastern United States. Crops
harvested during vegetative growth (e.g. lettuce, cabbage, etc.) are harvested on an

individual-plant or area basis as vegetative mass. The effects of seed vigor on emergence



and stands can be very critical in these crops, where delayed emergence or missing plants
reduce yield and plant uniformity at harvest (Tekrony and Egli, 1991). The correlation of
area yield and seed vigor is low with crops in which the fruit is harvested (e.g. tomato)
(Tekrony and Egli, 1991). Since broccoli is harvested between a vegetative and
reproductive stage, the effects of seed vigor may be important in improving yield.

A pre-sowing.technique that can be used to improve seed vigor is termed priming or
conditioning. The term "priming" was coined by Malanassy (1971) and reported by
Heydecker (1974) to describe a treatment to improve germination at low temperatures.
The term specifically indicates a controlled hydration technique that brings seeds to a
water content which permits pre-germinative metabolic activity to proceed but prevents
radicle emergence (Heydecker and Coolbear, 1977). Seed priming allows the seed to
achieve many of the biochemical and physiological changes associated with germination
without expansive growth. Primed seeds can be dried, and, upon subsequent rehydration,
consistently exhibit a more rapid onset of germination, more uniform emergence, better
plant stands, and sometimes increased yields.

Two distinct techniques may be used to prime seeds. When seeds are hydrated in low
water potential (W) osmotica, the technique is called osmotic priming or conditioning. A
number of osmotica, including polyethylene glycol (PEG), KNO3, K3PO4, KH;POy,
MgSQy4, NaCl, glycerol, and mannitol have been used to osmotically prime seeds of many
plant species (Ells, 1963; Powell and Matthews, 1978; Bodsworth and Bewley, 1981).
Polyethylene glycol is the most frequently used solute for osmotic priming. PEG with a
molecular weight greater than 8000 is excluded from plant cell walls and cannot be taken
up by the seed (Tarkow et al., 1966; Carpita et al., 1979). Generally, osmotic priming
requires 2 to 21 days (depending on the species), a ¥ of the osmoticum ranging from -0.8

to —1.6 MPa, and a temperature maintained at 15 to 20°C (Khan, 1992).



Osmotic priming has proven to be a very effective pre-sowing seed treatment for a
number of species including asparagus (Owen and Pill, 1994); carrot (Szafirowska et al.,
1981; Brocklehurst and Dearman 1983b; Haigh et al., 1986), beet (Khan et al., 1980),
sugarbeet (Durrant et al., 1983), celery (Rennick and Tiernan 1978), parsley (Heydecker
and Coolbear, 1977, Pill, 1986; Rabin et al., 1988), parsnip (Gray et al., 1984), leek
(Brocklehurst et al., 1984; Dearman et al., 1987), onion (Brocklehurst and Dearman,
1983b, 1984; Haigh et al., 1986), pepper (Rivas et al., 1984), tomato (Wolfe and Sims
1982; Haigh et al., 1986; Alvarado et al., 1987; Barlow and Haigh 1987; Argerich et al.,
1990; Owen and Pill, 1994), Brussels sprouts (Khan et al., 1980), cabbage (Khan et al.,
1981), kale (Rao et al., 1987), turnip (Rao et al., 1987), lettuce (Cantliffe et al., 1981;
Valdes et al., 1985), spinach (Atherton and Farooque, 1983), muskmelon (Bradford et al.,
1988), and watermelon (Sachs, 1977). However, seeds of certain species have not
responded positively to osmotic priming. Germination and emergence of large seeded
species such as sweet corn and soybean seeds have not been improved with osmotic
priming (Bennett and Waters, 1987; Khan, 1992).

Another priming technique is referred to as matric priming or conditioning. A matric
seed priming effect was first demonstrated by Wallace (1960), who observed that
germination could be stimulated by pre-equilibration in unsaturated soil. Matric priming
employs the matric properties of solid carrier materials to control the hydration status of
the seed. The carrier and added water create a "matrix" for seed priming, and the matric
water potential is derived from adsorptive, interfacial tension, attraction and adhesion
between carrier matrix, matrix-air and matrix-water (Hadas, 1981). A carrier material that
is suitable for matric priming should have the following characteristics: 1) a high matric
potential; 2) negligible water solubility; 3) low chemical reactivity; 4) high water holding

capacity; 5) high flowability, capacity to remain a dry, free flowing powder; 6) variable



particle size, structure and porosity; 7) high surface area; 8) high bulk value and low bulk
density, providing results at very low levels of addition; and 9) the ability to adhere to the
seed surface (Khan, 1992). Some of the materials that can be commonly used as solid
carrier for matric-priming include the various grades of Celite (diatomaceous silica),
vermiculite, and calcium silicate (Micro-Cel E). Micro-Cel E is produced by a
hydrothermal reaction of diatomaceous silica, hydrated lime and water. Matric priming
using calcium silicate and vermiculite (horticultural grade no. 2) as carriers has been
successfully used to prime red beets, sugarbeets, onions, tomatoes, pepper, carrot, celery,
lettuce, snap beans, and soybean seeds (Khan, 1992). When compared with osmotic
priming using polyethylene glycol (PEG), matric priming consistently results in a
significantly greater seed vigor (Khan, 1992).

As a result of the disadvantages associated with using liquid solutions to prime seeds,
research has focused on developing more effective seed priming treatments. Seeds, such
as broccoli, that lack heterogeneous or protective tissue surrounding the embryo are not
able to be primed in salt solutions, and therefore polyethylene glycol (PEG) is routinely
used as the priming agent. Polyethylene glycol, however possesses negative
characteristics such as low oxygen solubility and high viscosity, which reduce its
performance as a seed priming agent. Moreover, PEG has been reported to be toxic to
some seed species (Mobayen and Milthorpe, 1978).

An obstacle to commercial application of seed priming in general is the variablity of
results observed among species, cultivars, and seed lots (Heydecker, 1974). Ultimately,
the most effective seed priming treatment will be determined through better understanding
of how seed priming enhances subsequent germination. More information is needed about
the physiology of primed seeds. The paucity of information indicates that the effects of

priming differ with individual seed species. Therefore, specific priming conditions must be



developed by trial and error for each species (Bradford, 1986). Akers and Holley (1986)
outlined a screening procedure for osmotic priming of carrot, pepper, celery, parsley,
broccoli, tomato, and lettuce seeds. However, no research has been conducted to develop
a similar procedure using matric priming. Moreover, there have been no studies to date
comparing laboratory and field performance of osmotic and matric primed broccoli seeds.
Plant stand establishment is the most difficult cultural practice for obtaining profitable fall
broccoli yields in Virginia and the Southeast (Welbaum and O'Dell, 1990). Therefore,
development of an effective seed priming treatment for broccoli seeds would be important
for improving stand establishment of broccoli in the Southeast.

Germination enhancement of primed seeds has been hypothesized to be related to
metabolic repair processes (Burgass and Powell, 1984; Bray et al., 1989), a build-up of
germination metabolites (Khan et al., 1978), and osmotic adjustment during imbibition
(Bradford, 1986). In addition to these attributes, it has been postulated that seed priming
improves seed vigor by 1) decreasing electrolyte leakage with a concomitant reduction in
growth of pathogenic organisms; 2) enhances mobilization of seed proteins, lipids and
starch as a result of activation of key enzymes; and 3) increases the potential for oxidative
phophorylation and adenosine triphosphate accumulation (Pill, 1994). Priming treatments
have been shown to advance developmental processes in some species such as celery and
remove thermodormancy in lettuce (Heydecker and Coolbear, 1977, Wiebe and Tiessen,
1979; Perkins-Veazie and Cantliffe, 1984; Valdes and Bradford, 1987; van der Toorne,
1989). Welbaum and Bradford (1991) reported that the positive effects of priming are
more noticeable with seeds of a younger developmental age, indicating that priming
substitutes for an after-ripening requirement of muskmelon seeds. Physiological and
biochemical changes occur during priming that allow seeds to develop a high germination

potential (radical thrust) or the ability to remove the seed coat restraint (Khan, 1992).



Priming may decrease the sensitivity of germinating broccoli seeds to temperature.
The thermal time model proposed by Garcia-Huidobro et al. (1982) can be used to explain
how priming affects the germination of broccoli seeds at different constant temperatures.
According to this model, the rate of germination is a function of the product of the
difference between the imbibition temperature and the base temperature (T,) (minimum
temperature for germination) and the thermal time constant (B7) expressed in °h. Priming
may either lower the Ty, or decrease the 61 (or both) of broccoli seeds.

Gummerson (1986) proposed a model for analyzing seed germination response to
water potential (V). Based on the thermal time model, the basic assumption was that the
rate of germination is related to the minimum ¥ allowing germination of a particular
percentage referred to as the base W (*¥'p,) and the hydrotime constant (Byy), expressed in
MPa-h. The hydrotime constant is defined by the equation

| O = (¥~ Pty
where ¥is the water potential of the imbibition medium, ¥}, is the base water potential
of percentage g, and 15 is the time to radical emergence of percentage g (used in this
dissertation as T5p). Therefore, priming may affect germination performance by altering
(lowering) ¥} ) and (or) by maintaining a lower 6.

Mechanical barriers, such as the endosperm, persiperm, or seed coat tissues, limit
radicle emergence in many types of seeds (Hegarty and Ross, 1978; Liptay and Schopfer,
1983; Watkins and Cantliffe, 1983; Groot and Karssen, 1987; and Bradford, 1990).
Groot and Karssen (1987) reported that weakening of the endosperm is a normal
prerequisite for germination of tomato seeds. Priming may act by weakening the integrity
of covering tissue. Haigh (1988) found that the break strength of isolated tomato
endosperm tissue decreased during priming , but that the restraining force exceeded the

force that could be generated by the embryo. He proposed that a second weakening of the



endosperm occured coincident with radical growth for germination to proceed. Dahal and
Bradford (1990) discovered that priming of tomato seeds which have an embryo encased
by endosperm, did not lower the minimum ¥ allowing germination. The base ¥

(W) is the ¥ that inhibits germination by 50%. Removal of the endosperm seed coat cap,
however, increased the germination rate at all ‘¥'s above the base water potential (‘¥'y).

Bradford (19§0) proposed adapting the Lockhart model describing cell growth to the
initiation of radical growth during germination. The Lockhart model describes cell growth
by the empirical equation dV/Vdt = m(y,,~Y) where dV/Vdl is the rate of volume increase
relative to total volume, m is the extensibility coefficient relating growth to y, (turgor
pressure), and Y is the minimum or threshold turgor that must be exceeded for growth to
occur. Rewritten in terms of the rate of germination (GR) at a constant temperature, it is
GR = 1/6y4('¥ — ¥}), where Oy is the hydrotime constant (MPah), ¥is the water
potential during imbibition, and ¥}, is the base water potential or the minimum water
potential for germination. Thus, priming can increase the rate of germination by
decreasing O or the Wy, If a restraining tissue ( e.g. endosperm, persisperm, or testa)
affects germinaion, removing it will lower the Py,

The largest portion of the broccoli seed is the embryo. As the embryo develops, it fills
the large vacuole of the embryo sac and absorbs the cytoplasmic contents of the sac as
well as the endosperm. Surrounding the embryo is the testa, or seed coat, derived from
the two integuments and nucellar tissue. The outer coat of the seed consists of an
epidermis and two layers of subepidermal tissue which is derived from the outer
integuments. The inner seed coat consists of two layers, a thick-walled supporting tissue
one-cell thick and an irregular layer of pigmented cells originating in the inner integument
(Thompson, 1933). Liou (1987), examining cabbage (Brassica oleracea L. var. capitata),

reported that the faster rate of imbibition and radical growth observed with osmotically



primed seeds was believed to be related to a priming-modified change in external or
internal factors such as the testa. However, Schopfer and Plachy (1987) reported that the
testa of rape (Brassica napus L.) seeds split during imbibition and thus is not likely to be a
barrier to germination. McCormac and Keefe (1990) observed that the intact testae of
cauliflower (Brassica oleracea L.) seeds are capable of limiting the rate of water influx
into the seed. Research with radish (Raphanus sativus L.), a related Brassicaceae
member, revealed that the testa interacted additively with far red light to limit the
germination potential of radish seeds (Schopfer and Plachy, 1993).

Although priming is based on controlling the water status of the seed, very little
research has focused on the water relations of priming seeds. Most seeds exhibit a
triphasic pattern of water uptake. The first phase is characterized by a rapid initial uptake
of water into the dry seed followed by a plateau phase (lag phase) with little change in
water content, and a subsequent increase in water coincident with radical growth
(Bradford, 1990). Factors which promote germination, such as priming, do so by
shortening the lag phase. Bradford (1986) reported that radical emergence is related to
the attainment of a threshold seed water content rather than a specific ¥. Seed
germination rates were shown to be directly related to changes in turgor of the embryo. In
seeds where tissue restrains expansion of the embryo, germination occurs when the
embryo turgor exceeds the threshold for both the embryo and the restraining tissue
(Bradford, 1990). Hegarty (1977) showed that seed water content increased with
duration at ‘W's greater than —2.2 MPa, while at lower s it stayed essentially the same.
Liou (1987) concluded that the beneficial effects of priming on the rate of germination and
vigor of cabbage seeds was not mediated by changes in the basic water relations of the

seeds. Osmotic priming for 14 days at —1.5 MPa PEG did not cause a change in the base



water potential (‘¥,). Also, the ¥ and osmotic potential (y) of primed and nonprimed

seeds at full hydration did not differ.

The flowers of B. oleracea are borne in racemes on the main stem and its axillary
branches. Cross-pollination must be performed with other plants, since most plants are
self-incompatible. Pollination in the field is accomplished primarily by insects, because the
pollen is sticky and is not windblown. After fertilization, the endosperm develops rapidly,
while embryo growth does not start for several days. The embryo fills most of the seed
after approximately three to five weeks, as the endosperm is almost completely absorbed.
Nutrient reserves for germination are stored in the cotyledons, which are folded together
with the radicle lying between them (Dickson and Wallace, 1987).

The fruits of Brassica spp. are glabrous siliques, 4 to 5 mm wide and approximately 10
cm long, with two rows of seeds lying along the edges of the replum (false septum, an
outgrowth of the placenta). A silique will contain approximately 10 to 30 seeds. Three to
four weeks after the opening of its flower, the silique reaches its full length and diameter.
When the fruit is ripe, the two valves of the silique will dehisce or "shatter.” Separation
begins at the attached base and works towards the unattached ends, leaving the seeds
attached to the placentas (Dickson and Wallace, 1987).

Brassica spp. have an extended flowering period. At the time of harvest, seeds of
different physiological age are harvested (Still and Bradford, 1994). The effects of
developmental age on vigor is not known with B. oleracea. Moreover, certain Brassica
spp. seeds exhibit postharvest dormancy. Brassica oleracea seeds exhibit a wide range of
dormancy ranging from no dormancy to deep dormancy that may be prolonged or
removed by dry storage, indicating a potential dry after-ripening requirement (Tokumasu,
1970). Crambe (Crambe abyssinica Hochst. ex. R. E. Fries), a cool-season annual

member of the family Brassicaceae, possesses primary dormancy related to the physical



restrictions of the seed coat (Gutormson et al., 1993). One of the effects of priming may
be to relieve postharvest dormancy by substituting for an after-ripening requirement.

Seed size is an often used criterion to classify the quality of seeds (Liou, 1987).
Tomato, pimento, and broccoli seeds have shown a positive correlation of seed size with
seedling growth (Tomkins, 1966; Cochrane, 1974; Jacobsohn and Globerson, 1980). Also
seedling stand, seedling dry weight, and final yield of broccoli in crusted soils have been
increased as seed size increased (Heather and Sieczka, 1991). Little is known about how
position of the developing seed within the silique affects its subsequent germination and
vigor. Egli and Wood (1978) reported that position of soybean seeds within the pod
significantly affected seed size but not the effective seed filling period. It is not known if
the difference in seed size correlates with differences in vigor. If there is a significant
difference in seed vigor between large and small seeds, priming could be of greater benefit
to a seedlot of relatively smaller seeds compared to a seedlot with larger seeds.

A critical component of seed vigor is resistance to deterioration during storage. A
reduction in storage life is characteristic of seed deterioration. Reports on the storage of
primed seeds have been conflicting. Some researchers have found that the attributes of
primed seeds were retained (Heydecker et al., 1974; Dearman et al., 1987; Haigh et al.,
1986; Akers et al'., 1987; Oluoch and Welbaum, 1994; Owen and Pill, 1994). On the other
hand, a reduction in the storage life of primed seeds has also been reported (Alvarado and
Bradford, 1988a; Nath et al., 1991; Odell and Cantliffe, 1986; Weges, 1987). Priming has
been reported to repair damage during seed storage. Burgass and Powell (1984) and Liou
(1987) observed that osmotic priming of Brussels sprouts (Brassica oleracea var.
gemmifera) and cabbage (Brassica oleracea var capitata) seeds, respectively, significantly

improved seed vigor, with the most significant enhancement of low-vigor seedlots.
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The overall objective of this research was to examine the effects of priming on broccoli
seed vigor. This was performed in a logical, step-wise fashion by 1) developing the most
effective (i.e. increased vigor) seed priming treatment for broccoli seeds; 2) testing
performance of the most effective treatment under controlled conditions in the laboratory,
greenhouse, and field over a three year period; 3) understanding how priming affects the
physical properties of the seed; 4) understanding how priming affects the water relations
of the seed; 5) determining how priming affects developmental seed vigor; 6) determining
how priming affects germination performance of various seed sizes of broccoli; and 7)

observing how primed seeds perform after storage.
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