The Japanese Soci ety of Plant Physiol ogists

Plant & Cell Physiol. 16: 707-718 (1975)

Dormancy and impotency of cocklebur seeds III.
CO:- and C;Hs-dependent growth of the embryonic
axis and cotyledon segments
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Growth of segments of embryonic axes and cotyledons excised from dormant or
nondormant cocklebur (Xanthium pennsyloanicum Wallr.) seeds and COz and CoHy
production in these segments were examined in relation to the effects of temperature,
CO2 and C2Hs. Both the nondormant axes and cotyledons grew even at low tem-
peratures below 23°C, but the dormant ones failed to grow. There was only little
difference in the CO;z evolution between the nondormant and dormant ones, but both
the axis and cotyledon segments from the dormant seeds exhibited little or no CoHy
productivity, unlike the nondormant ones, at low temperatures. However, a high
temperature of 33°C caused rapid extension growth and CsH; production even in
dormant axes and cotyledons.

The inability of dormant axes and cotyledons to grow disappeared completely
in the presence of CsHy at fairly low concentrations. Removal of endogenous COs
and CgHy reduced the growth in both axes and cotyledons, while exogenous COs
mainly enhaced axial growth although exogenous CoHy strongly stimulated the growth
of both organs. Regardless of the dormant status, however, maximum growth of these
organs occurred when CgHa was given together with COz.  We suggest that dormancy
in cocklebur seeds is due to the lack of growing ability in both organs, caused by the
lack of CeHy productivity in both dormant axes and cotyledons, particularly in the
former.

By actually measuring the thrust force resulting from a germinating whole
cocklebur seed and that from an excised growing embryonic axis of the seed under
both anaerobiosis and aerobiosis, Esashi and Leopold (8) demonstrated that rupture
of the seed coat on seed germination occurs when restraint imposed by the seed coat
was overcome by the thrust developed by both the embryonic axis and cotyledons
which were growing passively or actively. Based on a significant difference in the
measured total thrust between the small, upper and large, lower cocklebur seeds,
we documented that the inability of the after-ripened small seeds to germinate at
room temperatures is not due to their dormant status, but to their impotency of not
being able to develop enough total thrust to overcome the mechanical stress of the
seed coat (8).

A number of papers (4, 5, 7, 18, 23, 30, 34) have reported that seed dormancy
disappears when the seed coat or testa was punctured or removed, whereas, many
others (1, 26, 27, 31) have stated that the embryonic axes of some plants grow when
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excised from their nondormant seed, but fail to grow when excised from their
dormant ones. Thus seed dormancy has roughly been divided into two categories:
embryo-dormancy and coat-imposed dormancy (33). The after-ripened small and
the freshly harvested cocklebur seeds may be said to be under coat-imposed and
embryo dormancy, respectively, since the naked embryonic axes from the former
grew but those from the latter did not (32).

On the other hand, both dormant and nondormant but impotent small
cocklebur seeds have been known to be able to germinate under incubation at
elevated temperatures (15, 28). We have also found that exogenously applied
CgHy, particularly in combination with COg, not only breaks the dormancy but also
reduces the impotency of the after-ripened small seeds (16). Moreover, the Caly
production of dormant seeds was far less than that of nondormant ones, and that of
impotent small seeds was only half that of potent large ones (15), indicating that
germination failure in both dormant and impotent seeds may be due to repressed and
inferior CoHy production, respectively. However, COgz was found to act differently
with CgHy in seed germination (10). We studied the growth responses of axis and
cotyledon segments excised from dormant and nondormant large cocklebur seeds
to exogenous CgHy and COg, as well as the CogHy and COgy production from these
organs, at different temperatures in light to learn more about the mechanisms of
seed dormancy and germination.

Materials and methods

Lower, large seeds of cocklebur (Xanthium pennsylvanicum Wallr.), selected for
uniformity, were used throughout the experiments. They were excised at 3 mm
below the tip of the embryonic axis for separation from the cotyledonary part, which
was divided in half prior to water imbibition. The resultant axial and cotyledonary
segments were each detached from the fragment of seed coat after imbibition of 4 hr
for the axes and 6 hr for the cotyledons, washed several times with tap water, rinsed
twice with distilled water, and then blotted before their initial fresh weights were
measured. The degrees of their extension growth were expressed as percent increase
in fresh weight, and all the results were averages of 3 replications of 12 segments per
lot, represented by a typical one of at least 2 to 4 separate experiments.

For growth assay alone (Fig. 1, 8 and 9), the segments were placed on two
layers of filter paper wetted with 2.5 ml distilled water in a 100-ml Erlenmeyer
flask, to which one or two side vessels containing 1.5 ml 2.5 n NaOH, 0.25 m Hg-
(C1Oy4)2 or both were attached to trap endogenously evolved COg and/or CoHy.
Necessary volumes of COz and CgHy to give their indicated concentrations in the
flasks were syringed through a rubber stopper fitted on the flask or side vessel, but
in the experiments on COy effect, an excess of COy was added as needed to maintain
the same Ogy tension in each flask as that in air. For measurement of evolved CO»
and CgHy, the segments were arranged on a sheet (4x4 cm) of filter paper
moistened with 1.0 mi distilied water and lined in a 22-mi vial, to which one or two
side vessels containing the COg and/or CoHy absorbents were fitted. Gas samples
were analyzed using an activated alumina column on a Hitachi gas chromatograph
(Model 063-5050) equipped with a flame ionization detector for CoHy and activated
charcoal column on a Gaschro-Kogyo gas chromatograph (Model KOR-70) with
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a thermal conductivity detector for COs.  All manipulations were carried out under
dim room light except for incubation period in the darkened thermostats.

Results and discussion

Segment growth: Growth of preimbibed axis and cotyledon segments incubated at
13° 23° and 33°Ciis shown in Fig. 1.  Just as the breaking of dormancy in cocklebur
seeds and the potentiation of germination in the nondormant small sceds are aided
by high temperatures (15, 28), segments of both the axes and cotyledons responded
readily to the increase of temperature with increased extension growth, regardless
of the status of dormancy. Data in Fig. 1 further indicate the following facts:

First, at a temperature of 23°C, although the embryonic axes excised from the
nondormant seed grew, the axes from the dormant seeds failed to, and the results
agreed with those obtained by Wareing and Foda (32). Second, if isolated from
dormant seeds, not only the excised axes but the excised cotyledons also failed to
grow at 23°C while the cotyledons of the nondormant seeds could. These results
clearly indicate the cause of seed dormancy in this plant to be in the inability of
both the axis and cotyledons to grow at normal temperatures.
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Fig. 1. Extension growth in response to temperature of the embryonic axis and cotyledon segments excised from
dormant and nondormant cocklebur seeds.  In one lot at 33°C, flasks were fitted with side vessels containing
both NaOH and Hg(ClO4)s solutions.

Fig. 2. €Oz evolution in dormant and nondormant axial segments in response to temperature. 'The amounts of
endogenously evolved CO3 were measured at the time intervals of 4, 6 and 8 hr for 33°, 23° and 13°C,

and the data were shown as the mean rate of COj evolution at the mid points of these intervals.
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Table 1 COs evolution of dormant and nondormant cotyledonary segments in response to temperature

Temperature Incubation time COe ¢Yolution (ul] 100 mg fr. wt./hr)
) G (hr) Dormant Nondormant
13 0-48 2.65 3.02
23 0-24 9.41 9.34
24-48 15.15 19.10
33 0-24 13.55 17.75
24-48 19. 04 22.10

Data are given as the mean COg evolution rate in each indicated period.

Third, as indicated in the previous paper (§), growth of embryonic axes occurred
carlier than that of the cotyledons at all tested temperatures, suggesting that
generally the axis begins to act earlier on rupture of the seed coat than a pair of
cotyledons does. Very rapid axial growth at high temperature seems to favor an
explanation for a normality of germination behavior under higher temperatures,
at which the seed coat is broken only at the axial end of a seed (10).

Last, the faster extension growth of the nondormant cotyledons at 33°C was
slightly reduced when endogenously evolving COg and CgHy were both trapped by
NaOH and Hg(ClOy4)z solutions from the ambient atmosphere within the flasks.
Evolution of COs: COg evolution of the axes and cotyledons of a different dormant
status were examined, and Fig. 2 gave the results for the isolated axes while Table
1 that for the cotyledonary segments. In both organs, COgz evolution during the
initial period of incubation rose with temperature increase regardless of the dormant
state, and differences beiween the nondormant and dormant ones were not
significant. At the low temperature of 13°C, both organs did not increase their
COg production during the incubation period. At 33°C, however, the COg produc-
tion increased strikingly, particularly in the axes, with incubation time regardless
of the dormant status. In contrast, at 23°C, the COg production increased only in
the nondormant ones. These results suggest that there might be an ordinary
respiratory process common to both seeds by which COz was emitted, and that at
23°C the nondormant seeds could either exchange this process for another respiratory
pathway which was closely associated with the commencement of axis and cotyledon
enlargements or add another one to this, while the dormant seeds remained in a
dormant state because of the failure to make such changes in their respiratory system.
Since the presence of Og during the initial phase of the pregermination period is
not indispensable for cocklebur seeds to germinate (16), the ordinary respiratory
process may proceed depending weakly on Oz or in anaerobiosis, as demonstrated
by De la Fuente and Nicolas (6) with Cicer arietinum.

Evolution of CoHy: CsHy evolution in excised embryonic axes was hardly detected

during the initial period of incubation even at the higher temperature of 33°C (Fig.
3) Thereafter. the CZH4 prnﬂnr‘ﬁv

Thereafter, the roductivity in the nondormant axes rapidly increased
with time and reached maximum after 13 to 14 hr, followed by a subsequent decline.
CgHy production from the dormant axes began to rise with a lag period of about
10 hr, which coincides with the delay of their growth at 33°C in Fig. 1. Lowering

the incubation temperature of the nondormant axes caused a decrease of the CaoHy
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Fig. 3. CoHy evolution in dormant and nondormant axial segments in response to temperature. Except for a
24-hr interval at 13°C, the other details are as given in Fig. 2.

Fig. 4. CaHy evolution in dormant and nondormant cotyledonary segments in response to temperature. The
amounts of endogenously evolved CoHs were measured every 24 hr at various temperatures. Other
details are as given in Fig. 2.

production with an increase in the lag period. More important, however, no
dormant axial segments, unlike the nondormant ones, exhibited any pronounced
C2Hy production at 23°C, where they failed to grow (Fig. 1). :

C2Hy evolution from cotyledonary segments at different temperatures was
almost the same as those of axial segments (Fig. 4). Asin COg production (Fig. 2),
the CgHy productivity in the cotyledons was also much less and detectable later than
that in the axis. Thus the growth of the axis and cotyledons in a seed seems to be
stimulated by endogenously evolved COs and CoH, especially from the axis, which
consequently leads to breaking of the seed coat. Not only the dormant axes but
also the dormant cotyledons did not produce CoH, at 23°C as well as at 13°C, at
which their extension growth did not occur.
Effects of CoHy on axis and cotyledon growth: Stimulation of germination in both
dormant or impotent seeds of cocklebur by exogenously applied CoHy (15, 16),
may be due to the stimulation of growth of both the axis and cotyledons within the
seed. This possibility may be supported by a relevant finding that the initial growth
of embryonic bean axes is stimulated by exogenous CgHy (12). Next, axial and
cotyledonary segments excised from dormant and nondormant seeds were allowed
to grow at 23°C for 14 and 60 hr, respectively, in the presence of various concentra-
tions of CoHy (Fig. 5).

The dormant axes and cotyledons were notably incapable of growing in the
CeHy-free air, although the nondormant ones could. Enlargement of dormant
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Fig. 5.  Dose-response curves of CoHy in extension growth of axial and cotyledonary segments excised from dormant
and nondormant cocklebur seeds. Axial and cotyledonary segments were incubated at 23°C for 14 and
60 hr until weighing. Flasks for no-CoHa were fitted with a side vessel containing Hg(ClO4)s solution.
Fig. 6. Dose-response curves of COs in extension growth and CoHy evolution of dormant and nondormant axial
segments. They were incubated at 23°C for 12 hr. Flasks for no-COgz were fitted with a side vessel
containing NaOH solution, and in lots for COg concentrations above 3%, the calculated volumes
of Oy were syringed into each flask as needed to maintain 209 Og tension.

axes and cotyledons as well as nondormant ones was paralleled by an increase of
CgoHs concentration in air, except that the CoHs promotion in the nondormant
axes was slightly lowered at higher concentration above 1 upl/liter. Interestingly,
the dormant axes and cotyledons were much more sensitive to CgHy than the non-
dormant ones, and this promotion was saturated at a concentration as low as 0.3
ul/liter CoHy. These data clearly indicate that the occurrence of seed germination
by CoHy is a result of CGoHy-induced increase of axis and cotyledon enlargements.
Effects of CO2 on axis and cotyledon growth: Exogenously applied COg sometimes
promotes stem (3, 13, 20) and coleoptile elongation (11, 19), suggesting that stimula-
tion of seed germination by exogenous COgz (2, 29) may be associated with its
accelerating effect on both the axis and cotyledon enlargements. On the other hand,
exogenous COg is also known to stimulate CaHy evolution from seeds during a
pregermination period (9, 16). Therefore, we examined the effects of COgz on the
enlargement and CgoHy production at a different dormant state at 23°C.

As shown in Fig. 6, the dormant axes did not grow at all in the COg-free atmos-
phere, while the nondormant ones did. And the nondormant axes grew more than

in the dormant ones, with increasing concentrations of COg, the optimum being
about 1 and 109, for the nondormant and dormant axes, respectively. Correspond-
ing to these responses, CgHjy production from the isolated axes was increased by
exogenous COg, except for 309, COg in the nondormant ones.

Rijven and Parkash (25) reported that COg stimulates the germination of
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fenugreek seeds but has no effect on their cotyledon enlargement. Similarly, the
growth response of cotyledons to exogenous COjp was not as great as that of axes
(Fig. 7). In any case, the degree of growth promotion in the dormant axes and
cotyledons by COg was much lower than that by CoHj (Fig. 5), and COy application
at 1 to 109, produced about 2 times as much CgoHy as the COs-free atmosphere (Fig.
7). Thus, the question arose whether COs itself stimulates the growth of the organs
or causes this effect by accelerating the CaHy production. To answer this question,
the next experiment was designed.

Trapping endogenously evolved COg and CoHy: Various COg- and CgoHy-trapping
treatments in combinations, as shown in Table 2, were conducted. Growth of both
organs was greatly reduced by the inclusion of NaOH or Hg(ClOy)s, the degree
being further increased in the presence of both and more striking in the dormant than
nondormant ones. In the presence of both absorbents the dormant axes and
cotyledons failed to grow normally, unlike the nondormant ones. These data make
evident that the growing activities of both organs, especially the dormant ones, de-
pend upon the endogenous CoHy and COg and that the occurrence of relatively
large growth in the dormant embryonic axes and cotyledons in the control (no
addenda) is probably due to the accumulation of endogenously evolved COjy and
CoHy within the vials.

The growth-promoting effects of added COg and C3Hjy were also reduced in
the presence of Hg(ClO4)2 and NaOH, respectively, the degree being greater in the
dormant ones. These facts indicate that not only CsHy but also COsj, which
stimulates CoHy production (Fig. 6 and 7), has a specific action in causing the initial
extension growth of the axes and cotyledons. Further, the results given in Table 2
suggest a stronger dependency of release from a dormant state in these organs upon
CoHy rather than COs.

Effects on axis and cotyledon growth of COs and CoHy in combination Recently, CoHy
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Table 2 Effects of COg2 and CoHy absorbents on the growth of axial and cotyledonary segments from dormant
and nondormant cocklebur seeds and on their COg- and CoHy-stimulated growth

" Axes Cotyledons
increase control increase control increase control increase control
No addenda 17.5% 100 21.2% 100 28.5% 100 57.9% 100
NaOH 10.2 58 18.6 88 17.6 62 50.3 87
Hg(ClOy)2 2.7 15 15.8 75 12.5 44 50. 2 87
NaOH+Hg(ClO4)2 2.1 12 12.6 59 7.1 25 46.7 81
1% COsq 22.8 130 24.0 113 39.8 140 58.2 101
19 CO3+Hg(ClO4)2 5.3 30 17.7 84 17.4 61 55.1 95
1 wl/liter CoHy 30.8 176 25.8 122 53.2 187 72.4 125
1 plfliter CoH4+-NaOH 23. 4 137 23.9 113 45.6 160 68.1 118

Fresh weight increments were measured after incubation for 16 hr for the axes and 72 hr for the
cotyledons at 23°C.

was found to act synergistically with COg in causing seed germination in some
plants (9, 16, 21, 22). The results in Table 2 suggest that maximum growth of the
excised organs will be achieved in the presence of both COg and CgHj. In the
experiments given in Fig. 8 and 9, these segments were allowed to grow at 13° and
23°C under various treatments, including 1 gl/liter CoHy plus 3%, COo.

As shown in Table 2, both axes and cotyledons excised from dormant seeds
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Fig. 8. Growth responses of dormant and nondormant axial segments to COgz and CoHy applied singly or in
combination at 13° and 23°C. Details for treatments are given in the figure: D, dormant and ND,
nondormant.
Fig 9. Growth responses of dormant and nondormant cotyledonary segments to COg and CoHy applied singly or in
combination at 13° and 23°C. Details for treatments are given in the figure: D, dormant and ND,
nondormant.
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Table 3 Effects of CO3 (39) on CoHy evolution in axial and cotyledonary segments from dormant and non-
dormant cocklebur seeds

CaoHy evolutionrk(nI/IOO mg fr. wt./hr)

Temp. Incubation

Organ °C) time (hr) ‘ Dormant B Nondormant
—COsq +COq —COq +COs
Axes 13 0-24 0. 002 0.002 0.027 0.030
24-48 0.008 0.009 0. 062 0. 067
23 0-12 0.014 0.026 0.125 0. 156
12-21 0.076 0.194 1.284 1. 588
Cotyledons 13 0-48 0. 002 0.003 0.010 0.013
48-72 0.008 0. 009 0. 037 0.041
23 0-24 0.003 0.014 0.029 0.048
24-48 0. 048 0.113 0.165 0.218

Vials for no-CO; were fitted with a side vessel containing NaOH solution. Data are given as the
mean CgHy evolution rate in each indicated period.

were nearly incapable of growing even at 23°Ci when the absorbents for CaHy and
COg were both included, whereas, as shown in Fig. 8 and 9, maximal extension
growth was obtained regardless of incubation temperature when CoHy was given
together with COs. In the nondormant segments, however, this combination effect
was found only in the axes, the growth of cotyledons depending mainly upon CoHy.
Furthermore, this COz action was not seen in the dormant axes incubated at 13°C,
and contrarily, as already shown in Table 2, the dormant cotyledons were influenced,
though slightly, by a concerted action of CoHy and COs. Possibly, therefore, the
abnormality of the CoHy-induced germination—in about the half of the germinated
seeds, the seed coat was broken at the cotyledonary side but not at the axial end
(10)—might result from the action of CoHy on the extension growth of both seed
organs. Thatis, of the critical thrust accumulated during a pregermination period,
only one-third or less was derived from the growing cotyledons in the nondormant
large seed, but the cotyledon extension stimulated by exogenous CsHy might con-
tribute more substantially to the accumulation of the thrust, thus resulting in the
abnormality of the CoHg-induced germination.

On the other hand, a condition with no absorbents caused detectable growth

of dormant axes and cotyledons at 23°C but not at 13°C. This growth failure in
control segments at 13°C may be explainable by the extremely low CoHjy productivity
at 13°C (Fig. 3 and 4).
COg and CoHy evolution as affected by CoHy and COs: Experiments in Table 3 were
carried out to examine whether reduction of the COg action at 13°C is associated
with the loss of COg-stimulated CyHy production. As already described in Fig. 6
and 7, both axes and cotyledons evolved much more CgHy, regardless of the dormant
status in the presence of 39, COj at 23°C, but not at 13°C. Thus these data suggest
that a synergistic interaction of CoHy and COy may result only when COjy can
stimulate the CoHy production. This possibility is supported also by our previous
findings (13) that bean hypocotyls did not exhibit such a synergism nor did they
exhibit the COg-stimulated CgH, production.
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On the contrary, there was no enhancement of COg production in the CoHy-
treated axes and cotyledons independent of incubation temperature and their
dormant states (data not shown), although CgHy increased respiration in other
storage organs, such as potato tubers (24) and iris bulbs (/). Thus, the reduction
of the CoHy action by NaOH inclusion (Table 2) might not be due to the cancelling
of the CaHy-stimulated COg production but to the loss of a specific action of endo-
genous COs.

Conclusion

There was a significant difference in growing rate between the axis and coty-
ledon segments excised from nondormant and dormant cocklebur seeds (Fig. 1).
This difference was further magnified when endogenously evolved CoHys and COg
were removed: little or no growth of dormant axes and cotyledons occurred at
temperatures below 23°C (Table 2, Fig. 8 and 9). Apparently, seed dormancy
must be distinguished qualitatively from seed impotency (coat-imposed dormancy)
in which an axis and a pair of cotyledons are able to grow, but the seed is unable to
germinate due to an insufficient thrust to overcome the seed coat restraint. There-
fore, seed dormancy in dicot plants should be defined as a phenomenon resulting
from an inability of both the axis and cotyledon to grow, while emergence from
dormancy is a process during which these organs regain the ability to grow.

In cocklebur, CoHy is very effective for potentiating the impotent small seed
for germination and awaking dormant non-after-ripened small and large seeds (15).
Even at 13°C exogenous CaHy, but not COg, caused the dormant segments of both
axes and cotyledons to grow and improved the growth rate in the nondormant ones
(Fig. 8 and 9). CgHy was found to stimulate the initial growth of the axis and
cotyledon, giving the seed enough thrust to overcome the seed coat restraint.

CgHy evolution from nondormant axes and cotyledons increased with an
increase of incubation temperature, but dormant axes and cotyledons produced
little or no CgHy at temperatures below 23°C (Fig. 3 and 4). Similar to the results
with peanut seeds (17), however, most of the CaHy evolved from a seed came from
the axis (Fig. 3 and 4, Table 3). Comparison of Fig. 3 with Fig. 4 shows that CoHy
production from the axis preceeds that from the cotyledons. Therefore, the low
CgHjy production in dormant seeds is probably due to the extremely low CgoHjy pro-
ductivity in the axes.

The effect of CoHy on the extension growth of axes and cotyledons was saturated
at a concentration of as low as 0.3 ul/liter (Fig. 5), suggesting that CoHy is a trigger
for breaking dormancy in cocklebur seeds. Thus, dormancy in the cocklebur seed
is a status in which the axis and cotyledons are prevented from producing CgHa.

We have proposed the possibility that there may be two processes for producing
C2Hy on seed germination: one is the Og-independent process and the other the
Og-dependent, COg-stimulated one (16). As shown in Table 3 and Fig. 6 and 7,

the enhancement ]’\y C.ﬂn nf the grov‘;fh nf dormant avee and cotvledanc was not as

AAAAAAAAAAAAAAAAAAAAA by COg of the th of dormant axes and cotyledons was not
great as that by CpHy, although COg3 promoted somewhat the production of CaHy.
Furthermore, there was no significant difference in COg evolution between the
dormant and nondormant axes and cotyledons during the early period of incubation
(Table 1 and Fig. 2). These findings suggest that repression of a process involving
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COg evolution is not the cause of cocklebur seed dormancy, which appears to result
from repression of a process influenced by COg, such as the Og-dependent CoHy-
producing system.

At 33°C, the dormant axes could also produce CgHy with a short lag period
(Fig. 3). Therefore, the high temperatures which were very effective for awaking
dormant cocklebur seeds and potentiating the small seeds (15), may supply a
sufficient thrust by releasing the seeds from the state of repressed CaHy production
rather than by increasing the growth rate of the axis and cotyledons.
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