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§ I. INTRODUCTION.

N previous papers (Kidd, 1 and 2) it has been shown that carbon dioxide

in relatively small quantities in the atmosphere inhibits the germination

of seeds. The actual percentage of carbon dioxide required to produce

inhibition was found to vary with temperature and with oxygen supply.

At 3° centigrade 2 per cent. to 4 per cent. carbon dioxide produced in-

hibition, whilst at 20° centigrade 25 per cent. to 30 per cent. carbon dioxide

was required. With 5 per cent. oxygen, 9 per cent. to 12 per cent. carbon

dioxide produced inhibition, but with 20 per cent. oxygen 20 to 25 per cent.
carbon dioxide was required (temperature 17° C.).

In all seeds tested, except those of Brassica alba, germination in the
normal way was found to follow the removal of the inhibiting carbon
dioxide. In the case of Brassica alba seeds, the dormancy induced by
carbon dioxide continued, however, after the removal of the inhibiting

[Annals of Botany, Vol. XXXI. Nos. CXXIII and CXXIV. July and October, 1917.]
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gas-mixtures. This induced dormant condition of White Mustard seeds
following as an ‘after’-effect of carbon dioxide inhibition is here termed
‘ secondary dormancy ’ (cf. Crocker (3), p. 114 et seq.).

Normally, Brassica alba seed germinates quickly and uniformly in
twenty hours at ordinary temperatures with a high percentage of germina-
tion.! The behaviour of Brassica alba seeds showing secondary dormancy
as an ¢ after ’-effect of short CO,-treatment was in striking contrast to this.
The typical behaviour of a sample of Brassica alba seed removed from an
inhibiting partial pressure of carbon dioxide is shown by the following
table:

TABLE I.
Number of days after vemoval from Number of
the inhibiting gas-mixture.™ germinations.
6 17
16 49
44 73
68 103
305 135

Number of seeds used=153.
*20 % CO,; 20 % O, for 19 days.

In this experiment, which was extended to twelve months, during the
whole of which period the seeds lay on damp sand in a moist atmosphere,
it is seen that a few seeds are constantly germinating in a sporadic manner.,
This slow sporadic germination is typical of Brassica alba seeds showing
secondary dormancy. After twelve months, in this particular case, eighteen
seeds out of an original sample of 153 inhibiting seeds still remained un-
germinated. These eighteen seeds finally gave rise to perfect seedlings.

Occasionally it was found that the secondary dormancy produced was
not complete. A rush of germinations took place during the first few days
after the removal of the seeds from the inhibiting gas-mixtures, but after
this period, however, characteristic sporadic germination set in. For
example, in ten days 41 per cent. of a sample of eighty inhibited seeds had
germinated, whilst only 5 per cent. more germinated in the following
twenty days.

The object of the work described in the present paper has been to
discover, if possible, the controlling causes of this secondary dormancy
which follows as an ‘after’-effect of carbon dioxide inhibition in the case
of Brassica alba.

§ 2. THE PRODUCTION OF SECONDARY DORMANCY IN SEEDS OF
BRASSICA ALBA.

In view of the fact that the degree of secondary dormancy had been
observed to vary considerably, a complete series of experiments was
conducted in order to determine the optimum gas-mixtures with regard

iThe Brassica alba seeds used in this investigation gave germination tests of g8 9/ to 100 7.
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to carbon dioxide and oxygen for the production of secondary dormancy
asan ‘after ’-effect. J

In these experiments an arbitrary period of ten days was allowed
before determining the number of seeds showing secondary dormancy.
This period was chosen as a result both of our general experience and of
specific experiments, to one of which we have already referred. In result
it was found that a high percentage of seeds showing prolonged secondary
dormancy could only be obtained under quite limited conditions.

OXYGEN,

The following experiments deal with the question as to how far the
degree of secondary dormancy is influenced by the concentration of oxygen
used during the primary period of inhibition. Two series were conducted :

TABLE II.

E ffect of various Partial Pressures of Oxygen (25 per cent. Carbon Dioxide
present) on the Production of Secondary Dormancy in Seeds of Brassica

alba.
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t All showing injury to radicle.

with 235 per cent. carbon dioxide present (Table II); and with 35 per cent.
carbon dioxide present (Table III). The amount of oxygen present was
found to influence the degree of secondary dormancy. Thus in Table II
it is seen that with concentrations of oxygen below 20 per cent., the
percentage of seeds showing secondary dormancy decreases with the fall
of oxygen. With 20 per cent. oxygen present 96 per cent. of the
seeds show secondary dormancy, and higher concentrations of oxygen
have little effect, the percentage of seeds showing secondary dormancy
remaining high.
IRf
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In Table IIT the results are of a similar nature. In the absence of
oxygen no secondary dormancy is obtained, whereas with 15 per cent. or
30 per cent. oxygen present approximately half the seeds exhibit secondary
dormancy. The fact that the amount of secondary dormancy obtained

TABLE III.

LEffect of various Partial Pressures of Oxygen (35 per cent. Carbon Dioxide
present) on the Production of Secondary Dormancy i Seeds of Brassica

alba.
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* The 15 ungerminated seeds were dead.

with 35 per cent. CO, does not rise much above 50 per cent. in comparison
with the g6 per cent. of secondary dormancy obtained with 25 per cent.
CO, finds an explanation in the following section dealing specifically with
the effect of various concentrations of carbon dioxide on the production of
secondary dormancy.

It thus appears that for the production of secondary dormancy the
seeds must be supplied with oxygen during the primary period of direct
inhibition by carbon dioxide.

In the last column of the above tables the percentage of seeds (other
than those germinating in the presence of the inhibiting gas-mixtures)
which showed injury to the radicle is given. A marked correlation appears
between the injury to the radicle and percentage of seeds showing secondary
dormancy : the greater the injury the less the amount of secondary dormancy
produced.

Where secondary dormancy is almost complete, the percentage of seeds
Showing injury is practically nil. In fact it may be said that any seed
which after ten days in air shows typical secondary dormancy (in other
words, is practically indistinguishable from a newly swollen tiormal seed)
is certainly uninjured with regard to the radicle. The condition with
regard to injury or non-injury of the seeds showing secondatry dormancy
was examined by the removal of the seed-coats, a treatment which, as
pointed out in a previous paper (Kidd, 1, p. 416), will cause germination
at any time during the period of secondary dormancy.
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CARBON DIOXIDE.

The following experiments deal with the question as to how far the
degree of secondary dormancy is influenced by the concentration of carbon
dioxide used during the primary period of inhibition.

These experiments were conducted in three series: with 20 per cent.
oxygen present, with 10 per cent. oxygen present, and with o per cent.
oxXygen present.

Table IV gives the results of the series of experiments with a range
of carbon dioxide concentrations, 20 per cent. oxygen being present in all

(EABLER VA

Effect of various Partial Pressures of Carbon Dioxide (20 per cent. Oxygen
present) on the Production of Secondary Dormancy in Seeds of Brassica
alba.
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cases. The percentage of carbon dioxide used during the primary period
of inhibition has a marked effect upon the degree of secondary dormancy
obtained. When high percentages of carbon dioxide are used for the
production of primary inhibition, the percentage of seeds showing secondary
dormancy as an ‘after’-effect is small and at the same time a considerable
percentage of seedlings show injury to the radicle. The optimum treat-
ment for the production of secondary dormancy in these experiments, in
which the concentration of oxygen present amounts to 20 per cent., is
with 25 per cent. carbon dioxide.

The results of the experiments with a range of carbon dioxide con-
centrations and 1o per cent. oxygen present in all cases (Table V) are of
a similar nature. Following the treatment with the higher percentages
of carbon dioxide injury occurs and the number of seeds showing secondary
dormancy is small. Both the maximum ‘after -effect of secondary dormancy
(73 per cent.) and the minimum percentage of injury (2 per cent.) occur in
these experiments after treatment with 1o per cent. carbon dioxide.

I12
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DAL W

Effect of various Partial Pressures of Carbon Dioxide (10 per cent. Oxygen
preseni) on the Production of Secondary Dormancy in Seeds of Brassica
alba.
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* Show injury to the primary root.

In the series of experiments with no oxygen present (Table VI) no
secondary dormancy was obtained. The main fact emerging is that
secondary dormancy cannot be produced by the exposure of seeds to
carbon dioxide alone in any concentration. This result is in accordance
with the experiments desctibed in the previous section.

AT WL,

Effect of various Partial Pressures of Carbon Dioxide (no Oxygen present)on
the Production of Secondavy Dormancy in Seeds of Brassica alba.
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* All seeds still ungerminated after 10 days in air were either dead or so badly injured with
regard to the radicle that they finally decayed.

Marked injury to the radicle occurs in these experiments in the absence

of oxygen, and a correlation between subsequent germination and injury to
the radicle thus appears again.
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With the intermediate concentrations of carbon dioxide, following
which the injury occurring is much less,! the correlation between germina-
tion and injury is not so great. Thus, following 50 per cent. carbon dioxide in
the absence of oxygen, only 20 per cent. of the seeds showed visible injury
to the radicle although all germinated and none showed secondary
dormancy. Nevertheless, the conditions in the absence of oxygen are
undoubtedly injurious, and do, if maintained, result in death. If the
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TEXT-FIG. I.

internal reactions which cause injury in the embryo are also those which
are responsible for germination, as the correlation observed in the above
experiments indicates, this particular case is of interest in that it shows
that these internal changes initiate growth in their early stages before they
have proceeded far enough to produce vzsible injury and cell-death.
Summing up the results of these experiments dealing with the con-
ditions necessary for the production of secondary dormancy in Brassica

! This in itself is remarkable, and is to be attributed to an effect of carbon dioxide in depressing
anaerobic processes which give rise to toxic products (cf. Kidd, 4).
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alba seeds, it appears (i) that the phenomenon does not occur if oxygen
has not been present during the primary period of inhibition or if carbon
dioxide has been used in too high a concentration; (ii) that those conditions
during the primary period of inhibition which prevent the subsequent
occurrence of secondary dormancy, are found at the same time to exercise
an injurious effect upon the radicle which is visible when the seeds subse-
quently germinate, and that a correlation exists therefore between internal
changes in the radicle resulting in injury and occurrence of germination.
The relation of secondary dormancy to the conditions of oxygen and
carbon dioxide concentration used during the primary inhibition period
can be clearly seen from the accompanying diagram (Text-fig. 1). An
“after ’-effect amounting to Ico per cent. secondary dormancy is only
obtained within quite narrow limits of possible inhibiting mixtures of
carbon dioxide and oxygen. It is only in the region of carbon dioxide
concentration immediately above the critical concentration needed to

produce inhibition, that the maximum degree of secondary dormancy is
obtained.

Relation between the Percentage of Secondary Dormancy produced and the

Duration of the Primary Period of Inhibition in the Presence of Carbon
Dioxide.

In addition to the facts described above with regard to the influence
of excess of carbon dioxide or lack of oxygen during the primary period
of inhibition upon the degree of secondary dormancy, it has been found
further that the percentage of secondary dormancy is dependent upon the
length of the primary period of inhibition in the presence of carbon dioxide.
Tables VII and VIII give the results obtained in two experiments. It is
clear that the full effect of secondary dormancy is not produced at all
quickly, but that at ordinary temperatures a period of two to three weeks
in the presence of carbon dioxide is required. The significance of this fact
will be discussed later.

IEAERIE WL

Time Factor in the Production of Secondary Dormancy.

: Germinations
Nz::;ij;g'éz;ag “i/”égm S%5 10 days afier vemoval Approximate percentage of
169 UO) % Jrom the inhibiting secondary dormancy.
Ol gas-mixture.
2 100 % ® 7
5 667 34 %
10 5776 43 /o
17 177 83 %

30 seeds in each experiment., Mean temperature of laboratory, 12.5°C. (in the dark),
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TABLE VIII,

Time Factor in the Production of Secondary Dormancy.

Number of days in the gas- Germinations 10 days after :
mixture (30 % COy = vemoval from the z';zf’zfz'bz‘{z”';ig iprornes poe sl
A cas-mixture. secondary dormancy.
I 100 ¥ o7
3 60 7, 49 /5
4 40 %, 6o /0
8 40 %, 4
12 6 % 94 74

Mean temperature of laboratory, 14° C.

It has been shown that oxygen is necessary for the production of
secondary dormancy in seeds of Brassica alba, since in the absence of
oxygen during the primary period of inhibition injury occurs which prevents
the phenomenon. Carbon dioxide is necessary because in the absence of
this gas the primary period of inhibition in the presence of oxygen does
not occur at normal temperatures. But it is not clear whether secondary
dormancy is due to the specific action of carben dioxide or simply to slow
secondary changes occurring in the tissues of the fully swollen seed
independently of the action of the carbon dioxide. In order to decide
this point, fully-swollen seeds were prevented from germinating for a period
of seven days by exposure to a subminimal temperature. On return to
normal temperatures a full percentage of germination resulted, thus showing
that carbon dioxide exercises a specific action in the production of secondary
dormancy.

§ 3. CHANGES IN THE SEED-COAT OR EMBRYO OF BRASSICA ALBA
ACCOMPANYING THE PRODUCTION OF SECONDARY DORMANCY.

It is clear that the causes underlying the persistence of the dormant
condition of Brassica alba seeds must be looked for in changes produced
either in the testa or in the embryo during the primary period of inhibition
in the presence of carbon dioxide.

It has already been shown that when such changes, due to the lack of
oxygen or to toxic concentrations of carbon dioxide, amount to injury to
the radicle, secondary dormancy does not occur.

It is convenient at this point to analyse, on the lines of previous research
work on dormancy in seeds, the possible causes controlling the phenomenon
of secondary dormancy in uninjured seeds of Brassica alba.

A. A change in the seed-coat during the period of primary inhibition
in the inhibiting gas-mixtures:

(i) Resulting in decreased permeability of the testa to oxygen sufficient
to cause the prolonged secondary dormancy observed.

(ii) Resulting in decreased permeability of the testa to carbon dioxide,
- owing to which the tension of respiratory carbon dioxide in the tissues of
the embryo during the period of secondary dormancy does not fall below
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a critical value in relation to oxygen supply and temperature at which
germination can take place.

(iii) Resulting in increased mechanical resistance, owing to which
either (a) the full swelling of the embryo by physical water uptake to the
critical point at which germination and further growth become possible is
prevented, or () owing to which the radicle is unable to burst its way
through the seed-coats by growth although the water supply is not the
limiting factor.

B. Changes in the embryo during the period of primary inhibition in
the inhibitory gas-mixtures, owing to which the embryo becomes less
sensitive to growth conditions; in other words, there is a rise in the
threshold value of the necessary growth stimulus, so that the same value in
the case of some critical growth condition (e.g. of oxygen supply, CO,
tension, moisture, temperature, hydrogen ion concentration, or other internal
factor), which in the case of the untreated seeds was sufficient, although
near the critical minimum, to cause germination, becomes subminimal after
treatment with carbon dioxide.

Changes in the Permeability of the Seed-coats {0 Gases.

In order to test whether any change in the permeability of the testa to
gases takes place during the immersion of the seeds in atmospheres of
carbon dioxide, direct experiments were carried out. These were conducted
in two series. In Series A the permeability of the testa to carbon dioxide
was determined, whilst in Series B the object of the experiments was to
ascertain the permeability of the seed-coats to oxygen.

Series A.

The principle of these experiments was as follows:

A number of fully swollen White Mustard seeds, inhibited and non-
inhibited respectively, were brought suddenly into an atmosphere of pure
CO,; then the rate of CO, uptake was compared in either case. When no
further uptake occurred, the atmosphere of CO, was quickly replaced by
an atmosphere of nitrogen and the rate at which the CO, escapes was
measured.

Fig. 2, a, represents the apparatus employed. The seeds are placed in
the wide-bore tubes A and B, which are then connected to the capillary tubes
c and D by means of rubber connexions as is shown in the diagram. The
stop-cocks E and F are opened and a rapid current of CO, is turned on
from G. The stop-cocks are then shut and the mercury bath H is raised
into position. When absorption of CO, is complete, a current of nitrogen
is passed through the apparatus in the same way, but after bringing the
mercury bath into position an initial negative pressure is created by suction
before shutting the stop-cocks. A modified form of the apparatus, in which
the rubber connexions are avoided, is also shown in Fig. 2, 4.
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TABLE IX.

Exper. 1. Passage of Carbon Dioxide into the Seed.

Ten inhibited seeds showing secondary dormancy compared with ten
normal seeds fully swollen after one day on wet sand. The outer testas

were removed in both cases.
Mercury vise in millimetres.

Time. Inhibited seeds, Non-inhibited seeds.
6 min. 33 33

It ., 385 39

16, 49°5 41

6o 52 54
3 hrs, 59 61

VERD 94 89

TABLE X.

Exper. 2. Passage of Carbon Dioxide out of the Seed.

The same seeds as in the above experiment, the carbon dioxide being
displaced by a current of nitrogen after seventeen and a half hours,

Meveury fall in millimetres.

Time, Inhibited seeds., Non-inhibited seeds.
5 min, 85 85

1o 12°5 135

16 ,, 145 165

30 ., 16 21

50 Iy 24

8o 20 32
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FARE LR

Exper. 3. Passage of Carbon Dioxide into the Seed.

Eight inhibited seeds showing secondary dormancy compared with
eight normal seeds fully swollen after one day on wet sand. Both outer and
inner testas were left intact.

Mercury rise in miliimelres.

Time. Inhibited seeds. Non-tnhibited seeds.
5 min, 12 12
1o 27 27
35 43 43
TG g1 71

Exper. 4. Passage of Carbon Dioxide into the Seed.

Twenty inhibited seeds immediately after removal from 30 per cent.
carbon dioxide compared with twenty normal seeds fully swollen after one
day on wet sand. In this experiment the non-inhibited seeds allowed
a quicker uptake of carbon dioxide than the inhibited ones, which was to
be expected from the known difference between the initial internal con-
centrations of carbon dioxide within the seeds, i.e. a difference of 30 per
cent, approximately.

TABLE XII.
Exper. 5. Passage of Carbon Dioxide out of the Seed.

Same seeds as in the above experiment, the carbon dioxide being
displaced by a current of nitrogen after four hours. Weight of twenty
seeds = o'24 gramme. Approximate volume = 0:25 c.c.

Escape of carbon dioxide.

Time. Inhibited seeds. Non-inhibited seeds.
85 min. o°125c.C. 0°I35 C.Co
16 hours 0:175 C.C. 0°195 c.C.

Exper. 6 and 7. Passage of Carbon Dioxide into and out of the Seed.

The same seeds as in the above experiment, carbon dioxide being again
run into the apparatus. The subsequent rise in four and a half hours amounted
to 0-140 c.c. in the case of the inhibited, and o-160 c.c. in the case of the non-
inhibited seeds. The carbon dioxide was then again displaced by nitrogen,
and the subsequent escape of CO, from the seeds proceeded at an equal rate.

Sertes B.

In these experiments, free testas of equal size were obtained by cutting
off a sector of the seed and carefully removing the embryo. The per-
meability to oxygen of testas from inhibited and non-inhibited seeds
respectively was compared by direct experiment.

. Text-fig. 3, a, represents the apparatus employed. The testas, P, to be
compared were fitted over two narrow glass tubes, A and B, of equal bore,
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to which they were securely fastened with silk thread (see Text-fig. 3,48).
These glass tubes were inserted through corks in the bottom of a wooden
trough. The joint between the testa and the glass tubes was sealed by
mercury held in the trough. The glass vessel D, through which a current of
carbon dioxide was slowly passed, was placed over the trough as shown in
the diagram. For a few minutes a rapid current of oxygen was passed
through the tubes A and B via the lateral connexions E and F. At a given
moment the stop-cocks H and J were turned off, leaving an atmosphere of

0

TEX'T-FIG. 3.

pure oxygen in the tubes A and B, the lower ends of which were allowed to dip
into a concentrated solution of potassium hydrate contained in the vessel K.
Now, since any carbon dioxide which penetrates the testa-membrane was
immediately absorbed by the KOH-solution, the actual rate of the passage
of oxygen from the tubes A and B respectively through the seed-coat
membranes was shown by the rise of the solution in these tubes, which was
readily measured on the scales L and M. In this way the permeability of
any two testas was directly compared.
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The results thus obtained are tabulated below :

TABLE XIII.

Results of Experiments on the Permeability of the Seed-coats of White
Mustard Seeds to Oxygen.

8558,
Remarks. Rise of KOH columns after an interval of :
L hr, 13 hws. 3% Ars. 4% krs.
Testa from an inhibited seed. 6 mm. I2 mm, 23 mm. 25 mm.
Testa from a non-inhibited seed. 6 mm, 12 mm. 28 mm. 31 mm,
Both inner and outer testas present. Temperature 15° C.
Exper. 2.
Remarts. Rise of KOH columns after an interval of :
1 Jir. 11 As. 2 hrs.
Testa from an inhibited seed. 9 mm. II mm. I5 mm,
Testa from a non-inhibited seed. 7 mm, 9 mm. 12 mm.
Both inner and outer testas present. Temperature 15° C.
Exper. 3.
Kemarks. Rise of KOH columns after an interval of :
1 A, 11 krs. 3 Ars.
Testa from an inhibited seed. 0 mm. II mm, 20 mm.
Testa from a non-inhibited seed. 7 mm, 9 mm. 17 mm.
Both inner and outer testas present. Temperature 15°C.
Exper. 4.
Remarks. Rise of KOH columns after an interval of :
20 ks, 24 Ars. 40 Ars.
Testa from an inhibited seed 42 mm, 62 mm. Y2 mm,
Testa from a non-inhibited seed. 43 mm, 63 mm. 73 mm.
Both inner and outer testas present. Temperature 15°C.
Exper. 5.
Remarks. Rise of KOH columns after an interval of :
20 i1z, 40 w2z, 6o mirz. 80 minm. 100 mizw. 120 nin.
Testa from an inhibited seed. 4mm. I3mm. 2Imm, 283mm. 47 mm. 53 mm.
Testa from a non-inhibited seed. 7 mm. 15 mm. 24 mm. 34mm. 56mm., 606 mm,

Inner testa only present. Mean temperature of laboratory, 15°C.
NB.—During these experiments the height of the barometer showed no appreciable change.

It is to be noted that the series of experiments dealing with the
permeability of the testa to oxygen are less satisfactory inasmuch as single
testas only are compared, and, moreover, a considerable amount of handling
is unavoidable in setting up the experiments. In the series of experiments
dealing with the permeability of the testa to carbon dioxide, the average
effect of a number of seeds is measured and the seed-coats are intact.

The outstanding result of the above experiments is that the testa of
White Mustard seeds, both in the inhibited and non-inhibited condition, is
very permeable to oxygen and carbon dioxide. It cannot be said, however,
that the experiments show that the testa of the inhibited seed is less
permeable to either oxygen or carbon dioxide than that of the normal seed.
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The conclusion indicated is that neither lack of oxygen nor accumulation
of carbon dioxide in the embryo controls the phenomenon of secondary
dormancy. This conclusion is confirmed by the results of experiments
described in a following section, in which it was found that germination of
inhibited Brassica alba seeds could not be forced either by increasing the
oxygen pressure or by lowering the internal carbon dioxide concentration
in the seeds by exposure to a vacuum (see Table XXITI).

Changes in the Mechanical Resistance of the Seed-coats.

Crocker and Davis (5) have shown in the case of Alisma Plantago,
a water-plant, the seeds of which normally lie under water, that while the
seed-coat is readily permeable to watet, the factor responsible for the non-
germination of these seeds is the mechanical resistance of the testa to
physical swelling of the embryo, whereby the latter remains dormant owing
to an insufficient water content for growth and germination. When the
testa is weakened by treatment with acids the expanding force of the seed-
contents is sufficient to rupture it. Further swelling and uptake of water
by the embryo can then take place, and a point is finally reached at which
growth begins. The same result is obtained by experimental rupture of the
seed-coat.

In the normal germination of White Mustard seeds it is clear that the
rupture of the seed-coats by the radicle takes place as the result of growth,!
and not as the result of physical swelling of the embryo. This may be
concluded from the fact that no rupture of the seed-coats occurs in seeds
which are prevented from germinating by lack of oxygen.

It is conceivable, however, that the action of carbon dioxide may
toughen the testa, with the result that seeds set to germinate under inhibiting
conditions of carbon dioxide do not swell to the point at which sufficient
water is present for the growth of the embryo after removal from the
inhibiting gas mixture. Direct experiment proves, however, that this is not
the case. The following table compares the weight of fully swollen normal
seeds, just before and just after germination respectively, with that of
inhibited seeds. The latter are on the whole slightly heavier.

FABLE DV

Comparison between the Weight of Inkibited Seeds from Damp Sand and
Jully swollen (20 per cent. actually sprouting) Non-inkibited Seeds.

; Weight of 200 fully swollen non-
z.%gi /Z’;j—: gz;? “nhibited seeds (soaked
g Jor 20-25 howurs).

2*41 grin. 2°4T grm,

2°5T grm, 2°41 grm.

240 grm. 2:24 grm.
Average=2+42 grm. Average =2°35 grm.

2°10 grm. All germinated,

! Histological examination of seeds during the period immediately preceding germination

showed that the root forces its way through the seed-coats by growth pressure. No enzyme action
was indicated.
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While it is thus clear that no change under the influence of carbon dioxide
has occurred in the mechanical resistance of the testa sufficient to prevent
the embryo from swelling to its normal size, and while we must conclude
that sufficient water is present for the growth of the radicle to proceed, a
further possibility remains. An increase in the breaking strain of the testa
during the primary period of inhibition by carbon dioxide, although
insufficient to produce any measurable effect on the physical swelling of the
embryo, may yet prevent the growth of the radicle and so account for the
non-germination of the seed.

Miiller (6) draws a conclusion for certain seeds that the breaking strain
of the testa is nominally only slightly less than the expansive force of the
embryo, both lying in the region of three and a half atmospheres. The
conclusions of Crocker (3) with regard to Amaranthus retroflexus may also
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be cited in this connexion. The seeds of this plant will not germinate
immediately after gathering, but they will do so after a month or more of
dry storage. The reason for this is that the colloids of the seed-coats by
a slow process of hysteresis in the dry condition take on new characters
which give them a much lower elasticity and breaking strain. When the
seeds are soaked after this change has occurred, they are able to germinate
by rupture of the seed-coats. If, however, germination is now prevented by
keeping the wet seeds at subminimal temperatures, the colloids of the seed-
coats in their saturated condition recover their former strength by a reverse
process of hysteresis. The embryo is then no longer able to rupture the
seed-coat when the temperature is raised, and a prolonged period of
secondary dormancy ensues.

In view of these results of Crocker and of Miiller, the following direct
experiments were carried out to compare the breaking strain of the seed-
coats of Brassica alba in the case of normally germinating seeds and in the
case of seeds showing secondary dormancy after CO,-treatment.

The apparatus used is represented in Text-fig. 4.
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Seed-coat rings (A) were obtained from thick median sections of seeds.
These seed-coat rings varied in breadth from 2 u to 20, a micrometer reading
being taken in each case at the point of Tupture. In each experiment
a number of rings from different seeds were taken and the average weight
supported (in grammes per I p of breadth) was calculated. This is possible
since the relationship between the breadth of the ring and its breaking
strain was found to be approximately linear over the range used. The
sensitiveness of the apparatus was increased by making the arms of the
balance of unequal length.

TABLE XV,
Mechanical Resistance of the Testa-breaking Strain of Seed-coat Rings.

Non-inhibited Seeds.

Number of Aterage weight supported
Time tn gevniinalor. seed-coals by testa-ving per p
tested. of breadth.
3% hrs. 11 3°3 grm.
6 hrs. 9 2°3 grm.
10 hrs. (testas only soaked) 8 1°9 grm.
10 hrs, (whole seeds soaked) 9 I*4 grm.
2 days (3 actually germinating) 5 10 grm.
3 days (kept under water) 7 1*2 grm.

Inhibited Seeds.
15t Sample.
Time after rentoval from the — Number of seed-  AVerage weight supported by testa-

inhtbitory gas-mixtire, couls tested. ring per p of breadth.
g days * 13 2:9 grm,
15 days 14 1°3 grm.
33 days 11 0%9 grm.
2nd Sample. s
Immediately 10 I:2 grm.
5 days 10 0:g grm,

* No germindtions occurred in this sample of inhibited seeds up to a period of two months,

The results of these direct measurements indicate that the condition of
secondary dormancy in White Mustard seeds cannot be attributed to an
increase in the breaking strain of the seed-coats by which the growth of the
radicle is prevented. When the lowest values obtained for seeds undoubtedly
in a condition of secondary dormancy are compared with the values obtained
for untreated seceds on the point of germination, the figures are from 1-3 to
0:9 as against from 1.4 to 1-0. The results further indicate that the breaking
strain of the seed-coat is subject to considerable variation. In the case of
freshly soaked untreated seed it is clear that the breaking strain of the seed-
coat continues to fall for some time after they have become water-saturated
and pliant. In the case of inhibited sceds showing secondary dormancy,
continued exposure on damp sand results in a gradual decrease in the
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breaking strain of the testa, due in all probability to secondary causes such
as bacteria and acid accumulation.

Changes in the Embryo.

The experiments already described having thus given no definite
indication of a change occurring in the seed-coats such as would be sufficient
to account for secondary dormancy, it became necessary to consider the
possibility of some change occurring in the embryo.

To this end a comparison was made between the germination and
growth of bare embryos removed from seeds showing secondary dormancy
and bare embryos from normal untreated seeds respectively.

In these experiments the seed-coats were removed with special care
and the bare embryos were placed on damp filter-paper dipping into water
in a closed vessel. The filter-paper was in some cases hung horizontally
and in other cases supported in a slanting position on glass, the embryo
being placed about 1 cm. above the water-level. When the tap roots
develop they grow down into the water. In the case of the control with

TABLE XVI.

Persistence of Secondary Dormancy after Removal of the Seed-coats.
Percentage of seeds

. Number ; Previous history of the
Exp e:" of seeds Remarks. Izmg er:zmatecg . erTz seeds used in these
ment, ;
wused. day. days. days. days. experiments.
Control experiment with
No. 1 10 Jaully swollere uninhibited o o o o

seeds.
21 days in inhibiting
No. 2 * 8  Kept in the dark at 20°C., 100 50 o o gas-mixture. Set 20
days after removal.
19 days in inhibiting
No. 3 10 . 12 52 GO0 10 o o gas- mixture. Set 3
days after removal,

No. 4 10 0 > 5 100 40 10 10 Ditto.
17 days in inhibiting
No. 5 F 12 ) 93 3y 100 50 43 8 gas-mixture, Set 14

days after removal.

24 days in inhibiting

No. 6 20  Kept in the light at 20°C. 40 5 (o) o gas-mixture. Set 15
days after removal.

19 days in inhibiting

No. § %  Kept in the dark at 12.5°C. 85 15 o o gas-mixture. Set 3
days after removal.

No. 8 10 = 5 S 50 o} o o Ditto.
45 days in 28 % CO,
o 10 ¥ oxygen.  Set
No. g 29 H oy UG e SOL 129, S50 imn?ediatel?r after re-
moval.

* Cf, Plate XXIII, Fig. 1, A and B.
1+ Cf, Plate XXIII, Fig. 2, A and B.
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normal untreated seeds, the seed-coats were removed after ten hours’
soaking ; germination and growth of the bare embryos proceeded immediately.
Eight experiments were conducted with embryos from inhibited seeds,’the
results of which may be summed up as follows (see Table XVI). In all cases
a certain number of seeds, usually about 50 per cent., started to germinate
after removal of the testa with a short lag amounting to about twenty hours.
Where germination did not ensue in this way almost immediately, a definite
continuation of the dormant condition became apparent. The period of this
dormancy varied in these experiments from three to thirteen days. The
cotyledons and radicle enlarged to a considerable extent by inhibition of
water, and, where exposed to light, the former assumed their green colour.
The whole embryo, however, had the appearance of a fully mature organ
without the capacity for growth. Neither the hypocotyl nor the radicle
showed the least sign of elongation by growth in the normal fashion. The
photographs (Plate XXIII, Figs. 1 and 2) show the marked contrast between
the embryos in this dormant condition several days after the removal of the
testa and those seedlings in which growth had started almost immediately.

With regard to the appearance and rate of growth after germination
had once commenced, no marked difference was observed between the
embryos of control untreated seeds and those of seeds showing secondary
dormancy.

These experiments afford the second piece of positive evidence
in this research with regard to the causes underlying the phenomenon of
secondary dormancy in White Mustard. In the first section of this paper
it was shown that changes in the embryo resulting in injury prohibited the
occurrence of secondary dormancy. It now appears that in the case of
seeds in which secondary dormancy has been successfully induced, changes
occur which render them less sensitive to normal growth conditions than
the tissues of a newly-swollen untreated seed.

The interpretation of secondary dormancy must now be, not that
any change has occurred in the seed-coat, but that the power of the embryo
to rupture the testa and germinate has been reduced. As has already been
pointed out, the rupture of the seed-coat in Brassica alba results from
a process of growth. In other words, the power of the embryo to respond
to growth conditions and to germinate under the limitation of the seed-
coats decreases during the primary period of inhibition in the presence of
carbon dioxide.

On the other hand, the broad fact that by the removal of the seed-
coats the germination of seeds showing secondary dormancy can be induced
must not be lost sight of. In the first place, it is impossible to remove the
seed-coats with a fine sharp needle, the method employed in our experi-
ments, without almost certainly causing some injury to the superficial cells
of the embryo, or, at any rate, giving the whole tissue considerable

K k
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mechanical shock by torsion and pressure. This in itself may be sufficient
to upset the dormant condition of the embryo, and may account for the
almost immediate germination of the majority of the embryos employed in
the above experiments and for the fact that the dormant condition of the
embryo itself had not been previously discovered in the many experiments
in which the testa had been completely removed in order to induce
germination of dormant seeds.

In the second place, by the removal of the testa, both the entrance
of oxygen and the escape of carbon dioxide are facilitated. Thirdly,
a further physical uptake of water occurs after the removal of the testa.
In the following table the further swelling which occurs in the radicle of
seeds showing secondary dormancy, after removal of the testa, is indicated.
It is possible that the tissues are less stable in the fully swollen condition.

TaAaBLE XVII.

Further Uptake of Water by Excised Radicles of Sceds showing Secondary
Dormancy after Removal of the Testa.

5 cennlage
Time. Fercentage of

elongation.

5 min, 32 %
1T 52/
ZoR 6-4 7
32 5 64 7,
60 _6'4 7.
69 6-4 %
28 hrs, 42 ¢ (growth now commenced).

Before the removal of the testa these seeds were soaked several hours under water.

Mean temperature of laboratory, 15° C.

§ 4. METHODS OF FORCING GERMINATION OF Brassica alba SEEDS
SHOWING SECONDARY DORMANCY.

The present section proceeds to experiments dealing with the effect
of various treatments in forcing the germination of Brassica alba seeds
showing stcondary dormancy.

Removal ov Partial Removal of the Testa.

It has already been shown that complete removal of the testa induces
germination ; this fact has been discussed at length in the preceding section.
It was found, however, in addition, that a considerable percentage of seeds
germinated immediately after the removal of the outer testa only;?
a similar result was obtained by the removal of a small sector of the testa
over any part of the embryo. The following table summarizes the results
of the experiments conducted :

1 See Appendix.
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TABLE XVIIL

Ljfect of Partial or Complete Removal of the Testa in forcing Germination
of White Mustard Seeds showing Secondary Dormancy.

Treatment of Percentage of germinated seeds after-—

inhibited sced. L 3 4 5 6 7 9 Lo 13 g2
day. days. days. days. days. days. days. days. days. days.

Not removed to fresh sand. o 4 4 4 4 12 12 12 12 16

Removed to fresh sand. o 12 16 20 20 20 20 20 20 20
Outer testa removed with

a needle. 35 70 75 75 75 75 75 75 75 75
Outer testa rubbed off with

e SRt 40 40 40 A0l 6ol 6o GO Ge 6o 60

Both testas removed. 100 Ico 100 100 I00 100 100 100 100 . 1I0O

Portion of the testa over
_the hilum removed. 2k}
Porti f g i '
Otliltlioﬁi(l)ulg] i;s;:gg.posue 30 8o 8o 8o 8o 8o 8o 8o 8o 8o
Control : new uninhibited
seeds.

60 6o 60 6o 6o 8o 8o 8o 8o

4 I00 100 I00 100 I00 100 100 100 100

Mean temperature of laboratory, 15°C.

The seeds which failed to germinate immediately as the result of
either of these treatments remained dormant for an indefinite period.
These facts, without being conclusive, indicate that the germinations
induced result from the mechanical stimulus on the embryo of the treatment
rather than from any change or weakening in the testa. The experiments
in which a sector of the testa was removed would seem to rule out the
factor of mechanical restraint as being operative for those seeds which
subsequently continued dormant. This factor must have been practically
reduced to a minimum,

Redrying.

It has been shown in a previous paper (1, p. 416) that by redrying
seeds showing secondary dormancy, the capacity for immediate germina-
tion is restored. Further investigation during the course of this research
showed, however, that a time factor is also involved. Thus, a sample of
twenty-five seeds redried for three days in air at laboratory temperature
gave only 25 per cent. germination during ten days when reset to
germinate on wet sand. On the other hand, inhibited seeds redried for
a month in air at the laboratory temperature gave 100 per cent. germination
in two days.

In interpreting these results in view of the fact that no marked change
in the mechanical resistance of the testa occurs (see Table XV), and also
in view of the fact, which has already been demonstrated, that the seed-
coats are extremely permeable both to oxygen and to carbon dioxide, we
conclude that the redrying of the embryo destroys the dormant condition

Kk2



478 Kidd and West.—The Controlling

which was found to be established in the embryo during secondary
dormancy. The occurrence of a time factor is interesting since it indicates
that the changes involved, by which dormancy is removed, are secondary
to the changes involved in drying. In.this connexion it should be
remembered that an interval of time, pointing in all probability also to
the occurrence of secondary changes in the saturated embryo, was found
necessary for the production of secondary dormancy, as shown in section 1.
When seeds are set on wet sand in the presence of inhibiting gas mixtures,
growth and germination are inhibited from the beginning, but the condition
of secondary dormancy is not established for several days.

It was found that the redrying of inhibited seeds has a further effect
upon the embryo beyond that of destroying the condition characteristic
of secondary dormancy. In comparing the germination of redried inhibited
seed with that of control seed, the germination of the redried seed was
invariably quicker and more vigorous in the initial stages than that of the
control seed. Further experiments in which redried inhibited seeds were
compared with control seeds, redried after fifteen hours’ soaking, showed
that this acceleration is a result of the redrying of the seeds and is not

TABLE XIX.
The Accelerated Germination of Redried VWhite Mustard Seeds.

Lxperiment. Germinations after—
20 fours. 48 hours. ¥0o hours,
Coatrol ; fresh seed, o) 8 10
Redried inhibited seed. 9 10 I0
Redried non-inhibited seed. 9 1o 10
Redried inhibited seed. 9 10 10

10 seeds used in each experiment. Temperature=18°C. In light.

connected with previous inhibition or with secondary dormancy. The
redrying of soaked seeds appears to act as a definite stimulus. In the
case of control seeds redried after soaking, a varying proportion showed
at the same time visible injury to the radicle. A second swelling and
redrying increases this proportion. Further, if germination has occurred,
redrying invariably kills the radicle. The case of redried inhibited seeds
is in contrast to this. It is to be emphasized that when redried inhibited
seeds are set to germinate all the radicles develop in a perfectly healthy
and normal manner. Inhibition and secondary dormancy can be induced
a second time. Redrying will again destroy the dormant condition. The
radicles, however, still all remain healthy and normal. From these facts
it may be concluded : (i) that redrying of fully swollen normal seeds at an
early stage of development previous to germination results in an accelerated
germination when the seeds are subsequently resown; (ii) that redrying of
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fully swollen sceds at a later stage of development after the process of
cell division has advanced results in injury; (iii) that both injury and
acceleration of germination are due to changes of the same nature re-
sulting from redrying; and (iv) that in the case of secondarily dormant
seeds the effect of redrying, while not causing injury owing to the absence
of cell-division, is not only sufficient to break up the dormant condition
of the embryo, but also to cause acceleration of germination.

A series of experiments was conducted to test the reaction of redried
inhibited seeds to carbon dioxide with regard to inhibition. It was found
that a smaller concentration of carbon dioxide was required to initiate
inhibition than that required in the case of normal seeds. The following
table gives the results of one set of experiments in which the control
non-inhibited seeds soaked and redried are compared with inhibited seeds
which have been previously inhibited and redried during secondary
dormancy :

FARLE D

The Increased Sensitiveness of Redried Inhibited White Mustard Seeds
to the vetarding and inkibiting Action of Carbon Dioxide.

Number of seeds still
ungerminaled afler a
Surther 13 days in

air.

Percentage of CO, Number of germinations after—
(20 % oxygen in eack case). 46 howrs. 97 hours. 120 hours.

A 19 20 20 slaslic
°% % B 20 20 20 n S E <
A 20 20 2.8
5% % B L 17 19 SEC
109 A 18 19 19 ONER0
°| B 5 12 12 SR 4
169 A 17 18 18 8= 5.
c | B o 3 3 :& wnn BR 9
20 seeds used in each experiment. A == control non-in-
;I‘erlr_upﬁrature 17-19° C. hibited seeds soaked
n light. and redried.
In each case seeds A and B were set side by side in the same flask, B = inhibited seeds

showing  secondary
dormancy redried.

Similar results were obtained when fresh control seed was used. The
increased sensitiveness to the influence of carbon dioxide is clearly due to
the fact of previous inhibition and not to the fact that the seeds have been
soaked and redried. As will be seen also from the above table, secondary
dormancy is again produced when redried inhibited seeds are submitted to
the influence of carbon dioxide under germinating conditions a second time.

Temperature. The following table gives the results of experiments
in which the endeavour was made to bring about germination of seeds
showing secondary dormancy by exposure to high or low temperatures :
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TABLE XXI.

Tz I8, ﬁ'ecf of High and Low Temperatures in causing Germination of
Brassica alba Seeds showing Secondary Dormancy.

s Sl Percentage
Treatment of inhibited Ji‘;'d?c 3 5 3 Gf ma:;ac‘zoné e M; 3 5 of germina-  p, g
SR used. day days.days. days. days. days. days . days. days. days. nf: a’aejzj/ e:

50°C. for 3 hours, then

returned to laboratory 20 oY% All dead.
temperature, ;
50°C. for 1 hour, then Al healheiceoat
returned to laboratory 20 12 I3 nE AR 90 % s :
temperature. :
25° C. continuously. 20 o 2 2 4 5 5 25
Control; inhibited seeds

kept at laboratory tem- . c

peFature througho{lt. i o 3 A ST SRRSO 5 25 %

1-3°C. for 3 days, then

returned to laboratory 2o o ol ol S oS o di o o I o S O S O oY

temperature.
o°C. for 5 hours, then

returned to laboratory 50 @ E o o o o o o o o

terllperature.

—4°C. for 3 hours, then ]
r;urned to laboratory 50 16 17 17 34 % Al}}ml;ealthy seed
temperature. : R

—4%°C. for 5 hours, then :
reyturned to " laboratory 25 10 10 10 10 407 ’I;I;Zc;]snﬁzr:i{niﬁ?(g
temperature.

Control : inhibited seeds

removed to fresh sand at 50 G O o o T OB O O BN O o o

laboratory temperature.

Mean temperature of laboratory, 16° C.

The above results indicate that germination can be induced by s/kort

exposure to the extremes of high or low temperature which just fall short
of injury; exposure to intermediate temperatures, either for a short period
or continuously, has no effect. Thus, exposure to 50° C. for half an hour was
followed by go per cent. germinations, but exposure for three hours to the
same temperature was fatal, while continuous exposure to 25°C. had no
effect. In a similar way, exposure to —#%°C. for five hours resulted in
40 per cent. healthy germinations, but the remaining 6o per cent. were
killed.! Exposure to o° C. for three days, on the other hand, had no effect
in causing germination of inhibited seeds.

1 In this connexion it is interesting to note that fully swollen normal seeds of Brassica alba
submitted to the same temperature (i.e. —7°C.) in parallel with the above experiment showed
marked injury without exception. The sharp contrast in this case between the 10 seeds which
germinated in the normal manner and the 15 which did not germinate, and which when tested
by removal of the testa proved to be killed, is probably to be accounted for by the fact that the
injurious effect of low temperatures is due to the formation of ice-crystals which would occur at
a critical point depending upon the concentration of the cell-sap.
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Oxygen.
Experiments conducted by Crocker (7) [ Xant/ium], Shull (8) [Xan-

thium], and by Rose (9) [Datura Wrightii and Martynia sp.] have led

these authors to conclude that with these seeds the factor limiting
germination is the low permeability of the testa to oxygen. The results of
Atwood (10) indicate a similar conclusion with regard to Awvena fafna.
As has been said above, a possible cause of the non-germination of White
Mustard seeds after treatment with carbon dioxide may be ecither lack
of oxygen or excess of carbon dioxide. It has been shown that
the seed-coats do not appear to change with regard to their permea-
bility to gases as the result of the treatment which produces secondary
dormancy. But owing to the alteration in the condition of the embryo,
already demonstrated, it is quite possible that the normal interference of
the testa in gaseous interchange may act as a definite factor in the
maintenance of secondary dormancy. It has been seen that the seeds
showing secondary dormancy which have been redried are more sensitive
to carbon dioxide. This increased sensitiveness in all probability exists
previous to redrying.

The following experiments were conducted : Inhibited White Mustard
seeds were placed in concentrations of oxygen up to 100 per cent. at one
atmosphere pressure. No increase of germinations over the control in air
resulted, and we may therefore conclude that the failure to germinate
cannot be attributed to a need of oxygen on the part of the embryo.

FVARTE R XEXEL]

Negative Result of Treatment of White Mustard Seeds showing Secondary
Dormancy with Increased Concentrations of Oxygen and of Treatment
lo Exposure fo a Vacuum.

Treatment of Number of germinations on removal (o air after—
inhibited seeds. oL Ty I S TR (e T Gy TR o)
day. days. days. days. days. days. days. days. days. days.

Control  inhibited
seeds in open flask, (e ST S Rh R ) ; 5 5 5

o 7, oxygen,

S OA ~yE Gy B e s e ) T e () SaEe) e
50 7, nitrogen.

100 7/ oxygen. ® ® ©  © O 1 1 T

Exhausted } hour;
#»5 mm. HgO,
pressure  admitted
for two days.

(o] (o] o o o o - 2 2 2

(o]

25 seeds used in each experiment.

: Mean temperature of laboratory, 15°C.

To test, on the other hand, the possibility of continued inhibition
being due to-an inhibiting concentration of carbon dioxide in the embryo
owing to an increased sensitiveness to this gas on the part of the embryo,
inhibited seeds were submitted to a vacuum for a short period and then
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placed in an atmosphere of pure oxygenat 75 mm. Hg pressure, i. e. a tension
of oxygen equal to half that in air. This treatment had no effect in
stimulating the germination of seeds showing secondary dormancy and
indicates that an inhibiting concentration of carbon dioxide in the tissues
is not the cause of secondary dormancy.

Acids.

Crocker and Davis (5), working with dormant seeds of Alsma
Plantago, concluded that the effect of acids in producing germination was
due to their weakening action upon the seed-coat. Eckerson (11), however,
showed that in the case of Crazacgus mollis, Pyrus malus, &c., dilute acids
also affected the internal factors controlling the length of the so-called
after-ripening period, while Lehmann (12) found that the action of acids
and of certain hydrolysing enzymes can replace the action of light in
producing the germination of dormant light-sensitive seeds, and took the
view that hydrolysis is the important factor, but in this connexion it should
be pointed out that he does not clearly distinguish between the seed-coat
and the embryo itself.

Experiments were conducted to test the effect of dilute acids upon
White Mustard seeds showirfg secondary dormancy. Hydrochloric and
propionic acids were used. It was found in result (Table XXIII) that the
effect of acids in increasing concentration was as follows: With HCI, for

: N {
example, the lowest concentration used, namely x had little effect,

)

. B s LR
whilst higher concentrations (E) induced germination, but subsequently

killed the primary root. Similarly, = propionic acid caused 8o per

cent. germination in two days, but subsequently killed all the seeds.

TABLE XXIII.

Treatment of the Number of LPercentage of germmmgom after—
‘nhibited seeds.  seeds used. s S ) 7 0 Ie
ERCraeredintds: : day. days. days. days. days. days. days. days. days.

Water 25 o DIz 6 OIS O G2 © I O
8 HCL 20 ® @ @ @ ®  ® ® 5 1o

1,000 All dead.
N B g

EHCL 20 e s Jde AR @ 0F 05 OF 6

— Propionicacid. 10 o 8o All dead.

100
N R

5 Propionic acid. 10 0 40 All dead.

Mean temperature of laboratory, 16° C.

The results of these experiments with acids lead us to a conclusion
similar in nature to that already stated with regard to the action of
temperature, namely, that germination of dormant White Mustard seeds
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can be induced by acid concentrations which are actually toxic to the
growing radicle, or by concentrations which closely approximate to this.
In other words, the conditions of acid concentration on the threshold of
injury to the growing radicle will cause germination.!

In view of the results obtained with the above acids, and of the
previous results in which it has been shown that following treatment with
high concentrations of carbon dioxide secondary dormancy does not occur,
experiments were conducted to test whether treatment with a high con-
centration of carbon dioxide would terminate the secondary dormancy of
seeds inhibited by a lower concentration. Positive results were obtained.
Treatment of seeds which had been inhibited by 25 per cent. carbon
dioxide and 20 per cent. oxygen for twelve days, and which had lain
dormant for two weeks subsequently in air, by an immersion for seven
days in 100 per cent. carbon dioxide was followed by g5 per cent.
germination in two days. The seeds not treated with 100 per cent. carbon
dioxide remained dormant.

§ 5. SUMMARY.

The presence of carbon dioxide inhibits the germination of seeds, and
the concentration of carbon dioxide necessary is correlated with temperature
and with oxygen supply as previously described (2).

In the case of Brassica alba, the primary effect of carbon dioxide in
causing inhibition of germination is followed by a secondary effect of
prolonged dormancy after the carbon dioxide has been removed. This
phenomenon has been termed secondary dormancy.

Changes in the seed-coat occurring during the period of primary
inhibition have been suggested as the immediate cause underlying the
phenomenon of secondary dormancy in White Mustard seeds, namely, ()
a decreased permeability of the seed-coats to carbon dioxide or to oxygen
occurring either as a result of a process of hysteresis in the colloids of the
seed-coats (cf. Crocker, 3) or as a result of the specific action of carbon
dioxide (Kidd, 1), or (£) an increase in the mechanical resistance of the seed-
coats. No evidence was found in support of either of these hypotheses.

It was found, on the other hand, that the embryos of secondarily

1 The interesting fact is to be recorded here that the ungerminated seed is far more resistant to
acid injury than the growing radicle. Our experiments with carbon dioxide constantly demonstrated
this fact ; at ordinary temperatures (20° C. cz7ca), any germinations that occur in the presence of zo
per cent. carbon dioxide (20 per cent. oxygen present) show marked injury to the radicle. Further,
embryos, removed from their seed-coats, which can sprout in the presence of this concentration of
carbon dioxide, invariably show injury after ten days’ immersion. Again, the radicles of seeds which
are just sprouting when placed in 20 per cent. or in higher concentrations of carbon dioxide (2o per
cent. oxygen present) always suffer injury. In contrast, seeds inhibited in zo per cent. carbon dioxide
(20 per cent. oxygen present), when finally induced to germinate, show no signs of injury to the
radicle. Concentrations of carbon dioxide up to 100 per cent., provided that the period of immersion
does not exceed six days, and longer periods in the case of lower percentages, cause no injury to
ungerminated seeds whether previously inhibited or not.
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dormant seeds have become more stable and less responsive to the condi-
tions under which growth is usually initiated. The bare embryos of secon-
darily dormant seeds continue dormant under appropriate conditions after
the removal of the seed-coats. This change in the embryo appears to
be due to the action of carbon dioxide during the period of primary
inhibition, as it cannot be induced by restraining germination by other
means, e. g. by submitting the seeds to low temperatures.

The embryo enclosed within the seed-coats is not completely swelled,
but the rupture of the seed-coats when germination takes place, both in the
case of normal seeds and in the case of seeds showing secondary dormancy,
is due to a process of growth.

The dormant condition of the growing tissues of the embryos of seeds
showing secondary dormancy is broken up by treatments which are injurious,
but not fatal. Treatments which actually kill the meristematic cells of the
root-tip whilst still enclosed within the seed-coats cause the adjacent cells
of the hypocotyl to start growing, and germination, in which the root-tip is
absorbed, results.

As a corollary, if the conditions during the primary period of carbon
dioxide inhibition are injurious, either owing to lack of oxygen or to excess
of carbon dioxide, secondary dormancy does not ensue. In consequence,
a high percentage of secondary dormancy can only be produced by a
limited range of carbon dioxide and oxygen mixtures (i. e. 20 per cent. to
30 per cent. CO, and not less than 15 per cent. Q,).

Embryos in their completely swollen condition still showing secondary
dormancy after the removal of their seed-coats are more sensitive to growth
stimuli than those still enclosed in their seed-coats and consequently not
completely swelled. While in the latter case germination can only be induced
by conditions which just fall short of producing visible injurious effects, in the
former case it is only possible to maintain the secondary dormancy by
removing the testa with the greatest care in avoiding as far as possible
pressure torsion or abrasion.

It will be seen that the main interest of this communication centres
round the causes underlying the initiation of growth rather than in the
condition of dormancy. In considering this question of growth in the case
of Brassica alba seeds, our experiments show clearly that there is no ques-
tion of limiting factors. We have been able to trace no limiting factor re-
sponsible for the non-germination of White Mustard seeds showing secondary
dormancy. We find ourselves rather in the presence of facts which empha-
size a conception of stimulus. It has been seen that widely different treat-
ments, quite unclassifiable in any feature other than that they all result in
injury and death if carried too far, excite germination and growth of
dormant White Mustard seeds. It appears to us probable that some return
will have to be made to this conception of stimulus in plant physiology
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generally, and that in any experimentél analysis of the living plant, as a unit
and in relation to its life-cycle, the idea of limiting factors, which has for so
long dominated the minds of plant physiologists, will have to be modified.

§ 6. CONCLUSIONS.

Secondary dormancy in seeds of Brassica alba is not due either to
increased mechanical restraint of the seed-coats or to decreased permeability
of the seed-coats to gases. "It is due to a stable condition of the embryo
tissue, which becomes slowly established during the period of primary
inhibition under the influence of carbon dioxide. This condition appears
to be comparable to that of mature organs and of embryos maturing on
the parent plant. The embryos of White Mustard in this stable condition
(secondary dormancy) do not respond to the ordinary environmental factors
under which germination and growth will proceed.

For the initiation of growth (by cell division) a ckange in the state of
tissue equilibrinm must occur, and this requires a definite stimulus. This
change in the case of secondarily dormant White Mustard seeds is brought
about by various treatments which cause injury and death when carried too
far. The processes involved in the initiation of growth seem to be of the
same kind as those which produce injury.

IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY,
LoNDON,
May, 1917.

APPENDIX.

Structure and Microchemistry of the Testa.

The complete testa of the young green seed of Brassica alba consists of
the following layers of cells: !

The layers numbered i-iv in Text-fig. 5, A and B, constitute the so-
called outfer testa or seed-coat, which, in the ripe seed, can readily be
removed from the znzner testa or seed-coat.

i. An epidermis of large cells, which, in the mature seed, undergo
complete mucilaginous degeneration.

ii. A layer (1—3 cells in thickness) of large thin-walled cells which also
undergo complete mucilaginous degeneration when the seed
ripens.

iii. A layer of large thin-walled cells which, in the ripe seed, undergo
partial mucilaginous degeneration. The cell walls of layers i, ii,
and iii give the staining reactions characteristic of pectin.

1 For further details regarding the structure of the seed-coat in the genus Brassica the reader is
referred to Holfert, J.: Die Nahrschicht der Samenschalen, in Flora, Bd. Ixxiii, 189o; and to

Schroeder, J.: Untersuchung der Samen der Brassica-Arten und Varietiten, in Landw. Versuchs-
Stationen, Bd. xiv, 1871.
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iv. A layer of narrow radially elongated cells with characteristic
highly refractive thickenings of the inner and radial walls (Text-
fig. 5, A and B). These cells have coarsely granular contents
and distinct nuclei.

The layers numbered v-vii in Text-fig. 5, A and B, constitute the so-
called znzner testa or seed-coat,

v. A layer, several cells in thickness, of delicate thin-walled tissue which
appears totally collapsed and crushed in the ripe seed. The walls -
of these cells give the pectin reaction with ruthenium red.

vi. A layer of moderately large cells with dense granular contents and
large nuclei. In the ripe seed these cells form a very

Vil

TEXT-FIG. 5.

characteristic compact layer (Text-fig. 5,4). The walls of these
cells give the pectin reaction with ruthenium red and are

insoluble in cuprammonia. The cell contents consist of proteid
granules and oil.

vii. A layer, many cells in thickness, of delicate tissue, the cells of
which appear totally collapsed and crushed in the ripe seed.
The walls of these cells give the reactions characteristic of
cellulose with congo red and with chlor-zinc-iodide. They do
not stain with ruthenium red. Since, however, they are

insoluble in cuprammonia, they probably consist of hemi-
cellulose.
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DESCRIPTION OF FIGURES ON PLATE XXIII,

Illustrating Dr. Kidd and Mr. West’s paper on the Controlling Influence of Carbon Dioxide,

Fig. 1. A & B. Eight embryos from dormant seeds photographed four days after removal of
the seed-ccats; four ungerminated,

B2 The same four embryos photographed four days later, showing healthy development of
the radicle.

Fig. 2. A & B. Twelve embryos from dormant seeds photographed eight days after removal of
the seed-coats; five ungerminated.

B2. The same five embryos photographed three days later; one still ungerminated,
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