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† Background and Aims Dormancy in seeds of Cuscuta (Convolvulaceae, tribe Cuscuteae) is due to a water-
impermeable seed coat (physical dormancy). In nondormant seeds of several species of this family, bulges adjacent
to the micropyle have been identified as the initial route of water entry into seeds (water gap). However, there are
claims that water enters seeds of Cuscuta spp. via the entire seed coat. Although several studies have been done on
seed coat anatomy of Cuscuta, none has identified and/or characterized the morphology/anatomy of a water gap.
Thus, the primary aim of this research was to identify and describe the morphology and anatomy of the water
gap in seeds of Cuscuta australis. It was also determined if sensitivity cycling to dormancy-breaking treatments
occurs in seeds of this species.
† Methods Light microscopy, scanning electron microscopy, tissue-sectioning and dye-tracking and blocking experi-
ments were used to investigate the morphology and anatomy of the water gap. Treatments simulating natural con-
ditions were used to break seed dormancy. Storage of seeds at different temperatures was tested for their effect on
sensitivity to dormancy-breaking treatment.
† Key Results Dormancy-breaking treatments caused the tightly closed hilar fissure to open. Staining was observed
in cells below the hilum area but not in those below the seed coat away from the hilum. Sensitivity to dormancy-
breaking treatment was induced by storing seeds dry and reduced by storing them wet.
† Conclusions Whereas bulges adjacent to the micropyle act as the water gap in other species of Convolvulaceae
with physical dormancy, the hilar fissure serves this function in Cuscuta. Cuscuta australis can cycle between insen-
sitivity $ sensitivity to dormancy-breaking treatments.

Key words: Convolvulaceae, Cuscuta, hilar fissure, palisade layer, physical dormancy, seed coat anatomy, seed dormancy,
seed germination, sensitivity cycling, water gap.

INTRODUCTION

The water gap is a place on the seed (or fruit) coat of physi-
cally dormant (PY) seeds that differs morphologically and
anatomically from the rest of the seed coat. In seeds of
many species with PY, it serves as the environmental
signal detector for germination and, once dormancy is
broken, as the initial route of water entry into the seed
(Baskin and Baskin, 2000; Baskin et al., 2000). Thus,
ecologically the water gap is an important component of
seeds with PY. A water gap has been identified and docu-
mented in 12 of the16 families with PY including
Convolvulaceae (Baskin et al., 2000, 2006; Jayasuriya
et al., 2007), the only family in the evolutionary-advanced
Asterid clade (Angiosperm Phylogeny Group, 1998, 2003)
with this class of dormancy. However, a water gap
has not been identified in the genus Cuscuta
(Convolvulaceae), the only holoparasitic taxon with PY
(Baskin et al., 2000). Thus, it is important to study the
morphological and anatomical aspects of seed dormancy
and germination in Cuscuteae in order to be able to make
inferences about the evolution of PY both within this

family and within angiosperms in general. Some taxonomists
have classified Cuscuta in its own family Cuscutaceae in
orders Convolvulales (Takhtajan, 1980, 1997), Polemoniales
(Cronquist, 1968) and Solanales (Cronquist, 1988; Dahlgren,
1991), whereas Thorne (1992, 2000, 2007), Austin (1998)
and molecular taxonomists (APG, 1998, 2003; Neyland,
2001; Stefanovic et al., 2003; Stefanovic and Olmstead,
2004) placed Cuscuta in Convolvulaceae.

In seeds of Ipomoea lacunosa (Convolvulaceae, tribe
Ipomoeeae) (Jayasuriya et al., 2007) and in those of
species in other tribes of Convolvulaceae (K. M. G. G.
Jayasuriya et al., unpubl. res.), bulges adjacent to the
micropyle constitute the water gap. However, Hutchison
and Ashton (1979) used petroleum gel to block the putative
area of the water gap in seeds of Cuscuta campestris
and concluded that nondormant (made nondormant by
treating seeds with conc. H2SO4) C. campestris seeds
take up water throughout the entire seed coat. Hutchison
and Ashton (1979) observed damaged papillae in the seed
coat, and thus they concluded that water enters the seed
through these structures. Lyshede (1984, 1992) compared
electron micrographs of nondormant seeds of C. pedicellata
and of dormant and nondormant (made nondormant by* For correspondence. E-mail ccbask0@uky.edu
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percussion) seeds of C. campestris and also concluded that
papillae on the seed surface are responsible for water
uptake by nondormant seeds of Cuscuta. However, papillae
are formed superficially from bulging cells of the epidermal
layer (Hamed and Mourad, 1994), which lies above the
palisade layer that is normally considered to be the water-
impermeable layer in water-impermeable seeds (Baskin
et al., 2000).

Extensive studies have been done on seed anatomy and
embryology of Cuscuta (Tiagi, 1951; Johri and Tiagi,
1952; Teryokhin and Nikiticheva, 1982; Sampathkumar
and Ayyangar, 1982; Hamed and Mourad, 1994).
However, most of these studies concentrated on taxonomy.
Hamed and Mourad (1994) described seed coat anatomy
and surface morphology of the seed coat of C. gronovii
and C. chinensis away from the hilum. Johri and Tiagi
(1952) described seed development, including the hilum,
of C. reflexa but from a taxonomic aspect. There have
been no studies focusing on the anatomy or morphology
of the water gap of any Cuscuta species.

Cycling of dormancy is a common phenomenon in seeds
with PD (Baskin and Baskin, 1985), and there are claims
that dormancy cycling can also occur in seeds with PY
(Rolston, 1978; Norsworthy and Oliviera, 2007).
However, seeds with PY become nondormant by formation
of an opening in a specific morpho-anatomical area in the
seed coat referred to as the water gap. Once it opens, reseal-
ing of this structure would not seem to be possible. To
explain the cyclic germinability patterns of physically
dormant seeds of some legumes (Taylor, 1981, 2005;
Taylor and Revell, 1999; Van Assche et al., 2003) and
Ipomoea lacunosa (Jayasuriya et al., 2008), a sensitivity
cycling model has been proposed in which seeds cycle
between sensitive and insensitive stages. In the sensitive
stage, seeds respond to dormancy-breaking treatments,
and in the insensitive stage they fail to respond to
dormancy-breaking treatments. Sensitivity cycling has
been documented in only two of 16 families that produce
seeds with PY: Convolvulaceae (tribe Ipomoeeae) and
Fabaceae (subfamily Papilionoideae).

Gaertner (1950) studied seed germination of 16 species
of Cuscuta and came to the conclusion that a water
impermeable seed coat (along with PD in some species)
was responsible for dormancy in all of them. However, ger-
mination of freshly collected seeds of C. epilinum and
C. epithymum was not facilitated by scarification with con-
centrated sulfuric acid, which worked well for the other 14
species. Meulebrouck et al. (2008) found that scarified
seeds of C. epithymum require a period of cold stratification
to break physiological dormancy (PD) of the embryo. Thus,
they concluded that seeds of this species have combina-
tional dormancy (PY þ PD). Germination of C. europea
seeds was not facilitated by mechanical scarification or by
complete removal of the seed coat (Gaertner, 1956), and
a significant percentage of these seeds germinated only
after they were cold stratified at –8 8C and 5 8C. This
suggests that seeds of C. europea also have combinational
dormancy. Tingey and Allred (1961) clearly showed that
seeds of C. approximata have combinational dormancy
since scarified seeds required 2 weeks stratification at

(5 8C) to germinate. PY has been reported for seeds of
several Cuscuta species (Drummitt, 1946): C. campestris
(Hutchison and Ashton, 1980; Lados, 1999; Benvenuti
et al., 2005), C. trifolii (Lados, 1999), C. monogyna and
C. planiflora (Salimi and Shahraeen, 2000), C. chinensis
(Marambe et al., 2002), C. gronovii, C. umbrosa,
C. epithymum and C. epilinum (Costea and Tardif, 2006).
However, the percentages of hard seeds at dispersal can
vary from plant to plant [e.g. C. campestris (Hutchison and
Ashton 1979) and C. chinensis (Marambe et al., 2002)].
Lyshede (1984) claimed that seeds of C. pedicellata were
nondormant at the time of dispersal; however, she did not
present any data to support her conclusion.

Cuscuta australis belongs to tribe Cuscuteae in family
Convolvulaceae, and it, like all of the about 145 species
of Cuscuta, is a holoparasitic vine (Mabberley, 1997).
Cuscuta australis occurs throughout southern Europe, in
south–south-east Asia and in Australia (Liao et al.,
2000). Holm et al. (1997) also reported this species in the
USA. Cuscuta australis is morphologically similar to the
Chinese medicinal plant C. chinensis, although there are
chemical differences between the two species. Cuscuta
australis also is a medicinal plant in China (Fang and
Staples, 1995). This species is a weed in soybean fields in
Australia, but it is not as problematic as other introduced
Cuscuta species in that country (Parson and Cuthbertson,
2001). There does not appear to be any information on
seed germination of Cuscuta australis, although such
information is very important in formulating a strategy to
control it in agricultural systems.

The objective of the present research on the seed biology
of C. australis was 3-fold: (1) to determine the class of seed
dormancy [i.e. do seeds have PY, PD or (PY þ PD)?]; (2) to
identify the initial route of water entry (water gap) into non-
dormant seeds and describe it morphologically and anatomi-
cally; and (3) to determine if sensitivity cycling to dormancy
break occurs in seeds of this holoparasitic angiosperm.

MATERIALS AND METHODS

Seed collection

Mature fruits containing mature seeds were collected
from numerous C. australis vines in Kenting (21 8570N,
120 8470E), Pingtung County, Southern Taiwan, Taiwan.
Seeds were air dried and then mailed immediately to the
University of Kentucky, USA. They were stored in plastic
bottles until used. Experiments were started within 1 month
after collection.

Documenting PY in C. australis using imbibition of non-treated
and manually scarified seeds

Twenty-five samples of three manually scarified (indivi-
dually with a scalpel) seeds each and 25 samples of five
non-treated (intact) seeds each were weighed at time 0
using a digital balance. Each three-seed sample was
placed on moistened filter paper in Petri dishes. At
various time intervals for 52 h, seeds were removed from
the filter paper, blotted dry, weighed to the nearest 0.1 mg
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and returned to the Petri dishes. Seeds also were monitored
for 4 more days for germination and swelling.

Germination of manually scarified and non-treated seed

Five samples of four replicates of 25 scarified seeds and
of four replicates of 25 nonscarified seeds were incubated
on moist sand in 5.5-cm-diameter Petri dishes in light/
dark (14/10 h) (approx. 40 mmol m22 s21, 400–700 nm,
cool white fluorescent light) and in the dark at 35/20, 30/
15, 25/15, 20/10 and 15/6 8C (12/12 h) temperature
regimes. The 14-h photoperiod extended from 1 h before
the beginning of the high temperature period to 1 h after
the beginning of the low temperature period. Dark was pro-
vided by wrapping the dishes with aluminium foil. The
number of germinated seeds in light/dark experiments was
counted at 2-d intervals, while those in dark experiments
were counted only after 2 weeks, at the end of the experi-
ments. Radicle emergence was the criterion for germi-
nation. Percentage of swollen seeds in non-treated (fresh)
seed treatments was also determined.

Breaking dormancy in intact seeds

The following treatments were applied to break dor-
mancy of C. australis seeds: seeds dipped in boiling
water for 5, 10, 15 or 20 s; seeds dry-heated at 90 8C for
5, 10, 20 or 30 min; and seeds stored dry or wet at
ambient laboratory temperatures for 2 months. Following
treatments, seeds were germinated at 35/20 8C in the
light/dark regime described above.

Morphological changes during dormancy break

Dormant and nondormant seeds (made nondormant by
dipping in boiling water for 10 s) were coated with gold pal-
ladium in a Technics Hummer VI sputter coater and
scanned with a Hitachi H-800 FE scanning electron micro-
scope. Micrographs of dormant and nondormant seeds were
compared to identify changes in morphology associated
with breaking PY.

Dye tracking of imbibition pathway

Ten nondormant seeds (made nondormant by dipping in
boiling water for 10 s), ten dormant seeds (non-treated) and
ten nondormant seeds (made nondormant by dipping in
boiling water for 10 s) with the hilum painted with
Thompson’s Water Seal (Thompson and Formby, Inc.,
Memphis, TN, USA), were each placed in a saturated
aqueous solution of aniline blue. Samples were removed
from the dye at 15-min intervals for 90 min, blotted dry
and transverse cuts made through the hilar slit by hand
using a razor blade. Cuts were photographed using a
Canon EOS 30 D camera with a Canon 95-mm macro lens.

Water gap anatomy

Hand and vibratome (Vibratome 1500, St Louis, MO,
USA) sections (25 mm) of seeds at the hilar area were

prepared. The sections were observed under an Olympus
(Model BX 50) light microscope, and photographs were
taken in the hilar area using a Canon EOS 30 D camera.

Effect of dry and wet storage on sensitivity

Thirty-two samples of four replicates, each containing 25
seeds, were stored on dry or wet sand at 35/20, 15/6, 5/1 8C
and ambient laboratory temperatures (22–24 8C) for 1, 2, 3
or 6 months. Following storage, seeds were incubated on
wet sand in Petri dishes at the 35/20 8C light/dark regime.
The number of germinated and imbibed seeds was
counted at 2-d intervals for 30 d. Different proportions
of seeds germinated during wet storage at the different
temperatures before testing germination. Therefore, final
germination was corrected using the following equation.

Adjusted germination %

¼ Germination % during storage

þ ½Germination % during incubation

� ð100� Germination % during storageÞ=100�

This adjusted germination was used in data analysis.
Ten samples of four replicates containing 25 seeds each

were stored dry or wet at ambient laboratory temperature
for 2 mo, after which they were incubated at 35/20,
30/15, 25/15, 20/10 and 15/6 8C in light/dark. Number of
germinated seeds was counted at 2-d intervals for 30 d.

Reversing sensitivity

Four samples of four replicates, each containing 25
seeds, were stored dry at ambient laboratory temperature
for 2 months, after which two of these samples each were
stored dry or wet for 1 and 2 weeks at 35/20 8C. These
seeds were then incubated at 35/20 8C in light/dark. The
number of germinated seeds was counted at 2-d intervals
for 30 d. Seeds that germinated during the 1 and 2 weeks
of storage at 35/20 8C were also added to the germination
observed during the 30-d period of incubation.

Four samples of four replicates, each containing 25
seeds, were stored dry at ambient laboratory temperature
for 2 months, after which seeds were stored at 35/20 8C
on dry sand or in sealed Petri dishes at 100 % RH for 2
or 4 weeks. An RH of 100 % was maintained in the
sealed Petri dish by keeping a vial containing distilled
water inside the sealed Petri dish. Seeds were incubated
on wet sand at 25/15 8C after the storage. Germinated
seeds were counted in 2-d intervals for 30 d.

Germination of seeds buried in soil

Two samples of three replicates of 100 seeds each were
placed in nylon mesh (0.25-mm mesh diameter) bags and
buried approx. 10 cm deep in glasshouse potting media in
15-cm-diameter pots. The pots were kept in a nonheated
glasshouse at the University of Kentucky. One sample
was watered when necessary to keep it wet, and the other
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sample was kept alternately wet/dry by watering it once per
month. Seeds were evaluated for germination 7 d following
watering. Temperature in the nonheated glasshouse was
recorded using an electric thermograph. Bags were
exhumed at various times over a 7-month period, and the
number of germinated and of swollen seeds counted and
removed from the sample. Then, the bags containing non-
imbibed seeds were reburied.

Analysis of data

A completely randomized design was used in all experi-
ments. Arcsine-transformed germination data were analysed
using one-way ANOVA with SAS statistical software.
Duncan’s mean separation procedure was used to compare
treatments.

RESULTS

Documenting PY in C. australis using imbibition of non-treated
and manually scarified seeds

The mass of manually scarified seeds increased .175 % in
52 h, whereas that of non-treated (intact) seeds increased by
only about 40 %, since only 13 (17 %) of the 75 non-treated
seeds imbibed during the 6-d incubation period at ambient
laboratory temperature. Imbibition curves for manually
scarified seeds of C. australis were similar to typical seed
imbibition curves.

Germination of C. australis seeds

Manually scarified seeds germinated to 100 % within 30
d in all temperature regimes except 15/6 8C in light/dark
(Fig. 1) and 15/6 8C and 20/10 8C in dark (data not
shown). At 15/6 8C, 100 % of the seeds imbibed within
30 d, but 100 % germination was achieved only after 75 d
(data not shown). Non-treated seeds germinated .30 % at
35/20, 30/15 and 25/15 8C and ,25 % at 20/10 and 15/
6 8C in both light/dark (Fig. 1) and dark (data not
shown). All swollen seeds germinated quickly except at
15/6 8C. There is a significant 2nd degree polynomial

correlation between swelling (release from PY) and
maximum incubation temperature in both light/dark and
dark (Fig. 2).

Breaking dormancy in intact seeds

Seeds germinated .75 % at 35/20 8C (Fig. 3A) and at
25/15 8C (data not shown) after dipping in boiling water
for 10 s. Germination percentage was lower after dipping
seeds in boiling water for 15 and 20 s. Seeds exposed to
90 8C dry heat for 5–30 min germinated ,30 % (Fig. 3B)
at 35/20 8C. Seeds stored dry at ambient laboratory tempera-
ture for 2 months germinated .65 %, whereas wet-stored
seeds germinated to only 8.9 % (Fig. 3C)

Morphological changes during dormancy break

No cracks or slits were observed in the seed coat of
dormant seeds. A flat, disc-shaped hilar pad was present
on one side of the seed (Fig. 4A). In the centre of the
hilar pad, a tightly closed, linear-shaped hilar fissure was
present. In both dormant and nondormant seeds, small
polygonal-shaped papillae could be seen all over the seed
coat (Fig. 4A, B). No cracks or slits were seen in the
seed coat or in the papillae of nondormant seeds (made
nondormant by dipping in boiling water for 10 s).
However, the hilar fissure in nondormant seeds was fully
open, and it was the only opening observed in these seeds
(Fig. 4B).

Dye tracking of imbibition pathway

No stain had penetrated the seed coat of dormant seeds
after 1 h (Fig. 5A), whereas stain was observed in tissues
under the hilar fissure in nondormant seeds soaked for 1 h
in aniline blue (Fig. 5B). No staining could be seen in
tissues under the seed coat away from the hilar fissure.
After soaking for 2 h (Fig. 5D) in aniline blue, stain was
observed throughout the embryo and seed coat of non-
dormant seeds, whereas in dormant seeds (not shown) and
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in hilum-painted nondormant seeds (Fig. 5C) no stain was
observed.

Water gap anatomy

Seed coat away from the hilum. In C. australis, the seed coat
away from the hilum consists of three or four cell layers
(Fig. 6A, B): one layer of bulging epidermal cells, one
layer of palisade cells in the centre and one or two layers
of sclereid cells. The bulging epidermal cell layer forms
the papillae on the seed coat. These cells and papillae can
easily fall off the seed coat. Palisade cells contain a light
line (linea lucida) similar to that in seeds of other taxa
with water-impermeable seed coats. Below the seed coat,
remnants of the nucellus can be seen. It consists of rem-
nants of large parenchyma cells. The innermost layer of
the integument may also be crushed and mixed with the
nucellar remnants.

Hilar pad. In the hilar pad, the seed coat is thicker (Fig. 6C,
D) than the seed coat away from hilar pad and contains two
palisade layers. The inner palisade layer contains the light
line and appears to originate from the same ontogenetical
layer as the palisade layer in the seed coat away from the
hilum. The outer palisade layer does not have a light line
and appears to originate from the epidermal layer. On this
outer (counter palisade) layer, the bulging epidermal cell
layer can be seen. This layer also forms papillae on the
hilar pad. Below the inner palisade layer, three or four
layers of thick sclereids are present. The sclereid layer
under the hilum is thicker than it is in seed coat away
from the hilum. The sclereid layer consists of square-shaped
cells. Remnants of the nucellus also can be seen below the
sclereid layer.

In the centre of the hilar pad, a linear-shaped fissure can
be seen (Fig. 6E, F). Formation of this fissure primarily is
due to discontinuation of the counter palisade layer and
of the bulging epidermal cells. However, there also is a
suture-type discontinuity in the inner palisade layer. The
inner palisade cells in the fissure region are much shorter
than those in the rest of the seed coat. The size of sclereid
cells under the hilar fissure is also shorter than they are
in other parts of the hilar pad. There is only one layer of
sclereid cells in the hilar fissure. The inner part of the
fissure is filled with remnants of cells, which may be
those of the nucellus and/or of the innermost layers of the
integument. No remnants of the micropyle were observed
in the mature seeds.

Effect of dry and wet storage on sensitivity

Germination and imbibition percentages at 35/20 8C of
seeds stored at ambient laboratory temperature increased
gradually to .70 % after 3 months of storage, compared
with 42 % in non-treated control (data not shown).
However, the germination then declined rapidly from
.70 % to 42 % after 6 months of dry storage.
Germination of seeds stored dry at 35/20 8C for 1 or 2
months did not differ from that of the control, but after 6
months the germination had declined to 30 %.The germina-
tion at 35/20 8 C of seeds stored dry at 15/6 8C increased
gradually, and after 6 months of storage they germinated
.60 %. The germination of seeds stored at 5/1 8C declined
rapidly, from 40 % in the control to ,10 % after 6 months
of dry storage. None of the wet storage treatments increased
the germination percentage, and in fact the germination of
wet stored seeds at 15/6 and 5/1 8C decreased.

More than 70 % of seeds stored dry for 2 months at
ambient laboratory temperature imbibed and germinated
at 35/20 8C (data not shown). However, germination per-
centages of seeds incubated at 30/15, 25/15, 20/10 and
15/6 8C were ,25.

Reversing sensitivity

After 2 months of dry storage at ambient laboratory
temperature, 65 % of the seeds germinated at 35/20 8C
within 30 d, but after further dry storage at 35/20 8C for 1
and 2 weeks germination percentage had decreased to 48
and 32, respectively (Fig. 7A). However, germination of
seeds stored wet at 35/20 8C for 1 and 2 weeks was
.65 % and 72 %, respectively; the difference between 1
week and 2 weeks of wet storage was not significant.
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Germination of non-treated seeds at 25/15 8C was 33 %,
and during 2 months dry storage at ambient laboratory
temperature it decreased to 20 %. Germination did not
change significantly after subsequent dry storage at
35/20 8C (Fig. 7B), whereas germination of seeds stored
wet at 35/20 8C for 1 and 2 weeks increased again to 38 %
and 44 %, respectively. The difference between 1-week
and 2-week wet-storage treatment was not significant.

Germination of seeds buried in soil

More than 5 % of seeds in both wet and dry/wet treat-
ments had swollen after 1 month of burial (7 February;
Fig. 8). As temperatures increased in the nonheated glass-
house in spring, so did the percentage of swollen seeds
in both wet and dry/wet treatments. However, swelling
percentage of the dry/wet treatment was significantly higher
than that of the wet treatment (P , 0.001, F ¼ 256.2,
R2¼ 0.98) from June to September 2007. There are signifi-
cant 2nd degree polynomial correlations between the swelling
percentage and temperature in both wet (P , 0.0001,
F¼ 81.67, R2¼ 0.79) and dry/wet (P , 0.0001, F ¼ 99.04,
R2¼ 0.91) treatments.

DISCUSSION

Only 17 % of non-treated C. australis seeds took up water,
and thus only 17 % of the seeds germinated during a 6-d
incubation period. However, all manually scarified seeds
took up water rapidly and germinated. Thus, it is concluded
that a high percentage (.80 %) of the fresh seeds of
C. australis used in this study were physically dormant
(Baskin and Baskin, 2004). Scarified seeds germinated to
high percentages in all temperature regimes tested (except
15/6 8C), whereas a comparatively low percentage of
intact seeds did so. Higher proportions (.30 %) of non-
treated seeds germinated at high temperatures (35/20,
30/15, 25/15 8C) than at low temperatures [(�16 %)
20/10, 15/6 8C]. Further, there was a highly significant
(P , 0.0001) second-degree polynomial correlation
between the percentage of swollen seeds and maximum
incubation temperature. Thus, high temperature acts as the
dormancy-breaking treatment for C. australis seeds. Since
no cracks were observed in the seed coat of nondormant
seeds and the only opening was the hilar fissure, which
was tightly closed in dormant seeds, we suspected that
the hilar fissure was the only route for water entry into
nondormant seeds of C. australis. This hypothesis was

A

C
D

B

FI G. 5. Photographs of (A) dormant seed, (B) nondormant seed, (C) hilum-painted nondormant seed, each of which was immersed in aniline blue for 1 h,
and (D) nondormant seed immersed in aniline blue for 2 h. EM, Embryo; HF, hilar fissure; HP, hilar pad; ST, stain.
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confirmed by results of the dye-tracking experiment. Thus,
stain was observed only in cells under the hilar area in
nondormant seeds after they were soaked for 1 h in satu-
rated aniline blue solution, whereas no stain penetrated
the seed coat of dormant seeds or of nondormant seeds
with the hilum painted.

Hutchison and Ashton (1979) blocked the hilum area of
nondormant seeds (made nondormant by treating with conc.
H2SO4) of C. campestris with petroleum gel and observed
no difference in germination between blocked and non-
treated seeds. Hence, they concluded that nondormant
seeds take up water throughout the entire seed coat.
Further, these authors observed damaged papillae on seed
coats of nondormant seeds under the scanning electron
microscope and suggested that these were sites of water
entry into the seeds. They also stated that the impermeable
layer in the seed coat of this species is located above the
light line. However, when conc. H2SO4 was used to break
PY the entire seed coat was damaged (Liu et al., 1981).
Cuscuta campestris seeds would not be exposed to such
high concentrations of H2SO4 in nature. Therefore, acid
scarification is not the natural way by which dormancy is

broken in seeds of this species. However, when
C. australis seeds were dipped in boiling water for 10 s
no cracks or damage were observed in the seed coat away
from the hilum. The only opening was the hilar fissure.
Dipping in boiling water for 10 s also is not a natural treat-
ment for breaking PY. However, opening of the hilar fissure
also occurred in seeds stored dry for 2 months at ambient
laboratory temperature followed by incubation at 35/
20 8C, and this condition is similar to that to which seeds
of C. australis might be exposed in the field.

Lyshede (1984) studied nondormant seeds of
C. pedicellata and compared them with nondormant and
dormant seeds of C. campestris. She also came to the con-
clusion that nondormant seeds take up water through the
entire seed coat. Further, Lyshede (1984) suggested that
swollen papillae in nondormant seeds of C. pedicellata
and swollen and damaged papillae in those of
C. campestris are responsible for water uptake. However,
in the present study swelling of papillae was observed in
both dormant and nondormant seeds of C. australis (data
not shown), yet water entered nondormant seeds of this
species only via the hilar fissure. A papilla is a structure
formed by bulging cells of the epidermis (Fig. 6A, B),
and it lies above the impermeable layer in the seed coat,
which in most instances is the palisade layer. Therefore,
damaged papillae are not the route for water uptake into
seeds of Cuscuta.

The water gap of Ipomoea lacunosa (tribe Ipomoeeae,
Convolvulaceae) is made up of two bulges adjacent to the
micropyle (Jayasuriya et al., 2007). Slits form around one
or both bulges during dormancy break, thus allowing water
to pass into the seed. This same type of water gap has been
observed in physically dormant seeds of species of seven
other tribes of Convolvulaceae (K. M. G. G. Jayasuriya
et al., unpubl. res.). The water gap of C. australis (tribe
Cuscuteae) differs from that of the other seven tribes in the
family that have been studied. In C. australis, there are no
bulges in the seed coat. However, the hilar fissure in seeds
of I. hederacea and I. lacunosa are involved in the forma-
tion of slits around the bulges during dormancy break by
absorbing (I. lacunosa) or losing (I. hederacea) water
vapour (K. M. G. G. Jayasuriya et al., unpubl. res.). The
hilar fissure acting as the water gap in Cuscuteae may be a
primitive trait that was present in the common ancestor
of the other tribes with PY, including Cuscuteae.

The hilum appears to be the water gap in Cercis
canadensis (Caesalpinioideae, Fabaceae; Jones and Geneve,
1995). The bixoid chalazal plug in seeds of Cistaceae
(Thanos and Georghiou, 1988), Bixaceae (Chopra and
Kaur, 1965) and Malvaceae (Egley et al., 1986) are modified
structures of the hilar pad. However, the anatomy of the
bixoid chalazal plug is much more complex (Nandi, 1998)
than that of the hilum of C. australis. In breaking of
dormancy in seeds of Sida spinosa (Malvaceae), the chalazal
plug is removed from the seed coat (Egley and Paul, 1981;
Seal and Gupta, 2000), whereas in seeds of C. australis
palisade cells in the hilar suture separate and the hilar
fissure opens. This mechanism is somewhat similar to that
suggested for dormancy break in seeds of Cercis canadensis
(Jones and Geneve, 1995).
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Dry storage of seeds at ambient laboratory temperature
did not break PY. Instead, it increased the sensitivity of
seeds to the dormancy-breaking treatment, namely incu-
bation at 35/20 8C under wet conditions. Sensitivity was
reduced in seeds stored dry at temperatures �35 8C or at
�5 8C. Wet storage of seeds at 15/6 and 5/1 8C also
reduced their sensitivity, whereas wet storage at 35/20 8C

or at ambient laboratory temperature had no effect on sen-
sitivity. However, after sensitivity is increased, seeds
require wet incubation at a high temperature for PY to be
broken. Dry storage at 35/20 8C decreased the sensitivity
of seeds. Further, results of germination experiments with
non-treated seeds suggest that they can become nondormant
gradually at temperatures �25 8C. However, dry storage of
non-treated seeds at ambient laboratory temperature
reduced sensitivity of seeds to 25 8C but increased sensi-
tivity to 35 8C. This means that pre-storage treatment
increased the sensitivity of seeds to a narrow range of
dormancy-breaking temperatures.

Jayasuriya et al. (2008) developed a conceptual model
for the seed dormancy-breaking behaviour of I. lacunosa,
and it can be used to explain the sensitivity dynamics of
seeds of this species in their natural environment.
Sensitive seeds of I. lacunosa respond quickly to
dormancy-breaking treatment (Jayasuriya et al., 2008),
requiring only 3 h at 35 8C and RHs .90 % to become
nondormant. In contrast, seeds of C. australis require a
period .2 weeks of dormancy-breaking treatment to
release them from dormancy, as found for seeds of clover
species in Australia (Taylor, 1981; Revell et al., 1999).

Sensitivity cycling has been observed in seeds of only
two of the 16 families known to produce seeds with PY.
In Fabaceae, several species have been identified that
produce seeds capable of sensitivity cycling (Taylor,
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1981, 2005; Taylor and Revell, 1999; Van Assche et al.,
2003), whereas only one species, in the Convolvulaceae
(I. lacunosa), has heretofore been reported to produce
seeds showing sensitivity cycling (Jayasuriya et al.,
2008). The present research provides a second example of
a species in Convolvulaceae that can undergo sensitivity
cycling and the first demonstration of this phenomenon in
the only holoparasitic genus whose seeds have PY.

Benvenuti et al. (2005) reported cycling of dormancy in
initially physically dormant seeds of C. campestris. Their
interpretation of dormancy cycling in this species seems
to be that seeds cycle between PD and nondormancy (PD
$ ND) after breaking of PY. Thus, the two annual cycles
of dormancy (their fig. 2) reported for seeds of
C. campestris would be as follows: PY (fresh seeds in
autumn)! ND (1st spring)! PD (2nd autumn)! ND
(2nd spring)! PD (3rd autumn). However, Benvenuti
et al. (2005) did not present convincing evidence to
support their claim that primary dormancy (PY) was
broken. Thus, we suggest that the cyclic pattern of germin-
ability of C. campestris seeds may be explained by sensi-
tivity cycling. Thus, seeds of C. campestris may have
undergone cycling of sensitivity during burial in soil, and
their dormancy-breaking requirements may have been
fulfilled when they were incubated at 30 8C. Hence, seeds
showed a cyclic pattern of germination at 30 8C. Further
support for this suggestion is that apparently seeds of
C. campestris have only PY (e.g. Hutchison and Ashton,
1980; Lados, 1999). Thus, the embryo is nondormant at
seed maturity. In which case, it probably does not have
the capacity to change dormancy states, and as such
cannot undergo dormancy cycling (see Baskin and
Baskin, 2004).

Cycling of sensitivity allows seeds with PY to sense the
appropriate environmental conditions for germination and
subsequent seedling establishment. If seeds do not receive
the appropriate environmental conditions at a time of year
for both germination and subsequent completion of the
life cycle, then they can revert to the insensitive stage. As
such, they avoid germination in an environment that may
be favourable for germination but not for completion of
the life cycle. Cycling of sensitivity serves the same func-
tion in controlling timing of germination in plants whose
seeds have PY as does dormancy cycling in plants whose
seeds have PD (Baskin and Baskin, 1998).
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