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Chapter I. General Introduction 

I11 the broad research field concerning the relation between light and 
plants photosynthesis occupies a central position. This is connected with i-ts 
fundan~ental importance for the  conversion of radiant energy to chemical 
energy required for the maintenance of life in all organisms. However, 
in addition t o  photosyntllesis light influences many other processes in plant 
life as growth, development and differentiation. Such processes dependent 
on light but independent of photosynthesis are included under the  designa- 
-tion pl~oto~~iorpliogenesis (MOHR 1962). The light-influenced germination 
of seeds constitutes only a smaller part  of these photomorphogenic pro- 
cesses. 

The first time whe11 the problem about an  e v e n t ~ ~ a l  effect of light on the 
seed germination was investigated was evidently 1788, when INGENHOUSZ 
studied this problem (quoted from L E H ~ ~ A N N  and AICHELE 1931). iZccording 
to J i i ~ s s o s  (1893) the first investigation in this field was carried out by 
~ I I E ~ S E  as  early as 1775. Hoxever, the  first investigation in which an evi- 
dent influence of light on germination was found was made by CASPARY 
(1860) on seeds of Bull iardn aquaficci DC. (quoted from CROCI~ER 1936). 
Since that  time thpu literature in this field has become extensive, and i t  has 
been reviewed by a nuniber of authors (LEHMANS and AICHELE l.c., 
CROCKCH l . ~ . ,  EVL?.NAKI 1956, TOOLE ef 01. 1956 a, KOLLER et a[ .  1962 and 
E v ~ s a i i r  in press). From these reviews i t  is evident that  visible light affects 
both positively and negatively the germination of a large nuniber of seeds 
from species belonging to  different parts of the plant system. 

Sccds of different coniferous tree species do not constitute any exceplion 
(cf. r e ~ i e w s  in BALDWIN 1942 and JONES 1961). The first species where an 
effect of light on the germination has been established seems to be Pinus 
n iyrn  Arnold, according to  a paper by CIESLAR and LIEBESBEKG (quoted 
from CIESLAR 1885). The first corresponding report on P i n u s  siluestris L. 
was published by ATTEIIEERG (1906) and HAACK (1906). After that -time 
several authors repeatedly have shown stimulating effects of light on the 
germination of seeds from Scots pine ( I ) .  siluesfris L.) as well as from other 
pine species. This will be further dealt with in the introduction to Chapter 
111 (1). 20). 

In the, above papers Lhe stinlulating aclion of light was s h o w  by irra- 
diations dur ing  the germination process. According to Xo~~s.r i t i ia1 (1953 
a and h) the germination of Scots pine seeds can be stimulated by irratfia- 



tion of the uniinbibecl seeds, i.e., before the start  of the germination process. 
With these results as a starting point the  intention \\-it11 the  present work 
 as to investigate the  physiological background to the light-dependent 
germination in this species. 

In Chapters I11 and ITT results are presented from experiments, in \vhicl~ 
tlle physiological actions of the  irradiations have been evaluated froin the 
fraction of tlle irradiated seeds which after a definite time had protruding 
rootlets ("germinated" seeds). In Chapter 111 effects of irradiations with 
white light have been studied, in Chapter IV the spectral regions physiolog- 
ically active were determined from studies on the action spectrum of the  
germination. In Chapters V and 171 results are given from experiments oil 
the effects of irradiations (both with white and coloured light) on the 
occurrence of embryo-mitosis and on the respiration of the seeds. i n  these 
experiments most of the olsservations have been restricted to these pro- 
cesses in the seeds before the  start  of the directly visible germination 
('<ungerminated" seeds). In this way the light-influenced respiration, occur- 
rence of embryo-mitosis and final germination could be compared with 
each other in regard to their spectral dependence. .4 time sequencc for the 
first appearances of the light responses in these processes also could IE 
established. From this time sequence i t  seeins possible to obtain inforina- 
tion about the more primary steps in the physiology of the irradiated seeds, 
in which the light regulates the  final germination responses. 

The investigation was started in January of 1955 a t  the Department of 
Silviculture and from 1956, i t  was carried on a t  the Department of Forest 
Botany a t  the Royal College of Forestry in Stocliholm, Sweden. 
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Chapter 11. General Methods 

A. Experimental Material 

I .  Or ig in .  Data concerning the  materials employed, whicl~ consisted of sccds of Scots 
pine ( P i n n s  s i lves f r i s  L.), arc given in table 1. Seeds of tllcprovenances Sos.  2--1 constituted 
the  materials on which most of the experiments wcre done. Inforn~ation concerning thc  
experimental material is given in the texts to  the separate tables and figures. In spite 
of the  fact t ha t  seeds of different provenances wcre used for experiinents in different 
parts of the  invcstigation, no fundamental deviations between the  responses in the inate- 
rials could be found in comparable experiments (cf. the  comparisons in figurc 1 over the  
germination responses and in table 2 over the  respiration responses). 

2. Seed ez t rac t ion .  The cones have been collected after ordinary cuttings in nornlal 
stands of trees not specially selected for seed collection. Because the unirnbibed sceds 
have been sl1on'n t o  be sensitive t o  light ( N o n ~ s T n o ~ r  1953 a and b) all cones with opeilcd 
cone scales were discarded before the start  of the extractions in order to  obtain as uniform 
seed material as possible with regard to  eventual effects of irradiations before the  start  
of the  experiments. For tha t  reason all handlings of the seeds were done in salelight (see 
further about safelight p. 14). All extractions were performed in the  laboratory. The 
cones were placed in darkness a t  $45' C for 16 hours in a kiln with ventilation, where- 
upon the seeds were separated from the opened cones. 

3. Seed storage. Directly after the  extraction the sceds Iwrc transferred to dark glass 
hottlcs, which ve re  airtightly sealed with rubber stoppers, wrapped in alurniniuin foil 
and placed in a cold storage room at. -3-4' C. Stored under such conditions the seeds 
retain their germinative capacities unchanged for years (Huss 1953, cf. also figure 9). 
The moisture content of the  sceds was about 5 per cent of the dry weight (cf, also table 
7). Each bottlc had a volume of 200 ml. The content of two such bottles is called a sub- 
collection. The seeds were stored under such conditions till the time when n e x  seeds 
were needed. At  t ha t  moment a sub-collection v a s  treated in the following rvay. 

4. Dewingirlg a n d  c leaning .  The seeds \\.ere rubbed in a satchel. Chaff and empty seeds 
were removed in a cleaner with a vertical air stream (cf. Huss  1951), whereupon thc 
dewinged and cleaned seeds from the sub-collection were ready for sanipling. 

Because mechanical treatments a t  the dewinging can influence the  ger ln inat i~c  capacity 
of the  Scots pine seeds (Huss 1950) and also influence their light clepenclence a t  the germina- 
tion (NORDSTR~~JI  l.c.), control experiments were performed, in which the  seeds individnally 
dewinged and dewinged by the rubbing method were compared. The germinative capac- 
ities of these sceds were tested in continuous white light and in darkness. S o  differences 
could be found (cf. also figure 1 7  A and B), and consequently the  rubbing method has 
been used for the dewinging throughout the investigation. 

5.  S a m p l i n g  technique.  In order to  minimize the variation between individual sanlples 
from a seed collection a sampling technique described by T I R ~ N  (1948) \?as used (cf. also 
Huss 1951). The sizes of the samples were 50 or 100 seeds depending on the experiments, 
in which the seeds were to  be used (cf. the methods in corresponding chapters). With the 
use of an X-ray technique (cf. further in Chapter 111) the distribution of seeds with 
differently developed embryos in replicates was studied. This study showed tha t  Lhe 
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DAYS 
Figure 1. Germiuation responses of sorne seed provenauces of Scots pine unclcr contin- 
uous irradiation (empty circles, ~vhi te  fluorescent tubes TL/33, 1700 lux), in darkness after 
a standard red irradiation (inverted triangles, red fluorescent tubes TL/15, 350 pW/cn12, 
30 inin.; ii hours of imbibition) and in darkness ~ ~ i t h o u t  any irradiation (filled circles). 
For details about the seed provenances, see table 1. 

Table 2. Loniparison of the respiration rates in Scots pine seeds of different proxena~~ces. 
i\Icainrcmwnts after the seeds had been wider grrmi~iating conditions for 48 hours. 

Prove- 
nance 

1 Date of 
So,l j exl~cr.  

/ Res~ i r a t iou  ratc after irradiation with 

QOz 1 (44.6 4 0.4)3 
Q GO, (27.1 + 0.4) 

I 

1 Q 0, 1 33.4 + 0.9 
' Q CO, 22.5 $_ 1.0 

Red + far-red Dark control 

Cf. tablc 1. 
x u n ~ b e r  oi the tables from nhich the figures are gathered. 
In cor?tinuous nhi te  light. 
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Table 3. Distributiou of empty s;eeds in rai~dom samples of Scots pine seecls al'lrr rlraning. 
Every sample consisted of 4 x 100 seecls. The number of empty seeds n n i  deterniili~d b!, 

cutting. 

sampling technique gave unbiased samples from the collections. The variatioiis belween 
the proportions of seed \\.it11 a defined embryo cievelop~nent in repeated samples from a 
collection satisfied tests of homogeneity (chi square tests after S s c ~ s c o n  1957). 

These results were also the basis for the method used in the determinations of crnpty 
seeds in the germination tests. Instead of cutting every seed without a protruding rootlet 
a t  the  end of the germination expcrirncnts (cf. e . 6  Huss  1951) the mean norn1)er ol cmpw 
seeds per sample was determined by direct cutting of 4 x 100 seeds. Thesc samplcs \yere 
taken in the same v a y  as the samples which were usccl for experiments. This tletermina- 
tion was repeated every Lime secds from a new suh-collection were used. Ah illustrnlion 
of results with this method is given in table 3. 

Number of Mean percentage 
So .  

B. Method for the Germination Tests 

All germination tests \%-ere done in Jacobsen apparatuses (for a general description, 
cf. BALDWIS 1942, Huss  1951) if not otherwise stated. Also in the experiments In which 
embryo-mitosis and respiration were studied the secds \yere lrept in these app:iratuses 
till time for the special investigations. 

Each apparatus consisted of a water container (65;: 5 0 x  l G  cm) and n perforated 
cover, both made of stainless plate. The containers were filled with tap  watel.. 'She distance 
between the  water level and the cover was kepl a t  S cm. This \\-as important for  riai in- 
taining constant and optimal moisture conditions in the  germination beds ( S c ~ n r i r r  1930, 
I-IUBER and R ~ E R I ~ S ~ C I I L . ~ G E ~  1951, I(.LUSCH 1952). The germination beds, ~ 1 1 i c h  received 
water frorn the  container through wicks of filter paper, consisted of mats woven of 
cotton yarn covered with filter papers (cf. H c s s  I.c.). Glass bell jars were placed over the 
germination beds. For experiments in continuous whitc light hell jars madc of colourlcss 
glass (constant spectral transmission b e t ~ ~ e e n  3600 and 10000 a), for experiments in 
darlrness similar bell jars madc of black, nontransparent glass (Sltruf) were used. \Tit11 
these two types of bell jars simultaneous expcrinlents with continuous irradiation and 
darkness could be performed in the  same apparatus, which was irradiated by  a hank of 
~vhi te  fluorescent t n l~es  (cf. p. 16, see also S ~ n v a s  1950). Control cxperirncnts vit l i  
germination in darkness under such condilions and in darkness without any irradiations of 
the apparatus showed that  the bell jars mere lightproof. 

Six apparatuses were used in two temperature-regulated rooms, three in eacl~  one. 
In experiments with continuous irradiation the  temperature was controlled by a ther- 
mostatically regulated refrigatory system; in experiments without such an irradiation a 

I 
2 
3 
4 

1-4 1 (92) 1 5.8 1 1.20 (3 d. f.) 1 0.90:,.13>0.7;, 

3.16 (3 d. f.) 
5.10 (3 (1. f.) 
3.54 (3 (1. f.) 
4.57 (3 d. f . )  

0.50 -.1';-0.25 
0.25>-P;-O.lO 
0.50;~ P>CJ.X 
0 . 2 3 ~ ~ : ~ 0 . 1 0  

6, 1,  6, 7 (20) 
5, 12, 5, 4 (2G) 
3, 9, 4, 9 (25) 
9, a,  3, 7 (21) 

5.0 
6.5 
6.3 
5.3 
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Figuie 2. Effect of the  temperature on 
germination in darliness of Scots pine 
seeds irradiatediiluilirnbibed condition 
(white fluorescent tubes TL/33, 1700 
lux. -1 hours). Dark control seeds u11- 
irradiated. Pro\ enance KO. 3. TEMPERATURE 

tllermostaticnllg regulated heat-blower was used. Thc temperature of the  #ermination 
bctls was measurecl with thermometers thrust  do\w into specially drilled holes througll 
the  top of a colourless and a clark bell jar. In experi~nents wit11 continuous irradiation 
no difference in temperature between the  germination beck under the respective type 
of bell jar could be found on measurement with this equipment. 

As a standard temperature for the  germination tests as well as for other experiments 
(measurements of the  respiration, cf. Chapter TI) +25" C was selected. This was based 
on the  results obtained by HAACI; (1912), who found tha t  this temperature was the  mosl 
suitable one for the  germination of Scots pine seeds. Also SCHBIIDT (1.c.) stated tha t  the 
same temperature was the  optimal one for the germination of coniferous seeds in general. 
However, in this connection i t  may be pointed out t ha t  after the  international rules for 
seed testing ( A ~ o x ~ r r o u s  1959) the  Scots pine seeds shall be tested a t  alternating tem- 
peratures (16 hours a t  +2O0 C, 8 hours a t  +3O0 C). Because alternating temperatures 
decrease the light dependence of the germination in Scots pine seeds ( H A A C I ~  I.c., ROH- 
~ I E D E R  1951) as in many other light-requiring seeds (cf. e . g .  reviews by EVENARI 1956 
and in press) and thus is a problem per se which is not dealt with in this investigation, 
i t  was decided to  perform all germination tests a t  a constant temperature (+25.0 $0.2" C). 

Besides this effect of alternating temperatures i t  has also been shown in many cases 
(cf. EYEXARI LC.) t ha t  the light dependence of the  germination can vary a t  different 
constant temperatures. For the  Scots pine seeds H a a c ~ i  (1906) found that  the  greatest 
difference between the germination in light and darliness appeared a t  +23" C. A similar 
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experiment was perfornied hcre, in which the  gerinination tests wcrc carried out in Petri 
dishes in darkness in thern~ostats with different ten~peratures (results in figurc 2). Rccausc 
there were no facilities for continuous irradiation of the  seed saniplcs in such an cxperi- 
inent, half of the  seed samples were stimulated by irradiating the  uniinbibed seeds before 
the start  of the  germination tests. The results showed a maximal difference a t  4-25" C 
in the  following germination of all the  seed samples in darkness. Thc evidence tha t  this 
temperature was slightly supraoptimal could not be confirmed in the  experimcnls ~ i l h  
Jacobsen apparatuses, where nearly complete germination (100 per cent) could be obtained 
(cf. e . g .  figures 9 and 10). 

Concerning the  length of the germination period this vias extenclcd to  30 days in prc- 
liminary investigations. This was in accordance with Huss  (1951) (cf. 21 days in XXOSY- 
~ o c s  1.c.). However, the results showed tha t  practically no further germination was 
obtained with the  actual seed materials, either in continuous irradiation, or in darkncss, 
between the 20th and the 30th day of the  germination period. For tha t  reason thc espcri- 
mcnts were terminated afler 20 days (cf. also the  use of 40 clays in special experiments, 
figures 18 and 19; see also the field experiment in figures 12 and 13). In most of the ex- 
periments the  course of the  germination has been followed day by day. The sceds wit11 a 
rootlet length of 5 inm or longer have beell registered each day and removed from the  
gerinination beds. In the  last registrations of every experiment all seeds with signs of 
incipient germination (protruding rootlets) have been included regardless of their state 
of clevelopment. The registrations also included all germinated seeds irrespective of their 
appearance. The germination percentages were calculated on the  numher of full seeds 
(concerning empty seeds, cf. above p. 12). If not otherwise stated the  results arc given as 
the rnran values from experiments on 4 x 100 seeds. 

C. Radiation Sources and Filters 

I. Sufelighf. As remarked earlier (see p. 9) all handling of the  seeds was performed in 
safelight. In view of the fact t ha t  H.LACI< (1906) found in the  germination of Scots pine 
seeds under continuous irradiation blue light had the slightest stimulating effect compared 
with light qualities of longer wavelengths and tha t  in 1912 the same investigator reported 
tha t  intermittent blue irradiation did not influence the  germination of the same species, 
a blue safelight ITas considered to  be the  most suitable one a t  thc  start  of thc present in- 
vestigation. For this purpose a blue incandescent lamp (Philips 25 W) was used. l'his was 
in accordance with N O R D S T R ~ ~ M  (1953 a and b). X spectrophotornetric determination of 
the  transmission curve for its lamp-glass (performed wit11 a Becliman spectrophoto- 
meter Model B, also used in corresponding investigations below) showed a peak a t  4000 I! 
(SO per cent transmittance), less than 1 per cent transmittance in the region 5750-6750 a 
and then gradually increasing with longer wavelengths. The safelight from this source 
was used in the experiments, the results of which are presented in figures 1 (No. 1, 2), 
9, 10, 14-19, 43 and tables 10, 11, 19 and 24. 

However, the  establishment of a red-far-red sensitive n~echanism in the  secds (Nv- 
a1.m 1957) made i t  expedient to  use a safelight more suitable for the material. Such a 
one Jvas adopted from WITIIROW and PRICE (1957) and used in thc  rest of the cxpcri- 
ments (green safelight, see figure 3 ) .  Comparative control experiments were done con- 
cerning eventual physiological effects (stimulation and inhibition of the gerinination) of 
the  blue and green safelights employed. The preparation of the  seecls was carried out 
in green safelight. After the start  of the gerinination experiments (in darkness) the sceds 
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WAVELENGTH A 
Figure 3. A: Spectral transmission of a green filter made after WITIIROW and P n ~ c c  1957. 
The transmission curve was determined with a Becliman spectrophotoineter RIodel B. 
B: Relative spectral emission from a green fluorescent tube (Philips TL 10 \V/17). After 
data from Svenska AB Philips. C: Spectral composition of the green safelight obtained by 
a combination of A and B. 

were exposed daily to  the blue or the  green safelight under conditions corlesponding to  
those observed in the  daily registrations of the  germination experiments. Control seeds 
were left unirradiated for the entire experimental period (for testing stirnulatory effects) 
or given only a limited irradiation after 6 hours of imbibition for induction of complete 
germination (for testing inhibitory effects). The results given in table 4 show tha t  both 
types of safelights did not influence the germination. Neither have any further indications 
been found suggesting effects of the safelights on the unimbibed seeds during the  pre- 
paratory work before the  start  of the  experiments (cf. e.g. the  germination percentages 
of the dark control seeds and of the maximally far-red inhibited seeds in figures 23 and 24). 

Table 4. Control experiments concerning the safelights used in the 
investigation. Provenance Yo. 3. 

Germination 
Irradiation Safelight percentage 

(after 30 days) 

I I 
\Vhite light (TL/33, contin- 
uous, 350 p\V,'cm2) 1 - 

White light (TL/33,350 IL\V/ 94 + 1 
cm2 for 60 min. after 6 Green - 1 9 4 1  
hours of imbibition) I Blue 93 i 1 

11 4 2 
Green - 1 7 i l  1 1 Blue 10 -- 2 
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Table 3. Relatixe spectral emission from nhite fluores- 
cent lubes (Philips TLl33). .Wer data from Sxenska .SU 

Philips. 

IYaveleng 111 
range 

A 

3800-4200 
-1200-1400 
1400-4600 
1G00-5100 
5100-5600 
5600-6100 
6100-6600 
6600-7600 

Colour 

Far violet 
Violet 
Blue 
Blue-green 
Green 
Yello\\. 
Light red 
Dark red 

3elative spectral 
emission 

2. Tt'lufe l i g h f .  I11 accordance \\it11 SARVAS (1950) the  germination experiments mitli 
continuous irradiation were done in Jacobsen apparatuses (cf. above p. 12), over which 
banks \\it11 ~vhi te  fluorescent tubes were placed. One bank nit11 eight tubes (Pliilips 
20 W/33) \?as placed 80 cm a b o ~  e each apparatus. The spectral compositiou of the  light 

6 7x1000 
WAVELENGTH a 

Figure 4. Relative spectral emis- 
sion from blue, green and red 
fluorescent tubes (Philips TL/ 
18, T1,/17 and TL/15, respec- 
tively). After data from Sverlslia 
.4B Philips. 



STUDIES OX T H E  GEH,\IISATIOS IN SEEDS O F  SCOTS PIhTE 17  

- 
4 5 6 7 8 9 10 11x1000 

WAVELENGTH A 
Figure .5. Spectral transmission of the  compound filter (water-red-blue cellophane) used 
in Lhe standard far-red irradiations. 

from this source is given in table 5. The mean irradiance (mcasured under the  colourless 
glass bell jars) was 1'700 lux. Measurements a t  different places in the  apparatuses showed 
a variation of the  irradiance reaching &200 lux, but  these variations did not influence 
the germination responses. The same light source also was used in experiments in which 
only limited irradiations for induction of the germination were performed. In these cases 
the seeds were placed in a restricted area with uniform irradiance. 

3. Stundard red and far-red light. As an irradiation source in t he  standard red irradiations 
a bank with eight red fluorcscent tubes (Ph i l i p  TL 20 WI1.5) was used. The spectral 
composition of the  light from this source is given in figure 4, "Red TL/15." Thc bank 
mas placed 5.4 cm above a Jacobseu apparatus in a separate, thermostatically regulated 
room ( j 2 5 "  C). The approximate irradiance was 350 p,W/cm2 measured under the  colour- 
less glass bell jars, mhich covered the  germination beds during the  irradiations. 

As a source for standard far-red irradiations (cf. e.g. Dowxs e t  al. 1957) a combination 
of an incandescent lamp (Osram 500 W), a water filter 10 cm deep (with a cooling coil 
of glass just belo~-i the  surface of the water) and a filter composed of double layers of a 
red and a blue cellophane (IS x 20 cm) was used. From data on the  spectral absorption 
of water in WITIIROW and WITIIROV (1956) and the  measured transmission curve of the  
combined layers of double red and bluc cellophane, the  transmission curve of the water- 
red-blue cellophane filter mas calculated. See figure 5. Through adjustment of the  distance 
between the incandescent lamp and the  water filter an  approximate, total  irradiance of 
350 pW/cm+\ras obtained in the  irradiation cabinet directly under the red-blue filter. 
Thirly-six per cent of this total  radiation was found in the  wavelength region 7000-8000 
Lk (integrated from the complete transmission curve, of which the  part  from 10000- 
12000 was calculated on the  assumption tha t  the  transmission of the  red-blue filter was 
constant in this region). In this cabinet four germination beds x i t h  seeds placed in open 
Petri dishes (7 cm diameter) were irradiated a t  the  same time. Thc Whole equipment was 
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placed in the  same room as the  equipment for the standard red irradiations (cf. above). 
Control measurements of the  temperaturc in the  irradiation cabinet never shoved a 
greater increase of the  tenlperature than 1-2" C during the  irradiations. 

4. Other coloured light. Besides the use of white and red fluorescent tubes (cf. above) 
also green and blue ones wcre employed in one of the experiments (sce figure 22). -1 corn- 
parison of the spectral emission from all these types of colourcd fluorescent tubes is given 
in figure 4. 

For further studies on the  effect of light in different, narrower wavelcnglh regions 
(action spectra) an  apparatus with interferencc filters has been used. The principal fea- 
tures of this were adopted from ~IOI IR  and SCFIOSER (1959). In accordance with this a 
projector was used as the  radiation source (Prado 500, Leitz, Wetzlar; objeclive ZIclitor 
f =20 cm, 1: 2.5; incandescent lamp Osram 588880 EasZ, 110 V, 500 This apparatus 
was connected with a variable transformer (Sundberg LA 8) for the regulation of the 
voltage t o  the projector lamp and another transformer (type Rstuu 500 VA, Ixitz,  Wctzlar) 
by means of,which the input voltage on the variable transformer could be controlled and 
kept a t  110 V. The projector was placed in a dark cabinet (68 x 54 x 40 cm) with a blover 
for ventilation. The objective was placed against a circular aperture (6 cm) in thc wall 
of this cabinet. Through this aperture the light beam entered the upper part  of a connccled 
cabinet (33 x 107 x 40 cm). In this the  light was reflected dovnwards with a plane, silvcr- 
surfaced mirror (10 x 10 cm, Jungner) on an object holder (60 cm below thc centre of the 
mirror). The seeds t o  be irradiated were placed on the  holder in the  centre of the irradiated 
area (14 x 14 cm). If not otherwise stated 4 x 100 seeds were irradiated a t  the same time. 
111 the  irradiations the  seeds were placed in a single layer on a square germination bed. 
The individual samples were separated by a frame (6.5 x 6.5 cm) of plexiglass bars ~ v i t h  
four separate compartments, each for 100 seeds. For further details in this connection, 
the reader is referred t o  the different experiments. The whole equipment v a s  placcd in a 
dark room without temperature regulation. All irradiations were pcrformcd a t  room 
temperature (+IS- +22" C). 

This equipment was combined with interference filters, which were placed in the slidc- 
holder of the  projector. The filters were second-order transmission interference filters of 
the Fabry-PBrot type, supplied by thc manufacturer with supplementary filters for elimi- 
nation of transmission peaks of other orders (5 x 5 cm, Filtraflex B-40, Balzers, Lich- 
tenstein). For the  wavelengths 4075, 5500, 6080, 7125 and 9575 ?I corresponding filters 
made by Schott, Jena, were used. All the filters were tested in a spectrophotorneter (Bcck- 
man Model B) in the  wavelength region 3200-10200 A. The transmission curves are 
given in figure 6. None of the  investigated filters showed any further transmission pealis. 
When using the  filters with transmission maxima a t  wavelengths less than 7750 A% a hcat- 
absorbing filter (Schott K G  1, 5.5 mm, transmission curve in MOIIR and Sc r~oscn  l.c., 
figure 5) belonging to the projector \%-as placed between the lamp and the  interference 
filter. 

In the experiments on the action spectra one and the same irradiance (100 p.W/cm2) 
was used a t  the different wavelengths. This irradiance could be procluccd with maximal 
voltage (110 V) in combination with the  filter 4100 a. At longer wavelengths the same 
irradiance v a s  obtained by decreasing lhc applied voltage to  the lamp (cf. \VITIIR~W and 
WITHROW 1.c.). In some experiments with red (6600 A) and far-red (7300 A) light also 
neutral filters (Kodalr-Wratten ND 01-20) in combination with a varied voltage were 
used for adjustment of the irradiances. 

5.  Measurements o/ the irradiance. The measurements of the irradiance of white light 
were performed with a selenium photocell calibrated in lux (EEL, Evans Electro- 
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Figure 6. Spectral transmission of the  intcrfercnce filters used detcrmincd with a l3ecli- 
man spectrophotonieter Model B. 

selenium Ltd,  Harlow, Essex). For measurements of the irradiancc of coloured light a 
compensated thermopile (E 20, Kipp 8: Zonen, Delft) connc~cted with a galvanometer 
(A 70, Kipp K: Zonen, Delft) was used. This equipment mas calibrated by the  manufac- 
turer (1 crg/sec. corresponded 3.1 x 10-8 T) and gave a deflcction of 1 scale division per 
500 ergsjcm2 sec. (50 pW/cm2) with a slit-width of 1 mm on the thermopile. 

In the  measurements with the  apparatus with interference filters (cf, above) the  holder 
for the germination bed was replaced with the thermopile. In order to  get the same ir- 
radiance when using different filters through adjustments of the  voltage to  the  projcctor 
lamp relative nleasuremcnts also were made, in which the  thermopile was placed nearer 
the mirror (10 cm). In this way greater deflections on the galvanometer were obtained, 
wl-hich permittecl a more accurate choice of the proper voltages. 
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D. Statistical Methods 

In the presentation of the experimental results in the  figures the  means are given. In 
the tables calculated standard crrors also are given together with the  mcans. In the  cases 
n-here the  means are expressed as percentages (from germination experiments), the standard 

errors were calculated from the  formula \/'pq/n, in other cases from the  formula 

c S(x - x)2/n(n - 1). In estimations of the  significances for differences between means 
(expressed as percentages from gerrnination experiments) the  chi square method or var- 
iance anallsis after arcsin transformation v a s  used, in other cases variance analysis 
~ \ i t h o u t  such a transformation (BONXIER and TEDIN 1957, SNEDECOR 1957). For further 
special, statistical methods, the  reader is referred to  the different experiments. 

E. Other Methods 

Concerning further special methods, see the  method section in thc  different chapters. 

Chapter PII. Studies on the Germination - Effect of 
Irradiations with White Light 

A. Introduction 

A5 1)ointed out in the general introduction (cf. p. 7), also seeds from 
coniferous trees show a light-influenced germination. This has been only 
sparsely observed in general reviews of the light germination problem. In  
the  review of forest tree seed by BALDITIS (1942) i t  is also remarked tha t  in 
the mosl cases light is not necessary but  often stimulates the  germination 
rate. Actually there are several investigations on tree seeds, in which the 
essential importance of light for the germination of such seeds has been 
shon n. An attempted survey of this literature, restricted to  the genus Pinus 
is given in table 6 (for P. silvestris L., see in the text below). This survey 
shows tha t  a light-stimulated germination is a widespread phenomenon 
in this genus. 

In  the first investigation on seeds of Pinlrs silvestris L. by HAACIE (1906) 
i t  was shown tha t  a limited irradiation (2.5 hours per day) with white light 
of low irradiance doubled the germination percentage conipared with tha t  
in darkness. HAACK (1912) confirmed this and showed tha t  a complete ger- 
mination could be attained under continuous irradiation with only 10 lux 
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Table 6. A survey of Pinus-species with light-stimulated germination. For P. si lvestris  

Species 

P. bunksiana Lamb. 
P. caribaen Morelet 
P. confortn Ilougl. 
P. contorfa var. latifolicr Engelm. 
P,  densiflorn Sieb. YL ZUCC. 

P. echinafct AIill. 
P. elliottii Engelm. 
P. mugo Turra 
I-'. nigra Arnold 

P. riqida Mill. 
P. palustris Mill. 
P. ponderosu Laws. 
I-'. sfrobus L. 

P. faedu L. 

P. thunberyii Parl. 

L., see the text. 
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The authors have renlarlcetl tha t  light probably affects the  germination. 

(from an incandescent lamp). Comparable results were obtained by ELIA- 
SON and HEIT (1940), who found tha t  a continuous irradiation of such a low 
irradiance, which harely perinittecl an  observation of the  germination beds, 
induced nearly complete germination. Also S A R ~ A S  (1950) has inatle cor- 
responding observations. On reduction of the irradiance from about 2000 
lux (from fluorescent tubes) to about 40 lux (in daylight) the saine ger- 
mination responses were obtained, but  the gernlination rate was somewhat 
less a t  the lower irradiance. Concerning the required irradiation time Haacrc 
(1912) found t h a t  an irradiation of 8 hours per day with 10 lux gave the 
saine germination responses as in continuous light. However, 2 ancl 4 hours' 
irradiation per day was not sufficient for full stimulation. An irradiation of 
only 5 minutes per day was \vitl~out any effect. Also \:A.AW.\.JA (1956) 
found tha t  continuous irradiation with white light from fluorescent tubes 
(about 120 lux) gave a greater germination than daily irradiations of 5 
hours (supplemeiited by indirect sunlight, about 200-4500 lux for 7 ancl 5 



hours per day). On the other hand, Huss  (1961) obtained the same germina- 
tion responses with a daily irradiation of 1 hour as in complete daylight. 

In adclilion to the  above papers stimulating effects of indirect daylight on 
the germination of Scots pine seeds have been described also hy ATTER- 
BERG (19061, PITTAVER (1912), SCHMIDT (1930), HEIT and ELIASON (19-10), 
PARROTT (1942), STFFANSSOX (1950), ROHMEDER (1951), N O R D S T R ~ I  (1953 
a and b)and RERG~IAN (1959). HEIT (1958) obtained the same results with 
continuo~ls, artificial light (also with an irradiation of 8 hours per day). 

These stiniulating actions of repeated or continuous irradiations have in 
all these cases resulted from irradiations performed on imbibed seecls. I t  has 
heen generally accepted tha t  seeds clepencleilt on light for Lheir germination 
react to irradiations only after the start  of the  imbibition (EVENARI 1956). 
However, Sonusmijar (1.c.) has reported tha t  an  irradiation of uniinbibed 
Scots pine seeds with direct sunlight or with U1'-light could increase their 
gerininati\-e capacity in the following gerinination in darliness, an effect 
also found hy Huss  (LC.). Similar results from irradiation experiments 
~ ~ i t l i  light froin white fluorescent tubes have been preliminarily reported by  
the author (NYRIAN 1957) and will he further dealt with in the  present 
in\-estigalion (cf. p. 30). BERG~IA?: (1957) found no stimulating effects of 
a preirradiation with sunlight on the following germination "in light" bu t  
relnarked tha t  in sowing experiments the irradiated seeds yielded inore 
seedlings than the unirradiated ones. However, also F U R C K A ~ . ~  (1956) 
has found tha t  an irradiation of unimbihed seeds of Pinus thunbergi i  Parl. 
ancl P. dens i f lora  Sielo. & Zucc. could increase the  following germination 
in darkness. From experiments with lettuce seeds results have heen 
described (EVENARI and XEUMANN 1953 b, RORTHWICI~ et 01. 1954) indi- 
cating light effects on the unimloibed seeds (cf. also the reillarks in EVESARI 
in press). In connection with -this i t  may be pointed out tha t  JENSEN 
(1941, 1 9 2 ,  1945) could increase the length of life in a number of ornamental 
and vegctahle seecls after an irradiation of the uniinbibed seeds. 

In inany species i t  has heen shown tha t  light-stimulated seeds after a 
prolonged stay in imbibed condition in darkness no longer react -to irradia- 
tions (tle\:elopinent of skoLoclormancy, EVENARI 1956, cf. also EVENAIII in 
press). This phenomenon was not found in Scots pine seecls (ELIASON ancl 
HEIT l.c., SARVAS I.c., XORDSTROSI LC., HUSS I.c.). However, T-lrrss found 
tha t  -the age of the seeds influenced this phenomenon. The increased ger- 
mination after a change of the  germination conditions from darkness to 
light was less in older seeds. 

Concerning the interaction of light and temperature this has been stud- 
ied in some cases with Scots pine seeds. H ~ A C I C  (1906, 1912) found tha t  
light stimulated the germination a t  all investigated temperatures bet\veen 
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+ 15" C and + 33" C. Contrary to  these experiments with constant tempera- 
tures ATTERBERG (1.c.) and ROH~IEDER (1.c.) found an increased germination 
in darkness with alternating temperatures, bu t  such temperature conditions 
could not completely substi-tute the stimulating effect of the light. HEIT 
(1.c.) obtained no effects in this respect. On the other hand, HEIT and 
ELIASOX (1.c.) and ELIASOS and HEIT (1.c.) have found tha t  the Scots pine 
seeds, after subjecting the imbibed seeds to  + 2-4" C for 20-25 days 
(stratification or pre-chilling), germinated to  the  same extent in darkness 
as in Bight. VAARTAJA (1.c.) found no effect on the light dependence in the 
sainc species after a treatment of a similar kind (+ 5" C for 10 days). 

,Also studies on the effect of storage have given different results. SCH~IIDT 
(1.c.) found tha t  seeds, which a t  the start  of the experiment had a difference 
between the germination percentages in light and darkness amounting to  
44 per cent, after storage for 4 months no longer showed any difference 
between these germination responses. Also NORDSTROM (1.c.) and Huss  (1.c.) 
have found a decreased light dependence with increased age of the seeds 
(from comparison between seeds of different provenances and different 
ages). Contrary to these results ELIASOX and HEIT (1.c.) could not observe 
any increase of the germinative capacity in darkness of seeds ~vllich had 
been stored for 3 years. 

Mechanical treatments have been found to  increase the  germination 
in darkness. Thus NORDSTROM (1.c.) found tha t  the  administration of repeated 
shocks to the unimbibed seeds for shorter periods stimulated the subse- 
quent germination in darkness bu t  for longer periods decreased the germinative 
capacity. In germination tests in light all the  treatments caused a decrease 
of the germinative capacity, which was greater the  longer the  period of 
treatment (cf. also Huss  1950). Other mechanical treatments as puncturing 
or removal of the  seed coats have been preliminarily reported to affect 
tllc light dependence of the  germination (NYMAN 1.c. and 1961). This will be 
further dealt n-ith below (p. 40). SCHXIIDT (1.c.) has also mentioned the inl- 
portance of an intact seed coat for the  light dependence a t  the germination. 

The seed origin as a significant factor for the  light-dependent germination 
in Scots pine seeds has been studied in some cases. Thus SCHMIDT (1.c.) 
found tha t  seeds collected from separate trees showed different responses 
to the !ight factor in their germination. The trees which produced the most 
light-dependent seeds also during the following two years produced seeds 
that showed the greatest differences between their germination responses 
in light and darkness. A corresponding result has been obtained by HEIT 
(1.c.) with seeds from one tree of Pinrzs mugo Turra. About the same light- 
darkness difference was found in the  germination with seeds that mere 
collected a t  four different times during a period of fourteen years. Also in 



Scots pine seeds of diverse provenances SCHMIDT (LC.) found different 
magnitudes of the  light-darkness responses. These could be confirmed 
during the following years. ELIASON and HEIT (1.c.) found tha t  Scots pine 
seeds from Europe were less dependent on light for germination than seeds 
of an  American origin, a case also described by HEIT (LC.) in a conlparison 
between a greater number of seed provenances. For seeds of Scots pine 
from Sweden NORDSTROW (1.c.) has pointed out tha t  seeds from the northern 
part of the country should be more deperldent on the light factor for their 
germination and tha t  this ought to be correlated with the degree of ripeness 
of the  seeds (see further below). For a general review of this and connected 
problems, see also BALDWIX (1933, 1942). 

From the above survey i t  is evident tha t  the  stimulating action of irradia- 
tions with artificial white light or indirect daylight is a well-established fact 
for seeds of Scots pine. This also seems to be valid for other pine species 
hitherto investigated. However, i t  may be noticed tha t  there are some 
cases in which no effects have been found: P i n u s  silvestris L.-MA.I-EI< and 
von PESCH (1882) (q.f. ~ T T E R B E R G  LC.); SCHLICH (1904.) (q.f. B A I . D ~ ~  
1942); P. ponderosa Laws.-ALLEN (1941); P. resinosa Ait.-H~rr (1958); 
P .  strobus L.-LAXE (1957). 

In  the  present chapter some experiments will be described in which the 
influence of some of the  above-mentioned factors on the light-darkness 
responses have been further investigated. 

The foregoing statements concerning the importance of the seed prove- 
nances gave rise to experiments, in which the germination responses in 
continuous white light and darkness were compared between seeds of 
different Swedish provenances. In connection with this tlic influerlce of the 
seed ripeness on the light dependence 7vas investigated. From a number 
of authors (HAGEM 1917, HEII~ENHEIMO 1921, OLUEKTZ 1921, \\:IEECK 1920, 
1928, 1929, KUJALA 1927, SIMAK and GUSTAFSSON 1954.) it is linown 
tha t  the  embryo in Scots pine seeds from regions with colder climate can 
be veakly developed and tha t  the  embryo development (einhryo ratio: by 
TVIRECK 1928 and OLDEKTZ 1.c. delined as the ratio between the length of 
embryo and endosperm) is correlated with the germinative capacities of 
the  seeds. For tha t  reason i t  seemed pertinent to investigate the existence 
of a connection between the inorphological ripeness as i t  is expressed in 
the  embryo ratio and the light dependence. With the  use of an X-ray 
technique developed by S ~ a r m  and GUSTAFSSON (1953 a and b) it was 
possible to study the. embryo developments and the light reactions in the 
same individual seeds. 

In  connection with the  provenance studies also the influence of irradia- 
tions on unimbibed seeds was investigated and compared in laboratory 
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and field tests. The last type of experiments is related to the discussion 
about the importance of the  light factor for the germination of Scots pine 
seeds under natural conditiolls (H.IACI< 1906, \ ~ I I L S T E N  1948, SARVAS l.c., 
ROHJIEDER l . ~ . ,  ~ O R D S T K O M  l . ~ . ,  BERGMAS 1957, I % C H ~ A R  1939, 1 3 ~ ~ s  1.c.). 

Finally, the  widespread occurrence of seeds with light-conirolled ger- 
mination, in which the light control is connected with the presence of 
an intact seed coat (EVCNARI 1956 and in press, cf. also S c ~ l a r r ~ . ~  l.c.), 
made i t  advisable to iilvestigate further the same plleno~nenon in the 
Scots pine seeds. 

B. Methods 

The germination experiments described in this chapter mere performed-if uot otherwise 
stated-in the  saine manner as described in Chapter I1 (p. 12). h comparative field 
experiment has been carried out  in a nursery (.kdalen, Bogesund, Stoclihol~ns 15n). Sec 
further the  description of this experiment below (p. 30). 

For all irradiation of the  seeds, both for the  germination experiments in continuous 
light as well as in expcri~nents in which the  seeds vc re  irradiated before the s tar t  of the  
germination tests (in unimbibed condition), the saine radiation source has been used 
(white, fluorescent tubcs Philips TL 20 \V/33, cf. also p. 16). The different irradiances 
were obtained with different distances between the  radiation source and the  seed material. 

The method used for the  S - r ay  investigations corresponded principally to  the method 
\vhich has been described by J~ .~ :LLER-~LSEX and SIJIAI~ (1954). The X-ray apparatus 
employed (Schiinander TEA-25) has been described by S IZ~AK and G u s ~ a ~ s s o s  (1953 a). 
Data  for the  exposures were: 10 mA, 10 BY, time 2 sec., focal distance 25 cm, film Ilford 
S - r ay  (Ilflex). From the  X-ray photographs the  seeds were grouped in different einhryo- 
classes depending on the  size of the  embryo in relation to  the size of the  embryo-cavity. 
For definitions of the  different embryo-classes, see page 38. These definitions arc principally 
the same as in S1nr.u and G c s ~ r a ~ s s o x  (1.c.) and M~LLER-OLSEN and SIXAK (LC.) with the 
exception for class 111, which here has been made broader. The mutual positions of the 
seeds on the  X-ray photographs were maintained during the germination tests, which 
were carried out with 50 seeds per germination bed. 

C. Results 

I .  Efect of Irradiations on Imbibed Seeds 

a.  Effect o n  seeds of dif ferent provenances. I11 order to investigate an even- 
tual connection between seed provenance and light dependence for the 
germination seeds of different origins were siinultaneously germinated in 
continuous white light and darliness. The origins of the seeds were chosen 
so as to  represent as wide a distribution as possible in a north-south direction 
(with Swedish Scots pine seeds) and a t  the  same time localities in a range of 



BENGT NYhIhS  

A B C D E F G H I J  

NORTH -PROVENANCES- 

K L M  

SOUTH 

F ~ g u r c  i. Germination responses of Scots pine seeds of different provenances under con- 
tinuous irradiation (empty columns, white fluorescent tubesTL/33, 1700 lux) and darlcness 
(filled colurnns). For details about the provenances h (9556)-11 (9564), see table 1. Seeds 
collected in 1957. 

A B C D E F G H  

NORTH -PROVENANCES- SOUTH 

Figure 8 .  Germination responses of Scots pine seeds of different provenances under con- 
tinuous irradiation (empty columns) and in darlcness (filled colurnns). Irradiation as in 
figure 7. For details about the  provenances A (10348)-K (10350), see table 1. Seeds col- 
lectcd in 1958. 
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altitudes as narrow as possible. The experiment was repeated the following 
year. The seeds from year 1957 came from localities situated hetween the 
northern latitude 6G055'-55'40' in the  range of altitude 40-250 111 

ahove sea level (cf. table 1, A(9559)-AI(9564), provenance Nos. 5-17). 
Corresponding data for the seeds from year 1958 were: northern latitude 
Ci5c59'---55"40', range of altitude 40-80 in ahove sea level (cf. table 1, 
X(10338)-Ii(10350), provenance Nos. 18-28). 'The results from the expcri- 
inents with these seeds are given in figures 7 and 8, respectively. 

In all the cases the  stimulating action of the continuous irradiation 
with ~ ~ l l i l c  light was evident. There were no certain trends indica-ting an 
incrrasing importance of the light factor for -the germination of seeds from 
more northern localities. Of course, such a trend can be traced in the  results 
in figure 8, but  the  material does not permit a definite conclusion on this 
point. However, i t  may be noticed that  in both the  experinlents the l o w s t  
germination percentages in darkness have been found in the seeds from the 
inost norLhern localities (A in figure 7 and A in figure 8). 

Some experiments were also done with seeds from localities representing a 
wide altitude range in as narrow a latitude range as possible. Experiments 
with seeds from two ranges of northern latitude were performed (65'59'- 
64'5' and 60c15'-61015', respectively). In the first case the altitudes were 
70-290 111 (provenance Nos. 18, 19, 29-31, see table I), in the second one 
15-500 111 above sea level (provenance Nos. 23, 32-36, see table 1). In the  
first series the germination percentages in darkness varied between 1 and 5 
per cent. in Llle second one b e t w e n  1 and 26 per cent, where also a gradually 
decreasing germination in darkness was obtained with increasing altitude 
of the localities. No corresponding decrease of the germinative capacity in 
continuous light was found. Thus the  inconsistent results in these last two 
experiments do not permit any definite conclusion concerning the influence 
of Ilie altitude on the germination in darkness. 

In t he  ahove experiments the  degrees of light dependence have been 
evaluated only from the differences between the germination percentages in 
light and darkness. A further atternpt to  a comparative investigation of 
the sensitivity to an irradiation in seeds of different provenances d l  also 
be described below (see p. 30). 

h.  Eflect of storage. I11 order to investigate the influence of storage on the 
light dependence of the germination the following experiments were uncler- 
taken. 

Tlic cleaned and sampled seeds were transferred to snlall glass tubes 
v i t h  rubl~er  stoppers (100 seeds per tube) and stored under the same condi- 
-Lions as described in Chapter 11. After different periods of time the ger- 
m i n a t i ~ c  capacities in continuous white light and darkness were tested 
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Figure 9. Germination responses of Scots pine seeds uncler continuous irradiation and darlc- 
ness after storage in unimbibed and imbibed condition in clarlcness a t  $ 3-4 C. lrradia- 
tion as  in figure 7. Provenance No. 2. 

with the usual method. The results, IT-l-hich are given in figure 9, showed 
tha t  storage even as long as for about 3 years did not influence the germina- 
tive capacity in darkness and the corresponding one i11 light showed only a 
slight decrease. After the end of this experiment -the rest of the seeds were 
transferred to Petri dishes with moist germination beds and stored there 
in darkness for a period of 1-4 weeks. After different times the gerriiinatiori 
lseds were placed in a Jacobsen apparatus (at  - 25" C) in light and darkness, 
respectively. The results showed tha t  the germinative capacity in darkness 
rapidly increased during this treatment (stratification). See also correspond- 
ing results in figure 32. 

These results showed tha t  even a prolonged storage of the uninlbibed 
seeds did not increase the  ability of the secds to germinate in darkness. 
Storage of imbibed seeds a t  the same temperature, ho~wver ,  rapidly caused 
a loss of the  light dependence for the  germination. 

c. Effect of con i inuous  a n d  l imi ted  i rradia t ion .  From the review in the 
introduction to this chapter i t  is evident that; the stimulating action of 
irradiations on the germination in Scots pine seeds (imbibed seeds) has 
been shown only i11 experiments in which the seeds have been irradiated, 
either co~itinuously or during repeated periods of different duration. The 
possibility of irradiating for only one limited and shorter period and cleter- 
mining the optimal inibibition period required for the development of the 
greatest sensitivity to light does not seem to have been investigated, though 
this has been performed on seeds from many other species n-itll lighl-con- 
trolled germination (cf. EVENARI 1956 and in press). 
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Pigure 10. Germination responses of 
Scots pine seeds after an irradiation DC ---  
for 1 hour nit11 different periods of 
imbibition. Controls under continuous 
irradiation (LC) and in darkness (DC). 013 6 12 24 
Irradiation as i n  figure 7. Provenance 

48 72 
SO. 3. TIME OF IM BIBITION-HOURS 

L l n  experiment arranged to test this possibility was performed in such a 
n a y  tha t  all the seeds were given a fixed irradiation after different periods 
of imbibition. Before and after this irradiation the seeds were kept in 
darkness. Unirradiated (DC) and continuously irradiated (LC) seeds were 
used as controls in the experimenl, the results of which are given in 
figure 10. 

The results showed tha t  the  sensitivity had a maxinlum after around 6 
hours of imbibition. With this combination of imbibition period and irra- 
diation about the  same germination response was obtained as with con- 
tinuous irradiation during the whole gernlination process (the difference was 
not significant). U7ith longer periods of imbibition the responses decreased. 
Concerning the iinbibition periods shorter than 6 hours i t  may be observed 
tha t  an  irradiation of the  seeds vi thout  any preceding imbibition (the seeds 
were irradiated before they were placed on the moist germination beds- 
air-dry seeds with about 5 per cent moisture content, cf. also table 7) could 
increase the following germination in darkness froin 10 (dark control) to  
70 per cent. Thus, even the unimbibed Scots pine seeds were sensitive to  
this irradiation with white light (see further below in section 2). The ex- 
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periment described above was carried out nit11 seeds of provenance So. 3. 
-1 corresponding experiment, in which seeds of proveiiance S o .  2 x e i e  
used showed consistent results. In this connection it may he ohsers-ed that 
in a corresponding experiment a i t h  a red irradiation (figure 23, provenance 
No. 3) the  optimal period of imbibition was 12 hours. However, the cliffer- 
ences in these three experiments between the germination responses ohtaliled 
with irradiations after 3, 6 or 12 hours of imbibition were sinall and unsignif- 
icant, so an imbibition period of G hours was chosen as a convenient standard 
period for the imbibition in following experiments with limited irradiatioiir 
on imbibed seeds (see further in Chapter IV). 

2. Effect o f  Irradiat ions o n  Unimbibed  Seeds 

u. E,'ffect o n  seeds of dif ferent proventinces. Simultaneously with the es- 
periinents with seeds of different provenances (seeds from year 1958, prove- 
nance Kos. 18-36, cf. table 1) also the  effects of irradiations on unimhibcd 
seeds of the  saine provenances were investigated. These effects were studied 
in siinultaneous labora-tory and field experiments. The seeds used in both 
Lhese types of experiments were irradiated a t  the saine time (8 x 100 seeds 
of each provenance, 4x 100 for the  laboratory and 4 x  100 for the field 
experiment) with vh i te  light from a bank with fluorescent tubes. All indi- 
vidual samples were randomized under the bank and irradiated with 2000 
lux for 24 hours. Directly after the end of this irradiat,ion the experiments 
were started. In the  laboratory experiment the  germination responses of 
seeds under continuous irradiation and of seeds in darkness with and wilhout 
the  above described preirradiation were compared. In the  field experiment 
the emergence responses were studied in seeds with and without this pre- 
irradiation. In the following figures (figures 11, 13) only the results from the 
experiments on seeds of provenances A (10348)-K (10350) (provenance Nos. 
18-28, see table 1) have been given, but  in the relevant tables (tables 7, 8, 
9) results from all the investigated provenances have been included. 

The results from the laboratory experiments are given in figure 11, in 
which the same results as in figure 8 (dark and empty columns) are reproduced 
again to permit an easier comparison. 

These results showecl tha t  in all cases the germination percentages in 
darkness of the  preirradiated seeds were a t  least three to  four times greater 
than those for -the unirradiated ones (see also table 7). All the samples 
irrespective of provenance reacted to the preirradiation. No evident trend 
could be traced in the responses, i.e., -there was no apparent difference in 
sensitivity to the irradiation in relation to the  origin of the seeds. A coln- 
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Figure 11. Germination responses of Scots pine seeds of different prorcnances under con- 
tinuous irradiation (empty columns), in darkness (filled columns) and in darlmess after an 
irradiation (white fluorescent tubes TL/33, 2000 lux, 24 hours) of the  unimbibed sceds 
(lined columns). The same provenances as in figure 8. Cf. further table 7. 

Table 7. Effect of irradiation on unimbibed Scots pine seeds of different 
provenances in relation to the water content of the seeds at the irradiation. 

Irradiation as in ligure 11. 

Cf. table 1. 

Per cent water 
of dry weight 

Relative germination in darkness2 

Irradiated 
seeds 

Unirradiated 
seeds 

2 Per cent of the  germination in continuous irradiation. 
The same as in figures 8 and 11. 



3 2 BENGT NYJIAS 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 
DAYS 

Figure 12. Effect of irradiations 011 the tirile course of germination and emergence in coni- 
parativc laboratory and field experiments n i t h  Scots pine seeds. Germination under con- 
tinuous irradiation (LAB. L-C), in darkness (LAB. D-C) and in darkness after an  irradi- 
ation (nhite fluorescent tubes TL/33, 2000 lux, 24 hours) of the  unimbibed seeds (LAB. 
P-I). Emergence of seeds irradiated as above in uni~nbibed condition (FIELD. P-I) and of 
unirradiatcd seeds (FIELD. D-C). Provenance So .  18  (A in figures 8 and 11). 

parison between the effects of the preirradiation and continuous irradiation 
showed tha t  in none of the cases could the preirradiation induce complete 
germination. The results from an attempt to  correlate the responses to this 
preirradiation with the  water content of the seeds (determined as per cent 
water of the dry weight in separate samples) are given in table 7.  No connec- 
tion between them could be found. 

The corresponding field experiment was performed in a nursery. 'The 
experiment was arranged in four blocks with randomized distribution of 
the separate seed provenances in each block. From each provenance 2 x 100 
seeds were sown in each block, 100 preirradiated and 100 control seeds. 
These samples were sown side by side. The seeds were sown directly from 
dark glass tubes into the  seed furrows (1 x 1 x 5 0  cm) and immediately 
covered wilh sand. The sowing was performed on July 10, 1959 and the 
experiment was ended on September 15 of the  same year. During the first 
10 days the sowing area was covered with mats of reed. Cautious and 
repeated irrigation was performed during this period. After 10 days the  
first seedlings had emerged and the results were then registered every 
third day till the  end of the  experiment. During the following growing 
season the experiment was followed till June 10 for registration of delayed 
germination. 

The purpose of tliis experiment was to investigate whether any effect of 
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Table 8. Effect of irradiation on nninibibed Scots pine seeds of different 
provenances. Hate of emergence in a field experiment. For further details, 

see figure 12. 

Mean value 

Required number of clays for an  
emergence up to  50 per cent in 

- 
Irradiated / Enirradiated 

seeds seeds 

Cf. table 1. 
? From the same experiment as in figure 13. 

Difference 

NORTH -PROVENANCES - SOUTH 
Figure 13. Emergence responses in field experiment with Scots pinc seeds of different 
provenances after irradiation of the  uninibibed seeds (lined columns). Control seeds unir- 
radiated (filled columns). The same irradiation and provenances as in figure 11. 
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the preirracliation could be found under field conditions or 15-hether certain 
uncontrollecl factors in a field experiment (irradiation a t  the  sowing, penc- 
tration of light through the cover, action of light-substituting factors) . ~ o u l d  
decrease or eliiriinate the  manifestation of this. 

A conlparison hetween the time course of the gerniination (in the labora- 
tory) and of the emergence (in the  field) is given in figure 12 for seeds of 
one of the  investigated provenances (provenance No. 18, X in figures 8,11, 13). 
These results showed that  both the germination and the emergence of the 
preirradiated seeds (P-I) were greater than tha t  of the unirracliatecl seeds 
(D-C). However, the  greater emergence percentage of the unirradialed 
seeds resulted in a smaller difference betvieen the treatments in the ficld 
than in the corresponding laboratory experiment. The reason for this in- 
creased enlergence cannot be explained, depending on the nature of this 
special experiment (action of one or more of the above-mentioned uncon- 
trolled factors). Reside the difference between the final emergence pcr- 
centages in the pre- and unirradiated seeds the  results in figurc 12 also 
showed tha t  the einergence was more rapid in the preirradiated seeds. An 
estimation of the required time for an  eme,rgence to 50 per cent in the 
preirradiated seeds gave 12 days and 17 days for the unirradiated ones 
(interpolation from the germination curve). Corresponding estimations 
from the results with all the  inwstigated provenances are given in table 8. 
These showed tha t  with two exceptions (provenances I and K) all the 
preirracliated seeds emerged to 50 per cent in a shorter time than the un- 
irradiated ones. The preirradiation caused a stimulation of the germination 
rate. However, in most of the  cases the stimulations were small. Exceptions 
were the  seed provenances c, d, e, and f (provenance Xos. 29, 30, 31, 36, 
respectively, cf. -table I), which came froin localities a t  higher altitudes 
(cf. above p. 27). 

Beside the emergence rate also the final emergence percentages x-ariecl 
between the pre- and unirradiated seeds. This is shown in figure 13, for the 
experiments with the  provenances ,4-K (provenance Nos. 18-28 in table 1). 
In  all cases the mean values for the  preirracliatecl seeds were grealer t h a r ~  
for the control seeds. A statistical test of the significance of the  cliffcrencc 

a ion was irrespective of provenance showed tha t  the effect: of the  preirradi t '  
significant (0.001 > P). However, the differences between the enlergeiice 
percentages of preirracliated and control seeds xere  much less than the 
corresponding ones in the laboratory experiment (cf, figure 11). 

The mean differences between the ernergence percentages of prv- and 
unirradiated seeds are shown in -table 9, in wl~ich the results from all the 
investigated provenances are included. These results showed greater differ- 
ences for seed provenances from localities a t  higher altitudes (cf, a b o ~ c  p. 27). 
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Table 9. Etlect of irradiation on nnimbibed Scots pine seeds ol' diffrrrnl 
proxennnc.es. Effects during subsequent )ears in :I field e\perinienl. CT. 

figure 13. 

Difference in 
emergence per- 
:entage b e t ~ ~ e e n  
irradiated and 
unirradiated 
sccds during 

the first yearz 

Difference in emergence 
percentage 11etwcen the  first 

and the  ~econt l  year in3 

Irradiated 
seeds 

Unirradiated 
seeds 

Cf. table 1. 
Final observation 15/9-59. 
Final observation 1016-60. 

"he same provenances as in figures 11 and 13, tables 7 aud 8. 

Thus these seeds exhibited greater effects both concerning the emergence 
rate and the final emergence percentage. 

In the same table (table 9) also results are given from registrations of 
the delayed emergence in the following year. No delayed emergence could 
be found in preirradiated seeds of 11 of the 19 investigated provenances and 
in the  remaining 8 this did not exceed 5 per cent. Contrary to this there 
was delayed emergence in all the unirradiated seed provenances. The 
observed differences between the emergence percentages of pre- and un- 
irradiated seeds during the first year were partly eliminated through the 
dclayecl emergence in the following year. A probable explanation of this 
seems to  be tha t  the seeds which were ungerminated a t  the end of -the 
first year depending on shortage of light or light-substituting factor, 
were naturally stratified during the colder part  of the  year and in this 
\yay lost their light dependence (cf. the  results in figure 9). 
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Figure 14. Effect of storagc on the  
light-induced germination of Scots 
pine seeds. Irradiation of t he  un- 
imbibed seeds (white fluorescent f tubes TL133. 4000 Lux, 2 1  hours), 

0 2  5 17 35 germination in darkness. The same 
dark control as in figure 9. Prov- STORAGE- MONTHS e,,,,, 2, 

b. Permanence o/ the effect. A t  the start  of the  previously described storage 
experiment (see p. 27) 20 x 100 seeds (provenance No. 2, cf. table 1) mere 
irradiated in uninlbibed condition (5.7 per cent moisture content of the dry 
weight) nit11 4000 lux for 24 hours from white fluorescent tubes and irnme- 
diately afterwards transferred to storage (in darkness, + 3-4" C). Repeated 
gerrnination tests in darkness were performed with these seeds a t  the  same 
time as with the control material during a period of 35 months. The results 
are given in figure 14. 

'These show tha t  the  preirradiation effect, xhich was found in the test 
performed immediately after the irradiation, decreased with longer period 
of storage. However, the preirradiated seeds had a greater germinative 
capacity in darkness than the control seeds even after a storage for 17 
months. The difference was significant (0.001 > P). Eighteen months 
later, however, the  difference had decreased further and was no longer 
significant (0.2 > P > 0.05). These results showed tha t  the preirradiation 
of the  unimbibed seeds induced an effect which could be manifested as a 
stimulated germination in darkness for a long time after the  irradiation. 
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Figure 15. Effect of an  X-ray irracliaticn on the germnation course of Scots pine sectls. 
Circles: X-ray irradiated seeds (10 kV, 20 mAs, f = 2.5 cm). Inverted Lrianglcs: control 
seeds. A: germination under continuous irradiation (nhi te  fluorescent tubes TL/33, '2800 
lux, unfilled syn~bols) of seeds irradiated in unimbibed condition as in B. R: germination in 
darkness after an irradiation of the  unimbibed seeds (the same light-source, 3600 lux, 6 
min., half-filled symbols). C: dark control (filled symbols). Provenance S o .  1. 

3. Eflect of Embryo Development on the Irradiation Responses 

The irradiation effects on the germination in seeds of different provenances 
a ive have been studied on seed materials which have shown high germin t' 

capacities in continuous white light (> 90 per cent), i.e., indicating a good 
morphological ripeness (development of the embryo in relation to the 
embryo cavity, cf. p. 24). Howeyer, in order to get more de-tailed inforrna- 
tion concerning eventual relations between the light responses and the 
morphological ripeness of the seeds experiments were carried out on a seed 
material with lower germinative capacity (provenance Xo. 1). For this 
purpose an  X-ray -technique (sce 11. 25) Tvas used. 

The gern~ina-tion tesls were performed with seeds which were preirradiate,d 
i11 unimbibed condition for 6 minutes with 3600 lux from white fluorescent 
tubes. Half of these seeds were germinated in continuous white light (ex- 
periment A in figure 15) and the rest in darkness (experiment B). Unirracliated 
seeds were also germinated in darkness (experiment: C). In each of these 
experiments 16 x 50 seeds were used. The seeds were X-ray photographed 
after the above-men-tioned preirradiation h u t  before the start  of the, ger- 
mination tests. 'The total germinative capacities of these seeds were com- 
pared with seeds which were not X-ray photographed but irradiated and 



germinated under the same circumstances (3 x 100 seeds in each experiment). 
The results are given in figure 15, which shows that the X-ray photographed 
seeds (circles) had slightly lower germinative capacities in experiments 
X and B than the control seeds (inverted triangles) but  .these differences 
were not significant. The X-ray dose did not influence to any greater extent 
the germination responses. Thus these results permitted a further analysis 
of the germination responses concerning the relations between the light 
factor and thc degree of inorphological ripeness in the individual seeds. 

I11 the X-ray photographing the seeds were placed in seed frames (cf. 
~ I ~ L L I : . I ~ - O I ~ S E N  and SIMAK 1954) and afterwards transferred to the ger- 
mination beds still preserving the mutual positions of the  seeds. I11 this 
way the gerinination responses could 11e correlated with the results from 
the analysis of the S- ray  films. In this the  seeds were referred to  different 
embryo-classes, ~vhich were defined in the following way: 

Einbryo-class 0: No endosperm and no embryo present (empty seed). 
I: Endosperin but no einbryo present. 

11: Endosperm and embryo (1--several) present. The embryo 
less than half the length of the embryo-cavity. 

111: Endosperrn and embryo present. The embryo as long 
as or longer than half but  shorter than the whole 
length of the embryo-ca\ ity. 

I\': Endosperin and embryo present. The embryo of the same 
size as the v, hole embryo-cavity. 

Table 10. Cmbr!o-class dislribution of tho S-ray pl~otographed seed malrri;~l of Scots pine 
arid the correiponding total germinati\e capacities nuder different light conditions. Prove- 

nance \(). 1. 

Total ~ i u m h c r  

Gcr,l,inatioll in of invcetigaled 
seeds in each 

Continuow TI 149 
whitc light 111 223 
('2800 lux) IV 383 

Darkness 1 I1 134 
I11 223 

Total number of germinatccl 
seeds after 

10 days 1 20 days / 

I Irratliaiion of the unimbibctl seeds ( \ ~ h i t c  fluoresccnt 1~1l)es TIJ33). 
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EMBRYO-CLASSES 

DAYS 
Figure 16.  Connection between embryo development and irradiation effects on the  germi- 
nation course of Scots pine seecls. For definitions of embryo-classes, see the text.  Irradia- 
tions and symbols as  in figure 15. Provenance KO. 1. 

In some cases seeds germinated which from the X-ray photographs had 
been referred to embryo-class I, i.e., as seeds without embryo. These in- 
correcl classifications depended on the pwition of the embryos in close 
contact with the wall of the  embryo-cavity. Such germinated seecls were 
excluded from the analysis. 

A% comparison of the  distribution of embryo-classes in the seeds which 
mere used i11 this experiment is given in table 10, comprising also the total 
n ~ ~ n ~ b e r  of respective embryo-classed seeds ~ ~ h i c h  germinated under the 
different light conditions. The Lime course of the germination in correspond- 
ing secds is shown in figure 16. 

'lhe results, which are presented in figure 15, show that a inaxiinal 
respoi~sc v a s  obtained with continuous irradiation (experiment A) arid that 
the  preirradiation increased the following germination in darkness (expcri- 
m e ~ t  13) in coinparis011 with tha t  of the dark control (experiment C). Both a 
comparison between experin~ents A and I3 and bet\wen B and C gave 
significant differences (0.001 > P). Corresponding compariwns of seecls 
belonging to embryo-classes 11' and 111 in figure 16 gave also significant 
differences (0.001 > P) and the germination curves showed the same, 
general Lreilds as for the total seed populations. Concerning seecls of embryo- 
class I1 the same effects were obtained with continuous irradiation as with a 
13reirracti:ition. X comparison hetmeen the germinative capacities of seeds 
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in  the different embryo-classes with continuous irradiation also slioned an  
evident decrease witli decreased development of the  embryos (IV: 94.9; 
111: 79.8; 11: 18.8 per cent; cf. also corresponding values in MULLEII-OLSCN 
and SIMAK l.c., table 3). 

The foregoing results showed tha t  light influenced the germination 
irrespective of the morphological ripeness of the seeds. Thus the presence of a 
greater or lesser discrepancy between the gerininative capacities in light 
and darkness does not seem to  be correlated with tlie special form of ripeness 
studied here, i.c., the developmental degree of the embryos in the seeds. 
This statement is also indirectly confirmed by  tlie results in figure 8 and 
partly also by the results in figure 7. 

That  a high percentage of coinpletely developed seeds (embryo-class I\') 
in a seed sample is a requisite for a high germinative capacity in conlbinatiori 
witli irradiation in viable Scots pine x a s  shown above. I t  seems reasonable 
to conclude tha t  the  same is valid for the  investigated seed provenances 
in figures 7 and 8, which all had great germinative capacities with contiiluous 
irradiation. However, specially the  provenances in the last-mentioned figure 
showed small germination percentages in darkness. From this i t  follows 
tha t  also seeds with completely developed embryo in these cases could not 
germinate without irradiation with white light, i.e., the same beliaviour 
tha t  mas found from the investigation with the X-ray analysis. These resulls 
together seem to confirm the conclusion tha t  the light dependence for Lhe 
germination of Scots pine seeds is not correlated with the niorpliological 
ripeness of the seeds. 

4. EJgect of Seed Coat o n  the Irradiation Responses 

Another attempt to correlate the light dependence of the germination 
with a morphological structure in the seeds was made in experiments in 
which tlie seed coats were partially or completely rernovecl. 

A first experiment was done with four different treatments in this respect. 
'The used seeds had been previously dewinged as cautiously as possible 
(seed by  seed with a preparatory needle). The control seeds were left intact 
(treatment ,4). Other seeds were intensively rubbed in a satchel for 5 minutes. 
This treatment completely removed the dark superficial layer of the coats 
(treatment B). In a third type of the experiment a piece of the seed coat 
was removed from the central part  of the  edge of the seed (puiiclured seeds, 
average size of the  removed part mas 5 per cent of tlie total seed surface, 
treatment C). From other seeds tlie coats were coinpletely removed (deconted 
seeds, treatment D). After these treatments the seeds were gernlinalecl 
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Figure 17. Connection betnecn 
the  seed coat and germination 
course of Scots pine sceds under 
continuous irradiation (empty 
circles) and in darlmess (filled 
circles). A: intact seeds. B: rub- 
bed seeds. C: punctured seeds. 
D: clecoated seeds. Irradiation 

0 - 5 10 15 20 5 10 15 20 
as in figure 7. Provenauce NO. 2. DAYS 

under continuous irradiation and in darkness (in treatments A, B and C 
with 4 x 100 seeds, in treatment D with 4 x 50 seeds in light and darliness, 
respectively). The results are given in figure 17 A-D. 

'The results showed that the intensive rubbing did not i~~f lacncc  the 
germinative capacities either in light or in darkness. Contrary to this the 
punctured seeds showed a stirnulated germination in darkness. h slight 
decrease of the  germination in light was found after this treatment. This 
was more pronounced in the decoatecl seeds, in which, h o \ ~ v e r ,  no signi- 
ficant difference could be found between the germination in light and 
darkness. These results showecl tha t  a puncturing of the  seed coats could 
increase the germination in darliness and that a complete removal of the 
seed coats nearly completely abolished the light: requirement. See also in 
other experiments the influence of the seed coat on the red-far-red con- 
trolled germination (figure 311, on the occurrence of embryo-mitosis (figure 
41) and on the respiratioil (figures 43, 44, 46). 

In  further experinlents only puncturings were done on seeds m-hich had 
heen under germinating conditions for different long periods in darliness. Me- 
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5 10 15 20 25 30 35 40 
DAYS 

Figure 18. Effect of puncturing of the seed coat on the germination rate in darliness of 
Scots pine seeds. A: no puncturing. B: puncturing after 10 days. C: puncturillg after 20 
clays. TG: total germination percentage after 40 days. P ro~enance  S o .  2. 

5 10 15 20 25 30 35 40 
DAYS 

Figure 19. Effect of puncturing of the  seed coat and irradiation (white fluorescent tubes 
TL/33, 3000 lux, 24 hours) on the  germillation rate of Scots pine seeds. T rea t~ne~ i l s  per- 
formed after 20 days. A: irradiation. B: irradiation and puncturing. TG: total  germination 
percentage after 10 days. Provenance S o .  2. 

sults Iron1 such esperinlents are given in figure 18. The punclurings were 
clone after 10 and 20 days (4 x 50 seeds per experiment). In  both cases a 
stimulated germination was obtained, -Lhe magnitude of which was riot 
influeilced by the length of the preceding dark period. In  a corresponding 
cspcriment, the results of which are given in figure 19, a puncturing of the 
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TIME OF IMBIBITION-HOURS 
1:igurc 2O. Influcncc of the seed coat on the imbibition course of Scots pine sceds under 
contilluous irradiation (empty circles) and in darlmess (filled circles). Irradiation as in figurc 
7 .  I'rovenance S o .  3. 

seeds after 20 clays was combined with a n  irradiation with white light for 
23 hours. The cornbina-tion of irradiation and puncturing resulted in a 
greater stimulation of the germination than  only an  irradiation b u t  compared 
with only puncturing after the  same time (in figure 18) the  same response 
n a s  received. Even after a prolonged stay of the seeds under germinating 
conditions in darkness a clisturhance of the  seed coat could induce germina- 
tion withont irradiation (the intact  control seeds in the  above experiment 
were irradiated with safelight during the  same t ime as -the one employed 
in the  puncturing experiments) and this to  a greater extent than only a n  
irradiation \\-it11 white light on the  intact  seecls. 

'I'hese results raised the  question of whether tlie presence of an  intact  
seed coat in Scots pine seeds constituted a n  obstacle for either the  irnbi- 
bition process or the  exchange of gases and whether such a n  eventual 
obstacle could h e  eliminated by tlie irradiation of t h e  intact  seed coat. 
These possibilities were tested in following experiments. 

Under the same conditions as in the germination tests nit11 continuous 
irradiation ancl in darkness the  time course of the  imbibition was followed. 
Punctured and decoated seeds (treated in the same way as described above) 
logelher with intact seeds were n-eighecl and placed on the  gerniination beds 
in light and darliness. After different periods the  sceds were reweighed 
after caulious wiping between filter papers ancl then replaced for continued 
iinbibition. A1ll neigl~ings n-ere performed with the  seeds in closed aluminium 
cont,ainei-s, 3 x 50 seecls in each experiment. The results are given in figure 20. 



The results xvith intact seeds shomwl tha t  the imbibition was the same in 
light as in darliness. Thus the inhibited germination in darkness could not 
be referred to an  inhibited inibibition under such circumstances. .\ com- 
parison with the results on punctured seeds (with partially eliminated light- 
control, cf. figure 17 C) further confirmed tha t  the  intact and unirradiated 
seed coats did not constitute a limiting factor for an optimal imbibition. In 
the  decoated seeds the imbibition process was more rapid and greater, but 
this does not seem to disapprove the above statement tha t  the intact; seed 
coats of Scots pine should restrict the germination in darkness by constituting 
an obstacle for the imbibition. 

An attempt was also made to find out whether the intact and unirradiated 
seed coats constituted any obstacle for the permeation of oxygen required 
for a complete germination. For this purpose germination experiments 
were done in different oxygen concentrations. In each one of flat, rectangular, 
glass bottles (25 x 12 x 6 cm) three germination beds were placed, each 
with 100 intact seeds, together n i th  25 ml distilled water. The bottles were 
flushed with different gas mixtures of oxygen and nitrogen. These were 
made up with gas from steel containers with compressed gas (AGX, Liclingii, 
Sweden) according to  the displacement method (URIBKEIT et al .  1959). 
Each bottle mas flushed with about 5 1 of the appropriate gas mixture. 
Bottles with the same gas mixtures were made up in duplicate, one of thein 
was afterwards placed under continuous irradiation (1700 lux), the other 
one in darkness. Closed bottles with ordinary air (21 vol. per cent oxygen) 
were also used together with the flushed and closed hottles. The experiment 
was ended after 10 days. 

The results, which are given in figure 21, shoned that an increased oxygen 
concentration could not substitute the stimulating action of the irradiation. 
Contrary to this, greater oxygen concentrations than the one in ordinary air 
caused for some unknown reason a decrease of the germination in darkness, 
an  effect which did not appear i11 light. I t  may also be obscrvtd lliat in 
darkness the germination percentage in 10 vol. per cent oxygen was not 
significantly different from tha t  in ordinary air bu t  significantly different 
(0.001 > P) from the germination in pure nitrogen. These results do not 
seem to be consistent with the idea tha t  the unirradiated seed coats should 
not permit a sufficient permeation of oxygen, i.e., tha t  the stimulated ger- 
mination in darkness after puncturing or decoatiiig should depend on an 
elimination of a diffusion harrier for oxygen. 

The same consideration for carbon dioxide was also tested in an esperi- 
inent, in which the seeds were germinated in darkness in the presence of 
phosphate huffers (pH > 7). No effects were obtained. See further experi- 
ments in Chapter VI concerning the interactions of irradiation, seed coat 
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-a 
IN DARKNESS 

a 
I I I T 

Figure 21. Eflecl of different oxygen concentrations on the  germination responses of Scots 
pine seeds under continuous irradiation and in darkness (after 10 clays). Irradiation as in 
figure 7. P r o ~ e u a n c e  S o .  4. 

and respiration, nhich could not be evaluated from the point of view that 
the intact seed coat should be a diffusion barrier for the exchange of oxygen 
and carbon dioxide between the respiring seed and the surroundings. 

Finally it may be mentioned tha t  some experiments were done con- 
cerning the presence of \\ater-soluble germinatloll inhibitors in the Scots 
pine seeds. These were germinated in light and darkness, with and with- 
out a preceding irradiation of the unimbibed seeds. Unirradiated seeds 
were germinated in the presence of a leachate (400 seeds imbibed in 100 
ml distilled water for 24 hours a t  + 25" C) prepared under continuous 
irradiation. A corresponding leachate prepared in darkness was used a t  the 
germination of the  preirradiated seeds. The germination tests were performed 
in Petri dishes with 15 ml leachate per dish. No evidence v a s  obtained 
indicating the occurrence of any water-soluble germination inhibitor con- 
uected with the light dependence of the germination. 

D. Discussion 

,Is evident from the results presented in the foregoing most of the experi- 
ments have been devoted to studies on the effects of special factors on 
the light-darkness responses of the Scots pine seeds arid not to studies on 
the effects of the irradiations per se, which is the case in experiments with 



red and far-red irradiations in the next chapter. This has been done in order 
Lo get a more general idea of the importance of the light factor for lhc ger- 
niination and some introductory clues to a folloxing study of the incchanisni 
of the  light action. 

The establishment of light sensitivity in unimbihed Scots pine seeds 1)y 
NORDSTRO~I (1933 a and b) under irradiations with direct sunlight or light 
from an  I7'-lamp (cf. also BERGRIAN 1957, HLJSS 1961) was confirmed here 
both in laboratory and in field experiments with tlie use of a moderate 
irracliance from white fluorescent tubes (figures 11, 12, 13, see also 
Y ~ a ~ a x  1957). The responses of the irradiation on the urlirnbihed secds of 
differenl: provenances did not shov any connection \vith the origin of the 
seeds. This is not in accordance with the statement by N o ~ ~ s ~ r n i i v  (1.c.) 
that  Swedish Scots pine seeds from more northern localities sl~oulcl react 
to a greater extent on such an  irradiation. Neither could the supposition of 
the same author (LC.) tha t  tlie effect of such an irradiation sl~ould give 
greater responses in field than in laboratory tests be confirmed. Contrary 
to this the responses were greater in the laboratory tests, which also has 
been found by Huss  (LC.). However, contrary to the  results by I-Iuss, all 
the 19 investigated seed provenances studied here showed positive differences 
between the emergence percentages of preirradiated and unirradiatecl seeds, 
a case found only in older seeds by Huss  (LC., tahle 13) in a corresponding 
nursery experiment. Beside a prevailing greater emergence percentage here 
established after the preirradiation also a greater rate of emergence could 
be found in most of the provenances (table 8). 

The sensitivity to irradiation in the uniinbibed Scots pine seeds---also 
found by FCRUI~AWA (1936) in seeds of Pinus thunbcrgii Parl. and P. dcnsi- 
flora Sieh. & Zucc. from irradiations with sunlight-is not consistent with 
tlie earlier general conception that seeds with light-dependent gerrriinalion 
react to irradiations only in imbibed condition. See also the inlroductiori to 
this chapter (p. 22). EVENAKI and NEC~IANN (1953 11) have shown tha t  
lettuce seeds stored in an atmosphere with high relative l~umiclity Ivcre 
influenced by irradiation. In connection with -these last-mentioned findings 
i t  may be observed tha t  the responses of air-dry Scots pine seeds of different 
provenances did not show any relation Lo the actual moisture content of 
the seeds a t  the irradiation (table 7). 

Concerning the permanence of the preirradiation effect this v a s  signi- 
ficant m e n  after a storage for 17 months (figure 14) in spite of a tlecreasing 
trend with increasing period of storage, thus indicating a relztive slov 

onn- deterioration of the effect. This was also suggested by the results of Y 
s ~ i < i i a ~  (LC.) in seeds stored for 5 months. Compare the findings of Fuiiur<.~n-h 
(1.c.) who could observe an  effect in seeds stored for 2 to 3 months. 
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However, in spite of the occurrence of sensitivity to irradiations in the 
uniinbibed Scots pine seeds there was an evident increase of the  sensitivity 
after the  start  of the imbibition. After an inhibition for 6 hours the maximal 
sensitivity was attained (figure 10). Irrespective of the  sensitivity in unim- 
bibed seecls and the time required for reaching a maximal sensitivity, which 
can be different in different species, these results were in conformity with 
the  general trend for other light-sensitive seeds in this respect (cf. reviews 
by EVENARI 1956 and in press). These results were the basis for the choice 
of an appropriate period of imbibition in the irradiation experiments on 
imbibed seeds in following chapters. See also the discussion ahout red- 
far-red sensitivity and imbibition in -the next chapter (p. 83). This possi- 
bility of inducing a complete germination with a single exposure after an 
appropriate period of imbibition also may be compared with the stimulating 
effects of longer irradiations for only restricted periods on Scots pine seeds 
(HAACK 1906, 1912, ELIASON nncl HEIT 1940, Sxnvhs 1950, 1-Ivss 1961) 
and on seeds of Pinus thunbergii Parl. ( I ~ I K A W A  and SHIRIOGA\~AIX.\ 1954, 
HASEGAWX and FURUKA\YA 1953). For other pine species, see the nexl chapter. 

In this connection i t  may be observed tha t  even irradiations for longer 
periods on unimbihed seeds (figure 11, see also figure 22, no imbibition, 
and corresponding results with irradiations in sunlight for 3 days in Nonu- 
S T R ~ I  1.c. and Huss LC.) could not induce a complete germination. 

As pointed out in the introduction to this chapter (p. 23) the  light 
dependence expressed as the difference between the germinative capacities 
under continuous irradiation and in darkness for Scots pine seeds has been 
shown to be different depending on the origin of the seeds. For Sviedish 
Scots pine NORDSTRO\I (1.c.) has pointed out tha t  this difference should be 
specially pronounced in seeds of northern provenances, a finding which 
could not be confirmed in the seed provenances investigated here (figures 
7 ,  8). The same author has suggested tha t  the light dependence should 
be connected with the often poorly developed embryos in such seeds. Slar~lr 
and GUSTAFSS~X (1954) have also deduced from son-ing experirnenls with 
embryo-classed seecls tha t  only seeds nit11 uncompletely developed embryos 
(embryo-classes IS and 111) reacted to  irradiations. This could not be con- 
firmed here (figure 16, table 10). I t  was found that the  seecls were dependent 
on irradiation for the germination regardless of their degrees of morphological 
ripeness. Indirectly this could be confirmed from -the large discrepancies 
between the germination responses under continuous irradiation and in 
darkness in seeds of different provenances (figure 8) under simultaneous 
consideration of a good inorphological development of the embryos as a 
requisite for such great germinative capacities in light (table 10, embryo- 
class IT, see also N~~LLER-OLSEK and SIBIAI~ 1954). 
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Stratification as a method for elimination of both morphological and 
physiological kinds of unripeness in seeds (cf. reviews by  CKOCKER 1948 
and BARTOX 1961) also has been shown to eliminate the  light dependence 
of germination. For Scots pine seeds this has been s h o ~ n  by ELIASON and 
HEIT (1940) and HEIT and ELIASON (1940) and has also been confirmed in 
this investigation (figure 9). The same phenomenon has been described for 
seeds of other pine species (HASEGAWA and FUKUICAWA 1953, 1955, ASAI~AWA 
1956, 1959, see also in the following chapters). For further discussion of 
the stratification, see Chapter VI.  

This light-substituting effect of a stratification seems to be tlie probable 
cause of the greater delayed emergence of the control seeds than tha t  of the 
preirradiated seeds in the field experiment (table 9), a fact also partly 
observed lsy Hr~ss  (1.c.) in corresponding experiments. 

Like several other species in which there is a light-influenced germination 
(E:\'EXARI 1956 and in press) also -the seeds of Scots pine showed a pro- 
nounced dependence on the presence of intact seed coats as a requisite for 
light to be a controlling factor in the gerinination (figures 17- 19). Attempts 
to determine the physiological basis for this mere made here along two 
different lines: tlie seed coat as a hindrance for a sufficient imbibition or as a 
hindrance for gas exchange of the seeds. 

Concerning the first case it was found tha t  the uptake of water was the 
same under continuous irradiation as in darkness in intact seeds until the 
time when tlie directly visible germination started (> 48 hours, figure 20). 
Also the punctured seeds showed corresponding results, bu-t in the decoated 
seeds the uptake of water was more rapid and somewhat greater, These results 
seem to shorn that the inhibited germination of intact seeds in darkness did 
not depend on an  insufficieut imbibition, because the uptake of water was 
the same in seeds irradiated or punctured, i.e., under conditions not restricting 
the germina-tion. 

Concerning the second case with intact and unirradiated seed coats as a 
possible hindrance for exchange of oxygen required for the  gerniination 
Lhe experin~ents with increased oxygen concentrations (figure 21) did not 
confirm this supposition (cf. in Chapter VI results also supporting this idea). 
Contrary to  this there was an  inhibiting interaction b e k e e n  higher oxygen 
concentrations and darkness. The reason for these results is not obvious. 

In other species with light-dependent germina-tion, where the  germination 
in darkness could be increased after a decoating, i t  has been found tha t  the 
gern~ination of the  intact seeds in higher oxygen concentrations was increased, 
e.q., for Rumex crispus L. by GARDXER (1921) and AXENTIEFF (1929). In 
this species also KOLK (1961) has found the same effect after decoati~ig but 
only a snialler effect of the oxygen factor. In seeds of R e l d a  uerrrrcosn 



SIL 'DIES O S  THE GEK\I ISATIOX I S  SEKDS 01; SCOTS PIhI: 19 

I'lirh. 1 3 ~ x 1 ~  and ~ Y A H E I X G  (1959) could not induce any gerrnination in 
darkness ol intact seeds in higher oxygen concentrations, in spite of the  fact 
tha t  opening of the  seed coverings increased the germination in darkness in 
air and tha t  the isolated embryos germinated independently of the light 
factor. These authors could correlate their results with the occurrence of a 
water-soluble inhibitor in the  seed coverings, the  inhibiting action of which 
was dependent on the light and oxygen factors. This inhibitor could not be 
destroyed by irradiations in uitro, a case which has been shown by REDMOND 
and K o u l s s o ~  (1954) for a water-soluble inhibitor from seeds of Betula 
lutea Alichx. These latter seeds did not germinate either in light or in darkness 
with intact or opened seed coats. However, after a comple,te removal of 
the coats the germination mas great in distilled water bu t  completely in- 
hibited in the presence of a water extract from seed coats, an  inhibition 
partially eliminated if the extract had been irradiated. Also several other 
results indicate a correlation between a light-influenced germination and the 
presence of germination inhibitors (MAGNUS 1920, PETERS 1924, AXEN- 
TIEFF 1929, TILLY 1935, Cox el al. 1945). GASSNEK (1915) has also stated 
that the stiniulating action of irradiation on the germination of Chloris 
ciliatu Sw. was caused by light acting as an inhibitor of an  inhibitor. EVE- 
XAHI (1949) has supposed a correlation between light action on the germina- 
tion and germination inhibitors. In this connection i t  may be observed that  
NU.I.ILE (1944, 1945) succeeded in making a nonlight-dependent strain of 
letlucc seeds light-dependent- in tlie presence of a coumarin solution. 

For the Scots pine seeds no corresponding results could be found i11 ex- 
yerin~ents where seeds were germinated in leachates from dark control seeds 
and from irradiated seeds (p. 45). These results do no-t disprove the eventual 
importance of germination inhibitors affecting the light dependence of the 
germination in this species bu t  can be observed and compared with the 
results in puncturing experiments (figures 17 C, IS, 19). In these about 5 per 
cent of ihe total seed coat were removed from the central part  of the edge 
of the flat seeds, i.e., a part  of tlie germinating seed which was no-t in contact 
with the gerrnination bed, a condition which does not seem to facilitate a 
leaching to the germination beds of eventual water-soluble inhibitors 
through the puncturings. These circumstances may possibly suggest an 
interaclion between the occurrence of a gaseous inhibitor and the light 
dependence of the germination in the intact seeds. However, in this connec- 
tion i t  may also be pointed out tha t  the stimulating effects of puncturing 
or decoating may depend on a wounding phenomenon, which has been found 
by BELDEI~OCK (1961) to cause a part  of the  stimulating action on the ger- 
mination of dormant wheat grains on piercing the covering layers over the 
embryos. TOOLE rt al. (1956 a) have pointed out tha t  the decreased or elim- 
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inated light control for the germination in seeds connected wit11 punc- 
t u r i n g ~  or decoatings need not depend on the treatments per se b u t  can be 
influenced by the way in which the -treatments have been performed, i.e., 
can be dependent on associated internal physical changes in the  seeds. 
This can be compared with the stimulating effects on the germination in 
darkness after mechanical shocks (NOE~DSTRO~I  1953 a and b) and also be con- 
nected with the observed decreased germinative capacity in light in Scots 
pine seeds after mechanical treatments (Huss 1950, NILSSON 1963), a cir- 
cumstance suggesting the existence of a sensible structural system in these 
seeds, which easily can be destroyed by mechanical treatments ancl in- 
directly influences the mechanism of the light action. Compare, however, 
the results in figure 17 B, n-hich are not consistent with this idea. 

Chapter IV. Studies on the Germination - Effect of 
Irradiations with Coloured Light 

A. Introduction 

The extensive literature on the effect of light on seed gerinination (see 
reviews quoted in the introduction to Chapter I) s h o w  tha t  most of the  
older investigations in this field have been devoted to studies on the effects 
of white light. The investigations which include studies on the effect of col- 
oured light (cf. EVENARI 1956) indicate tha t  i t  is the red part of the vis- 
ible spectrum, which is the most effective one for promotion of the ger- 
mination. For the seeds of P i n u s  siluesfris L. this has been shown hy 
HAACK (1906, 1912), PITTAUER (1912) and ELIASON and HEIT (19-10). 
Corresponding results were obtained in I-'. nigra Arnold ancl P,  sfrobrrs I,. 
by PITTAUER (1.c.) and in P. densiflora Sieb, k Zucc. and P. thunliergii 
Parl. by HASHI&~OTO ef  a[ .  (1954) and IWAKAWA and KOTANI (1954). Inhihi- 
tion by irradiations with blue light, i.e., less germination than in the dark 
control seeds, also was observed by ELIASON and HEIT (1.c.) and P I T T , I ~ E ~ Z  
(LC.). I t  is also interesting to notice that GERLAI (1937) found an inhibiting 
action by irradiations of high irradiance (from incandescent lamp) on the 
germination in P. siluesfris L., bu t  this was not obtained with the use of a 
filter absorbing wavelengths longer than those in the  red part of the spec- 
trum. At  wavelengths longer than red (far-red, 7000-8000 ,%, for a dis- 
cussion of the noinenclature cf. WASSINK and STOLWIJK 1956) FLINT and 
MCALISTER (1935), FLINT (1936) and FLINT and MCALISTER (1937) found an 
inhibition of the germination in seeds of Lac fuca  sativa L. These last-men- 
tioned findings were the starting point for the classical investigations by 
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BOII'~H\VI(:I< et txl. (1952 a), TOOLE et trl. (1953) and BOKTH\VICR e f  d .  (195-I), 
which sho\ved tha t  the gerininatioll of lettuce seeds (var. Grand Rapids) was 
regulated by light through the mediation of a repeatedly reversible red- 
far-red sensitive mechanism (cf. also EVEXAKI and XEUMANN 1953 a and 
EVENAIU e f  al .  1953). The action spectrum for this process has been found 
to be equivalent to the corresponding ones for a series of other photomor- 
phogenic processes (cf. reviews by TINGIN 1958, LIVERMAN 1960, NOHI: 
1960 a, 1961, 1962, see also \\'I.~HI<OW 19.59 and p. 142 below). This has also 
been confirmed for the gerrnination of other light-sensi-tivc seeds: in ,Ire- 
t i m ~  l n p p a  I,. (N.mhnfun~ 1953, q.f. TOOLE et d .  1956 a), in different vcgetable 
seeds ( N a ~ c ~ t n ~ u n . ~  et al .  1935, q.f. TOOLE et 01. I.c.), in L e p i d i u m  uirginicurn 
L. (TOOLE et (11. 1955) and in d r n b i d o p s i s  t ha l iana  (I,.) Eastland (SHIIOP- 
SHIKE et al .  1961). a41so the gerinination of fern spores regulated l ~ y  light 
follows the corresponding action spectrum as shown by B i ; s ~ i s c ;  and XOHR 
(1955) and NOHR (1956). 

Beside the establishment of equivalent action spectra for these species a 
reversible red-far-red controlled germination has been sho\\;n in several 
other species, thus suggesting the occurrence of the same action spectrnni. 
See table 11. 

Also for the  following species TOOLE (1959, 1961) has rnentioiiecl that  
their germination is controlled by a reversible red--far-red inechanisn~: 
Rrass i ca  nigrcc (L.) Koch., B. jrinceu (L.) Coss., Fragar ia  uirginictna Duchesne, 
L e p i d i u m  campestre (L.) R.  Br., Lycopers i cum esculentum hlill., I .ythrum 
salicaria L., Oenothera b i enn i s  L., P u y n  berteronianu Mez., l ' h l a s p i  uruense L., 
Z'lmns arnericnna L. and Verbascrrrn t h a p s m  L. In moss spores ( F a n a r i a  
hygromefr ica  Hech-.) thc same mechanism has been shown by R A ~ ~ E K  and 
RIOAK (1959). 

Thus, concerning the red-far-red part of the spectrum -there is n general 
agreement between the results from studies on divergent types of seeds. 
I t  is also interesting to  notice that the  germination of seeds which is inliib- 
ited by white light also is regulxted by the participation of the same red- 
far-red reversible system. The opposite effects of \vhite light on the ger- 
mination of light-stimulated and light-inhibited seeds can be referrccl to a 
different relative sensitivity to the red and far-red part of the white light 
(see a review by E ~ E N A R I  in press). 

However, the agreement between the results in different species con- 
cerning the red-far-red part  of the spectrum is not valid for the blue part 
(4000-5000 ii). Both inhibition and stimulation as well as the absence of 
effects after irradiations with blue light have been described (cf. EVENARI 
LC., see also MOHR 1961 b). At the same time the effect of the blue light is 
confused by the participation of a "high-energy reaction" (MOHK 1960 a, 



Table 1 I .  \ surteg 01 species 11it11 retersible, red-l'ar-red controlled gcrruil~aliun. 

Species References 

r1nzctruirthiz.s hlitoitles S. \Yak. 
-4. refro/ lesns  L. 
Borbureu uulguris R. Br. 
Berteroc~ incuna (L.) DC. 
Belnlu  prlbescens Ehrh. 
Clzenopotliwn r17brnm I,. 
Ch.  s a l i n u m  Standley 
Ch.  glalzcrrm I.. 
C h .  ctlbum L. 
CJarrregiu gigunteu (Engelin.) Britt. & Rose 
Camelincr microcurpa Andrz. 
Capsella bursa-pastoris (L . )  Aletlic. 
Epilobiurn cephalostigma Hauslc 
Erugrostis ferruginen Eeauv. 
L a m i u m  amplexicaule I,. 
L e p i d i u m  densi f lorum Schrad. 
Lys imnch iu  mauritinncc 1,am. 
Sicotiarro tcrbncurn L. 
I'u~douinicr tomentosu (Thunb.) Steutl. 
Picec~ glehr~i i  Mast. 
P i n m  silueslris L. 
I'. strobus L. 
I-'. faetlir L.  
Ii. f lumbergii Parl. 
1'. uirginiuno Mill. 
f211171e.2: ~ L ~ t ~ ~ s i f u l i u s  Id. bzbsp. agreslis Daiiser 
Snlsolu uolkensii  Schweiuf. & Xschers. 
S i s y n z b r i ~ ~ m  ctltissimurn I,. 
S.  olficirzctle (L.) Scop. 

ILmarax-ZAHAVI 1955 
I<AD,MAX-ZAI-IA~I 1957, I960 
TOOLE e f  a / .  1957 
TOOLE et a / .  1957 
BLACK & I\\IAREIXC: 1055 
Cuh~arrsc 1959 
Cuhrln11sc 1959 
Cvi!1%l1~~ 1950 
C U I ~ ~ I N G  1959 
ALCORN & KURTZ 1959 
TOOLE el a / .  1957 
TOOLE el a / .  1957 
ISIKAWA 1962 
I s r ~ a w a  et al.  1961, FUJII  1962 
.JOSES & BAILEY 1956 
TOOLE et al.  1957 
ISIKAWA 1962 
TOOLE et al.  1953 
TOOLE et nl. 1958 
XSAI~AWA k INOKUMA 1961 
SY~IAS 1957, 1961 
TOOLE et rd. 1962 
LANE 1957, TOOLE ef  ul.  1958, 1962 
ASAKAWA & INOKUXA 1961 
TOOLE el 01. 1956 b ,  1961, LANE 1957 
ISIKAWA & FUJII 1961 
XEGBI 1959 (q.f.  ETENARI 1961) 
TOOLE et a / .  1957 
TOOLE el 01. 1957 

1962) in addition to the "low-energy reaction" mediated by the red-far-red 
reversible system dealt with here. 

From their studies on -the action spectrum of lettuce seeds BORTHWICIC 
et ol. (1952, 1954) concluded that  the red-far-red light, which controllecl 
the germination of this species, was mediated by  two pigments, mutually 
convertible through irradiations preferably in the red (6400-6700 a) and 
in the far-red (7200-7500 -%) region. These results and the widespread 
occurrence of the  same type of pl~otoinorphogenic processes (cf. reviews 
above) showed tha t  this pigment system must be present in many different 
types of plants. The postulated properties of this pigment system afterwards 
have heen verified. \TTith a special spectrophotorneter ( B I R ~  1960) the  
pigment has been detected in uivo and partially purified by BUTLER et al. 
(1959). I t  has been called phytochrorne by BORTHWICK and H ~ s u ~ 1 c r ; s  
(1960), BUTLER et al. (1960) and HESDRICICS (1960 a and b) and further 
studied by  BUTLER (19611, BUTLER et 01. (1961), SIEGELMAN et 01. (1961, 
1962), RONSEI< (1960, 1961, 19621, GORDON (1961) and LASE et al. (1962). 
The pigment is of a protein nature with a blue-green colour and in experi- 
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nients both i n  viuo and partially i n  uitro it s h o ~ e d  the properties postulated 
from the primary physiological studies. 

These results and the hitherto presented preliminary reporls on the red 
-far-red controllecl germination in the seeds of P i n u s  siluestris L. ( S ~ b r . . m -  

1957, 1961) malie it probable tha t  the primary ahsorption of light occurs 
in this red-far-red reversible pigment system (phytochrome). The light 
absorption (in red) then is followed by a series of unlinown processes leading 
to the start  of growth of the embryos with protruchg rootlets as a conse- 
quence, i.e., a visible germination. However, further studies on the effects 
of red---far-red irradiations and on the action spectrum of the directly visible 
germination will be given in this chapter contributing more det;ails about 
the mechallisin of the light actiou in this species. In the two following chap- 
ters an attempt will be made to describe other light-controlled pl~enoniena 
(embryo-mitosis and respiration) correlated with the directly visible ger- 
mination, which possibly can give some clues to the understanding of the 
processes intervening between the primary light absorption and the final, 
visible germination, i.e., in what n a y  this pigment system influences the 
germitlatioil of the Scots pine seeds. 

B. Methods 

The germination experiments described in this chapter \\-ere performed in the saint \yay 
as described irk Chapter I1 (p. 12). 111 all the cxperimcnts the temperature has hccn 

+ 25" C if not otherwise stated. 
The eqnipment for irradiations ~ v i t h  red or far-red light nscd in the expcrimenls on the 

red-far-red reversibility (section 2, see below) has been described earlier (p. 17). 'l'he 
irradiances were 350 pW/cni2. An irradiation with red or far-red light carried out with this 
equipment for 30 minutes on the seeds, which, if not otherwise stated, had inibibed for 6 
hours in c1arl;ness a t  - 25" C, has been called a standard red or far-red irradiation. 

For the studies on the action spectra (section 3, see bclow) the  irradiations were ad- 
ministered with anothcr apparatus (with interference filters) also earlier descrihcd in dclail 

(P. 18). 
For further details about the irracliations: see corresponding experii~~cnts.  

C. Results 

1. Preliminary Investigations 

The results in the previous chapter showed that  the stinlulatiug action 
of white light given continuously during all the germination process could be 
partially or completely substituted by a limited irradiation clepeiicling on 
the state of the iinlsibition a t  the irradiation. These resnlts ne rc  furi-her 
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Figure 22. Effect of irradiation iimc, light quality and state of imbibition during the i x a -  
diations 011 the  germination of Scots pine seeds. Irradiation ~ ~ i t h  white (TL/33), red (TI,/ 
l 5 ) ,  green (TL/17) and blue (TL/18) fluorescenl tubes. Spectral composition, see table 5 
and figure -I. Irratliance 350 !~\V/crn~.  LC: light control as in figure 10. I 'rovnancc Ko. 3. 

investigated and combined with experiments in which the  irradiations 
were done a i t h  light from red, green and blue fluorescent tubes. 

The irradiation sources consisted of four different hanlts, each with 
eight fluorescent tubes (Ph i l ip  20 \I7: white TJ,/33, red TL/15, green TL/17 
and blue TL/18). Spectral con~position of the  light from these tubes is 
given in table 5 and figure 4. The banks were placed above .Jacobsen 
apparatuses. The distances b e t ~ e e n  the  individual banks and the  seed 
beds \yere arranged in such a way t h a t  the irradiances (measured under the 
glass Isell jars covering the  seeds) viere the same in all cases (350 i~W'/c111~). 
In  half of Lhe experiinents Ihe irradiations were performed with the  seeds 
placed on dry gerinination beds, in the other half t he  seeds had imbibed in 
darkness for 6 hours before the  s tar t  of the irradiations. The results are 
given in figure 22. 

'The results showed tha l  the  irradiations caused a stimulated gerniinalion 
irrespective of the  used light quality and the state of imbibition. Ilowever, 
e,ven after an irradiation for 4 hours of the  unimbibed seeds the  stimulation 
\\-as not complete. I n  the  iinbibeci seeds an  irradiation with white or red 
lighl: for 15 minutes was sufficient for full stimulation. The light sensitivity 
of the  seeds increased with the imbibition bu t  was also present before the  
start  of the  irnbihition. Compared with the white and red light, the green 
and blue light had a less stimulating effect after shorter periods of irradia- 
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tions. 'l'hese results suggested that  the part of the spectrum most effective 
for promotion of the  gern~ination is to be found in the red. The stimulating 
actions of light from both the green and the blue fluorescent tubes can, 
as a matter of fact, be explained merely l ~ y  the content of red light in both 
types of irradiations (5 per cent and 0.5 per cent of the total emission from 
green TL/17 and blue TL/18 tubes, respectively, is to be found in the region 
6000-7000 ii). JYith the used irradiance 350 kJV/cm2 this gave an irradiance 
in the region 6000-7000 ki sufficient for being the only light quality in 
these irradiations causing the stimulating germination (cf. figure 33). Below 
a study of t h e  action spectrum (p. 74) performed with more monochromatic 
light (interference filters) is given indicating tha t  under the conditions of 
irradiation used the blue part of the spectrum had no effect bu t  the green 
caused a stimulation, which however \\as less than in the red part. 

Studies  o n  the Red-Far-Red Reversibility 

( I .  Eflect of imbibition. The results in figure 22 showed that  an irradiation 
with red light (350 pW/cm2) for 30 minutes was more than sufficient (satura- 
tion dose) for induction of full germina-tion, when the seeds had imbibed in 
darkness for 6 hours. Thc use of the same irradixtion bu t  different periods 
of imbibition gave the results in figure 23 (R). Also in this case the red irra- 
diation of the unimbibecl seeds caused a germination correspondi~ig to tha t  
in figure 22 (No imbibition, red, 30 min.). A light sensitivity was presen-t 
before the start  of the imbibition. I-Iowever, during the course of the first 
12 hours of imbibition the sensitivity increased, but  after this period i t  de- 
creased with increasing time of imbibition. These results were principally 
in accordance with the results from a corresponding experiment performed 
with \\-hi te light (figure 10). 

In another part  of this experiment the same red irradiations were iin- 
medi:~tely followed by a far-red irradiation of the same irradiance. As a 
period of irradiation 30 minutes 1~ei-e chosen. The results in figure 23 (I3 +FR) 
showed that far-red light reversed the red induction. After 3-6 hours of 
imbibition n far-red irradiation could completely nullify this induction. 
Thus the responses to the far-red irradiation increased sinlull-aneously as 
the responses to the  red irradiation increased. However, the  decreasing 
sensitivity to red light after more than 12 hours of imbibition could not be 
refound as a corresponding decrease of the far-red sensitivity after the 
same time. After more than 12 hours of imbibition the far-red irradiation 
inhibitid the germination to a constant level, the same level as was silo\\-n 
by the onirradiated control seeds. Thus these experiments showed a cor- 



Figure 23. Effect ol imbibition time 
on the  red induction (R) and far-red 
inhibition (R + F R )  of thc  germi- 
nation in Scots pinc seeds. Red and 
far-red irradiations with the  stan- 

0136 12 24 48 darcl equipments (350 v\V/cn~2, 30 72 min. of each). LC: light control. DC: 
T I  ME OF I MBI BITION-HOURS c1arli control. ~ r o v e n a n c c  NO. 3. 

related change of the sensitivity (as i t  is expressed here as the germin a t '  ion 
response to a fixed irradiation) to red and far-red irradiations after periods 
of imbibition less than 12 hours. 

As a consequence of these results a period of 6 hours of imbibition hefore 
the start  of the irradiations has been chosen as a convenient standard 
period in the following experinients. 

In the last experiment described above an irradiation of 30 ininutcs (in 
far-red) was randornly selected, whicli gave a full inhibition of t h e  red 
induction. To investigate the importance of tlie period of irradiation xvith 
far-red for this inhibition, an experiment was done in which also the  in- 
fluence of the imbibition was studied. In one part of the experiment all 
irradiations were performed on uninlbibed seeds immediately before the start  
of the imbibition. In the other part the irradiations were started after the 
standard period of imbibition (6 hours). Before the far-red irradiations all 
seeds \Tere red irradiated for 30 niiilutes. The results from this espe~rin~imt 
are given in figure 24. 

The results with the imbibed seeds s l i o ~ c d  tha t  tlie red incluction, which 
gave the same germination percen-tage as a t  germination in conlinuous white 
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Figure 24. Effect of irradiation time and irnbibitiou on the  far-red inhibition of the retl- 
induced germination in Scots pine seeds. Red and far-red standard equipment. Induction 
v i t h  red irradiation (30 min.). S o  imbibition: irradiations performed immediately beforc 
the start  of the  imbibition. Imbibition (6 h.): irradiations pcrformctl after G hours of iin- 
hihition. LC: light control. DC: dark control. Provenance No. 3. 

light (LC), could be conlpletely nullified n i t h  a far-red irradiation for 30 
minutes, i.e., with the  same period of irradiation as previously used. As a 
consequence of this 30 rninutes of irradiation with far-red light Ilas heen 
chosen as a standard period for irradiations with this light quality. 

In  contradiction to  the  results on imbibed seeds the  unimbibecl ones 
could not he  inhibited with t h e  far-red irradiations. Even as long an  irradia- 
tion as 4 hours had no effect. These results cleinonstrated a pronounced 
effect of the  imbibition on the  far-red sensitivity of the  seeds. 

The results from figures 22-24 may be  sumnled up in the  following 
way. Red light induced the  germination of the Scots pine seeds. This induc- 
tion appeared also after irradiations of the  unimhibed seeds. The senlitivity 
Lo red light increased with increasing period of inhibit ion up lo I2  hours, 
afterwards decreasing. Far-red light nullified the  inductive action of the 
red light, bu t  this effect was not observed after irradiations on the uriinl- 
bibed seeds. The sensitivity to far-red light increased with increasing period 
of imbibition up to  6 hours, after tha t  t h e  no changes could bc observed 
with the used method. 

From these results a standard scheme for inductive red irradiations and 
inhibitive far-red irradiations was adopted: with the  standard equipment 
for red irradiation (red fluorescent tubes TLl15, irradiance 350 pn'/cin2) 
inductive irradiations were given for 30 minutes after the  seeds had imbibed 
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Figure 23. Effect of the  red in- 
duction on the  far-red inhibi- 
Ljon of the  germination iu Scots 
~ i n e  seeds. Red and far-red 
standard equipment. Irradia- 

in darliness for 6 hours; with the standard equipment for far-red irradiation 
(incandescent lanip, blue-red and water filters, irradiance 350 p.Wjcm2) 
inhibitive irradiations were given for 30 minutes after standard induction 
with red light. 

b.  Eff~ct of red induction on fhe for-red inhibition. As shown in the  preced- 
ing part the inhibiting action of a far-red irradiation was dependent on 
the imbibition and in the imbibed seeds on the period of irradiation with 
tlie far-red light. These experiments were carried out with seeds which had 
been induced to full germination with an  irradiation in red light of a fixed 
energy. To investigate whether the far-red inhibition was dependent on 
tlie energy used for the red induction of the germination the following 
experiments were done. 

&After 6 hours of inhibition the seeds were irradiated for 3, 30 and 300 
minutes, respectively, in red light from the same source as above. Without 
following far-red irradiation the corresponding germination percentages 
were 89, 95 and 95, respectively. TYith far-red irradiations for different 
periods inhibitions appeared. The results are presented in figure 25. 

0 5 15 30 tions performed after G hours 
of imbibition. DC: dark control. FAR-RED IRRADIATION-MINUTES Provenallce KO. 3. 
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DAYS 
b'igurc 26. Reversible effect of repeated red-far-red irradiations on the  germination 
course of Scots pine seeds. Standard irradiations (irradiations with red and far-red stand- 
ard equipment, each for 30 min. after 6 hours of imbibition). LC: light control. DC: dark 
control. P ro~enance  S o .  3 .  

The results showed t h a t  with far-red irradiations for 15 ininutes or 
longer the  produced inhibitions n e r e  independent of the magnitude of the  
red energy used for the  induction. This n a s  in conforinity with the  idea 
developed b y  BORTHWICI~ et d. (1952 a), t ha t  t he  red light caused a shift 
of an ecjoilil~riuin between a red and a far-red absorbing form of the  pigment 
system, \ ~ h i c h  controlled the  germination. 

c. K e p ~ a t e d  red-far-red reuersibil i ty.  In  the experiments described above 
the  inhibiting action of a far-red irradiation on the  red induction was 
denronstrated b y  a single far-red irradiation of the  seeds. I t  was investigated 
whether this red-far-red reversibility could he  repeated in a n  experiment 
with a longer series of alternating red-far-red irradiations. This was done 
by nica11s of standard irradiations (see p. 57). A11 irradiations followed 
immediately after each other. The results are given in figure 26. 

As ahovc a single red irradiation induced the  same germination percent- 
age as a continuous irradiation with white light (cf. figures 22-24). A far- 
red irradiation alone had no effect, b u t  given after a red one i t  nullified the  
effect of the  latter. I lowe\w,  this inhibition could be eliminated b y  afollowing 
red irradiation. In  all experiments in ~ i h i c h  the  irradiation sequences ended 
with a red one the  germination was complete. On the  other hand, if t he  
scqut11cc.s ended with a far-red irradiation the  germination was inhibited. 
X slight decrease of the  inhibition n.as found with a n  increased sequence of 



1 1 1  I I I I I 

0 4 8  1624 48 72 96 
HOURS BETWEEN THE R AND FR 

IRRADIATION 

Figure 27. Recluclion of the Sar- 
red inhibition of the gcrmina- 
tion in Scots pine seeds with an 
increasing dark period between 
a red and  a far-red irradiation. 
Standard irradiations (cf. figure 
26). IiC: only red irradiated 
seeds. DC: tiark control. Prove- 
nance No. 3. 

irradiations. However, -this decrease was only slightly significant (0.05 > P 
> 0.10) for the used nurnber of repeated irradiations. 

These results showed that the germination of Scots pine seeds \\-as regulated 
11y red-far-red irradiations through the mediation of a repeatedly reversible 
meclianism. 

d. Loss of far-red i n h i b i t i o n  zuith a dark period between rod and /u r - rd  irrntlitr- 
t i o n s .  In  the experiments described above the far-red irradiations w r e  given 
immediately after the end of the inductive red irradiations. In order to 
study how long after a red irradiation the inhibition of the far-red light 
could be found experiments were performed in which a dark period of 
different length was introduced b e h e e n  a standard red and a far-red irradia- 
Lion. The results from these experiments (three repeated ones: dots, invcrled 
triangles, triangles) are given in figure 27. 

The results showed that  with increasing time of the dark phase h c t ~ e e i i  
an  inductive red irradiation ant1 a subsequent far-red irradiation the effect 
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of the last-mentioned decreased. \J7ith a dark period of 48 hours the inhibiting 
action of the far-red irradiation completely disappeared (concerning the 
effect of the temperature during this dark period, cf. below p. 64). 

However, the  gradually decreasing far-red inhibition with longer interven- 
ing dark periods \\-as substituted by an opposite, increased far-red inhibition 
~ v i t h  shorter dark periods of 2 and 4 hours (figure 27, inverted triangles). 
:I statistical coniparison  bet\^-een, on the one hand, the results from the 
cxpcrinient with no intervening dark period between red and far-red ir- 
radiations and, 011 the other hand, with 2 and 4 hours revealed a slightly 
significant difference (0.05 > P > 0.01). In a repeated experiment for a 
more detailed study of this period (figure 2'7, triangles) a comparison of the 
results with no iiltervening dark phase and 0.5, 1 and 2 hours did not give 
any significance (0.2 > P > 0.05) for such a trend. See further on in the 
discussion of this chapter (p. 81). 

c. Effect of temprature at red--far-red irradiations. In the earlier inves- 
tigations both the irradiations and the folloviing germination experiments 
were carried out a t  the  same temperature (+ 2.5" C). In this experiment the 
tenlperature at  the irradiations was varied but  the conditions for the ger- 
inination tests were ~~nchangecl. 

The seeds were g i ~ e n  red or red far-red irradiations with the same 
standard methods as above. The irradiation equipment was placed in a 
room, where the temperature could be varied (f 5- + 25" C). Before the 
seeds \Tere irradiated, they had imbibed in darkness for 6 hours a t  + 25" C. 
The temperature of the seed beds was controlled and the irradiatiorls were 
started after the seeds had been a t  the indicated temperatures for 30 minutes 
for adaptation. Dark control seeds were kept under the corresponding 
conditions for one hour b u t  \\-ere left unirradiated. After the end of the 
irradiations the seeds were transferred to + 25" C for germination. 

The results showed (figure 28, empty columns), -that irrespective of the 
temperature employed the red irradiations induced full germination. The 
same independence of the temperature was valid for the far-red inhibition 
(figure 28, lined columns). The red + far-red irradiations caused the same 
general level of the germination percentages as only darkness. The results 
in darkness did not show any significant trend indicating an effect of the 
tempera-Lure per se (figure 28, filled columns). These results suggested 
that the effects of the red-far-red irradiations were independent of the 
temperature a t  the irradiations. 

A corresponding experiment with white light, in which the irradiations 
were administered -to unimbibed seeds, was also performed. Owing to the 
arrangement with the irradiation equipment in the room, the -temperature 
of nhich \\-as varied and the temperature dependence for the emitted radiant 
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Figure 28. Effect of the temperature a t  red (unfilled columns) and red + far-red (lincd col- 
unins) irradiations on the  eubsequent germination a t  + 25" C of Scots pine seeds. Stantl- 
arc1 irradiations (cf. figure 26). Dark control (filled columns). Provenance S o .  3. 

energy from fluorescent tubes (WITHROW and n ' m m o w  1936), a case which 
was neglected in the previous experiment, the radiation source (five white 
fluorescent tubes TL 40 nT/33) was placed above a refrigatory box, the 
temperature of which was varied and in which the seeds were placed during 
the irradiations. The unimbibed seeds were irradiated with 1100 lux for 
2 hours. For the rest of the experiment the conditions mere unchanged. 
The results are presented in table 12. 

A conlparison of the germination in the irradiated and the control seeds 
regardless of the temperature showed a statistically significant stirnulation 
(0.001 > P). The dark control seeds, which were kept under corresponding 
conditions bu t  not irradiated, were not affected by the used temperatures. 
'Thc irradiated seeds showed a proportionally increased germination v i t h  
increased temperature a t  the irradiations. The regression coefficient (Box- 

Table 12. Effect of the te~uperatnre at the irradiation ol 
unimbibed Scots ~ i n e  seeds (nhite fluorescent tubes 

TL133, 1100 I&, 2 hours). Pro\enance So. 2. 

Temperature a t  
the irradiation 

" C 

Germination percentage 

Irradiated Dark control 
seeds seeds 

I I 
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Figure 29. Effect cf an incrcascd 20- 
temperature after a red induction 
of the germination in Scots pine 
seeds. SLandard red irradiation (cf. 
figure 26) a t  - 25" C and completed 
germination a t  the  same tcinpera- I 

ture after the end of the freatments. 0 24 48 DC: darli control a t  + 25'C. Pro- 72 
venance SO. 3. T R E A T M E N T -  H O U R S  

NIER and TCDIN 1957) for I his dependence (b = 0.22 + 0.04) n a s  signi- 
ficantly different from zero (0.001 > P), thus indicating a temperature 
dependence, the magnitude of which, however, mas slight (an irlcreased 
germination response of 2 per cent per increase of 10" C). 

f .  E f f e c t  of temperature  after n red irradialiolz.  In order to study whcthcr an 
increased temperature reversed the induction after a red irradiation (per- 
formed a t  + 25" C) in the same way as a far-red irradiation the following 
experiment was done. 

A complete induction of the germination was produced by a slandarcl 
red irradiation after the seeds had imbibed in darkness for 6 hours a t  -23" C. 
Immediately after this irradiation, the seeds-placed on the moist ger- 
mination beds-were transferred to darli Petri dishes. These were kept 
during the indicated periods a t  different constant temperatures in Lher- 
mostats. After the  end of the  treatments the seeds were returned to the 
Jacobsen apparatus (in darkness a t  4 25" C). Dark control seeds, which 
were left unirradiated, were kept all the  time a t  +- 25" C in the germinator. 
The results are presented in figure 29. 

The results showed tha t  the treatments with + 30 and + 35" C even 
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for as long a period as 72 hours had only a minor depressing effect on the 
germination of the red-induced seeds. On the contrary, the treatments with 
- 30' C had a pronounced depressing effect. 

In order t o  test whether these decreases of the germination were caused 
by a 11011-pl~otochemical coilversion of the red-far-red reversible pigment 
system the remaining ungerminated seeds were reirradiated with red light. 
This irradiation was identical with the  first one used and given after the 
seeds had been under germinating conditions for 20 days. Also the dark 
control seeds were incl~lded in the irradiation. After 10 more days the ger- 
mination responses were determined, The results showed that-except for 
the  original dark control seeds-in no case v a s  an  increased germination 
percentage exceeding 2 per cent obtained. However, the germination of 
the original dark control seeds was increased in additional 20 per cent. 
Concerning the last case i t  may be observed tha t  the same red irradiation 
of the seeds after G hours of imbibition gave a complete induction of the 
germination a t  + 25" C. That  this irradiation of the seeds, after they had 
been for 20 days under germinating conditions, did not induce full germi- 
nation was in conformity with the results in figure 23, which showed that 
the germination response after such an  irradiation decreased with an in- 
creasing time of imbibition (longer than 12 hours). 

These results indicated tha t  a period of increased temperature ( f 30- 
+35" C) only decreased the red induction of the germination to a slight ex- 
tent. That this decrease was not caused by a thermal reversal of the red--far- 
red reversible pigment system was suggested by the slight stimulating effect 
of a repeated red irradiation. This was also incapable of reversing the more 
pronounced inhibiting effect of a still higher temperature (+ 40" C). In 
experiments with different germination temperatures (figure 2) i t  was shown 
that temperatures above + 25" C were supraoptimal for the germination of 
Scots pine seeds. 'This combined with the different magnitude of the response 
of the  original dark con-trol seeds, which had not been exposed to tenlpera- 
tures above + 25" C, and of the high-temperature treated seeds, instead 
suggested tha t  the responses obtained with the  higher temperatures were 
caused by a harmful effect on the viability of the  seeds. 

g. Effect of temperature during a dark period between red and far-red irradia- 
tions. In an earlier experiment (figure 27) i t  was shown tha t  the inhibiting 
action of far-red light 011 the inductive effect of a red irradiation decreased 
with increasing time between the red and the far-red irradiation. After an 
intervening dark period of 48 hours the  far-red irradiation was ineffective 
for inhibition of the gern~ination. That experiment was performed a t  + 25" C. 
With these results as a starting point an experiment was undertaken for 
studying the importance of the temperature during this dark period. 
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Figure 30. Effect of the tempera- 20 -- --------- --  - - - 
ture during a dark phase of 48 hours I D-C- 
bet\wen a red and a subsequent far- 
red irradiation on the germination 
of Scots pine seeds. Standard red 

10 
and far-red irradiations icf. figure 
26). Tempelature before and after L-L- 
the dark phase -1- 25" C. RC: only 
red irradiated ~ e e d ?  a t  25" C. DC: 

5 9 5 25 35 OC 

dark control a t  the  same tempera- TEMPERATURE DURING THE DARK 
lure. Provenance SO. 3.  PHASE BETWEEN RAND FR 

After 6 hours of imbibition a t  + 25" C in darliness the seeds were given a 
slandard red irradiation. Iininediately after the  end of this the  seeds were 
exposed to different temperatures for 48 hours in darkness (for details about 
this, see the previous experiment). After -the end of these treatments the 
seeds \\-ere transferred back to + 25" C, irradiated with a standard far-red 
irradiation and returned to the germinator (+ 25" C, darkness). The results 
from this experiment; are given in figure 30. 

In the range of temperature above + 25" C there was an inhibition of the 
germination. Compared with the  results in the  previous experiment (figure 
29, + 35' C, 48 hours) the same treatment here combined with a subsequent 
far-rcd irradiation gave a somewhat greater inhibition, suggesting a further 
inhibition caused by -the far-red irradiation. Owing to  the scanty experi- 
mental inaterial on this point the only possible conclusion is tha t  the  results 
are consistent with the results in the previous experiment, suggesting tha t  
treatments with temperatures above f 25" C do not seem to accentuate the 
dark reversal of the red-far-red pigment system. 



Contrary to Lhis the  experiments m-ithin the range of temperatures h c l o ~  
+ 25" C indicated a positive dependence on the temperature. Compared 
with the seeds kept all the time a t  + 25" C the  seeds subjected to + 3' C 
for 48 hours still could be inhibited wit11 the subsequent far-red irradiation. 
A con~parison of the  results with + 13 and + 23" C, however, did not show 
any difference. This suggested tha t  with the  period of darkness eniployed 
(48 hours) even a t  + 13' C the reactions folloxing -the red irradiation had 
advanced to a point, where the regulating capacity of the far-red light had 
disappeared. In spite of this, tlle general trend of the results indicated that 
the dark reactions following a recl irradiation were positively dependent on 
the temperature. This was contrary to the temperature indepenclei~cc of 
the irradiations earlier described (cf. figure 28, table 12). The ternperature- 
independent photoreaction was followed by temperature-dependent, dark 
reactions. If these were permitted to proceed for 48 hours a t  + 25' C ,  they 
rcsulted in the complete loss of controlling power of the light mechanism. 

h. Effect o/ oxygen on the red induction. In order to establish u-hetlier the 
induction of the germination which in the previous experiments \\-as produced 
by irradiations with red light in air was dependent on the presence of oxy- 
gen, the following experiments with red irradiations of the seeds in different 
oxygen concentrations were carried out. 

In  the  performance of the experiments the same glass containers were 
used as in an earlier experiment with germination in different oxygen 
concentrations (11. 44). In each container 3 x 100 seeds were placed, 100 seeds 
per germination bed (the germination beds were the same as used in the 
germinator). In one part  of the experiment the containers were flushed 
with pure oxygen, in the other with pure nitrogen, which had been conducted 
tlirough an  alkaline solution of pyrogallol (RUGE 1951) and over redliot 
sheet-copper for elimination of traces of oxygen and after cooling also 
through concentrated sulphuric acid for drying. The gases were taken from 
comn~ercial steel containers (XGX). The flushings were started one hour 
before the start  of the irradiations. \I%en the flushings were endecl, the 
containers nere  closed and placed below the same bank with recl fluorescent 
tubes as used in the standard red irradiations above. The period of irradi a t '  lon 
was 30 minutes. Cntil the start  of the irradiations the containers were 
wrapped in dark plastic foil. Afterwards the  containers were placed in 
darkness a t  + 25" C. ,411 tlle containers were flushed with ordinary air in 
darkness 24 hours after the end of the irradiations. This was also done 
with the controls containing ordinary air. After these last flushings were 
completed the containers were closed again and the germination percentages 
were determined after the seeds had germinated for 10 days in darkness. 

In addition to the influence of different gases the effect of the variation 
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Table 13. Effect of differcut oxjyeii eol~cel~trations on  the red indtwt io~~ of tlw { ~ e r u i ~ ~ a t i o n  
in Scots pine seeds. For further detail<, see the text. Pro\etlance l o .  4. 

Per cent oxygen 
T olume a t  the  

irradiation 

Germination percentage 

Unimbibed seeds in the tliffcrent I~nbibecl sceds in i i i c  different 
oxygen concentrations oxygen conce~itralions 

.- 
I Dark control lrradiated 1 Dark control 

of the imbibition state of the seeds prior to tlie irradiations was also studied. 
In half of the experiments the uninlbibed seeds were irradiated. In this 
case the imbibition was started after the end of the last flushing. In the 
other part  the  irradiations were done after the seeds had imbibed for 6 
hours in darkness (in the containers). The corresponding dark control seeds 
were treated in the  same way bu t  were left unirradiated. 'The resulls from 
these experiments are given in table 13. 

The results showed tha t  both the  irradiations of tlie uriimbibecl seeds 
and the imbibed seeds caused a stimulated germination. This was signi- 
ficantly higher (0.001 > P) than in the corresponding dark control seeds. 
Concerning the importance of the  oxygen for the light effect the results 
showed no significant effects. I11 spite of certain variations the red induction 
was of the same magnitude regardless of whether the irradiations \\ere 
given in nitrogen, air or pure oxygen. 

With the experimental method employed i t  \\-as not possible to show 
tha t  the red induction was dependent on the presence of oxygen. This 
made i t  probable tha t  the photoreaction, a t  least the red-sensitive one is 
not a photo-oxidation in tlie meaning tha t  oxygen directly participates 
in the photoprocess. 

i .  Seed coat m d  red-far-red reuersibility. The importance of an intact 
seed coat for the  light dependence of the germination was earlier demon- 
strated in experiments with continuous white light and darkness (figure 17). 
These results showed tha t  the light dependence diminished after a punc- 
turing and completely disappeared after removal of the seed coats. In the 
following experiments this effect of the seed coat was investigated in com- 
bination with limited irradiations with red and far-red light. 

For every type of treatment 4x50 seeds were used. Puncturing and 
decoating were done in the same way as previously described (p. 40). The 
control consisted of intact seeds. After 6 hours of imbibition in darkness 
one part  of the seeds was given a standard red irradiation and tlie other 
part the same red irradiation and an immediately following standard far- 



0 5 10 15 20 5 10 15 20 5 10 15 20 
DAYS 

Figure 31. Influence of thc  seed coat on Ihc germination course of Scots pine seeds in com- 
bination with red (R) and red far-reti (R  - FR)  irradiations. Standard irradiations 
(cf.  iigurc 26). l'ro~enancc S o .  2. 

red irradiation. The germination course was follon-ed and the results arc 
presenled in figure 31. 

As in previous experiments the standard red irradiation induced complete 
germination. This red induction could be inhibited by a subse&en-t far-red 
irradiation ol the intact seeds. The seeds with punctured coats also showed 
coniplete germination after a red irradiation, but  in this case the  far-red 
irradiation did not eliminate the  red induction to the same extent. The 
difference between the final germination percentages of the  red and the 
red + far-red irracliated, punctured seeds was only slightly significan-t 
(0.05 > P > 0.01). The effect was more pronounced in the decoated seeds, 
where also the  final germination of the red + far-red irracliated seeds was 
somewhat higher than tha t  of the red irracliated ones. Hen-ever, the differ- 
ence was not significant (0.2 > P > 0.05). 'These results also showed thal; a 
decoating caused a certain decrease of the viability in the seeds. The same 
observation was made in the  corresponding experiment in figure 17. 

These results showed tha t  the light dependence of the  germination i11 
Scots pine seeds was correlated with the existence of an  intiact seed coat. 
The elimination of the seed coat not only abolished the stimulating action 
of the light hut  also made a normally inhibiting action of a far-red irradiation 
ineffccii~-e. For furlher experiments and discussion on this point, see Chap- 
ter \-I. 
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Figure 32. Effect of stratification on the  germination coursc of Scots pine scctis in combi- 
nation wit11 red (R) and red -L far-red (R - F K )  irradiations. Standard irradiations (cf. fig- 
ure 26). Inverted triangles: seeds stored on moist germination beds in dark Petri dishes 
for 2 weeks a t  $ 3-4" C. Circles: seeds stored dry under the  same conclitionr. Irradiations 
started after G hours of imbibition a t  +- 25'C. Dark control unirradiatetl. I'rovenancc 
S o .  3. 

j .  Strat i f ica t ion  a n d  red-far-red reuersibil i ty.  Besides the elinlination of 
the seed coat also a treatment of the seeds in imbibed condition with a low 
temperature (stratification) mas earlier shown to increase the ability of 
the seeds to germinate in darkness (cf. figure 9). These results were here 
combined in an experiment with red and red + far-red irradiations. 

The seeds xere  placed on moist germination beds in dark Petri dishes and 
subjected to -; 2-4" C for 2 weeks. The control seeds \yere treated in the 
same way but  in unimbibed condition. After the end of this Lreatineul: 
the seeds were placed into the germinator for 6 hours at: + 25" C and then 
divided into two groups, one of which was given a standard red irradiation, 
and the other a standard red and an immediately folloning standard far-red 
irradiation. Dark control seeds were left: unirradiated. After the end of 
these irracliations the germination n-as continued in darkness a t  2 s 3  C. 
The -time course of the germination was followed and the results are given 
in figure 32. 

These results showed -that -the responses of the control seeds (unimbihed 
a t  the temperature treatment) to the red and red + far-red irradialions 
were the same as in corresponding previous experiments. *As also shonn 
earlier (figure 9) Lhe germination in darkne.;~ increased after a slratification. 
-1fter a combination of stratification and red irradiation the samegermination 
appeared as after only a red irradiation of the unstratified seeds. However, 



this red stinlulation could be nullified by the far-red light only to the same 
level as the germination of the stratified, dark control seeds. This inhibition 
was signifimnt (0.01 > P > 0.001), hut  a comparison between thegermination 
of the stratified dark control seeds and the same red + far-red irradiated 
seeds showed no significance (P > 0.2). The stratification eliminated the 
dependence of stimulating irradiation (red light) and a t  the same tilne the 
delxndence of inhibiting irradiation (far-red light). A corresponding fraction 
of the seeds, which germinated witlaout light, was also independent of the 
far-red irradiation. 'The stratification evidently caused changes in the  seeds 
which resulted in the red-far-red reversible pigment system losing its 
property as a controlling system for the germination. 

3 .  Studies o n  the Action Spectrum 

For further studies on the irradiance dependence in -the red and far-red 
part of the spectrum and for studies on the action spectrum an irradiation 
apparatus adopted from MOHR and SCHOSER (1959) with interference filters 
mas used. For details about this, see page 18 and the separate experiments. 
All irradiations were given after the seeds had imbibed in darkness for G 
hours a t  + 25" C. The germination tests were completed under the same 
conditions (in the germinators). 

a. Ef f ec t  of i rradiance  and  period of i rradiat ion  i n  red light. In these experi- 
ments an interference filter which had a transmission maximum a t  6600 A 
was used (cf. also figure 6 for the complete transmission curve of this 
filter). The different irradiances were obtained by changing the power 
input of the lamp and by combinations with neutral filters. 

In a first experiment the effects of irradiances from 25-400 pW/cm2 
and irradiation periods from 10-10000 seconds were studied. In a com- 
plementary experiment the irradiances and periods were 1-100 ;Jl\V/cm2, 
100 and 1000 seconds, respectively. 

The results, which are given in figure 33, showed tha t  an  inacliation 
n-it11 100 pW/cm2 for 10 seconds (1 mjjcm2) was sufficient for the induction 
of the germination in about half of the  light-requiring seeds. morc narrow 
estimation of the  energy required for the promotion of the  germination to 
50 per cent mas obtained with the following metl~ocl adopted from BORTIIWICK 
et al .  (1954). The calculated per cents of seeds, the germination of which 
was induced by the red irradiations, were transformed to the corresponding 
prohit values (BOXSIER and TEDIX 1957). These were plotted against the 
logarithms of the corresponding red energies. From the linear part of this 
relationsl~ip the energy required a t  6600 A for a 50 per cent stimulation was 
estimated a t  2 mj/cm2. 
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1,'igure 33. Effect of irracliance and '01 
irradiation time in red light (inter- 
ference filter GGOO 4) on the germi- 
nation of Scots pine seeds. Irradia- 
r 

tions started af ter  G hours of irnbi- 
025 100 200 300 400 

hition. Prorcnance SO. 3. IRRADIANCE ~ J W I C M ~  

O. Effect of irrndiunce and period of irradiation in far-red light. As in earlier 
experiments, xhere the reversible effect of a far-red irradiation was demon- 
strated, the seeds a t  first were given an induction irradiation. This was per- 
formed with red light with the use of the same interference filter as in the 
previous experiment (6600 a). Tlie irradiance was 100 pW/cmQnd period 
of irradiation 1000 seccnds. This energy (100 mj/cm2) was more than 
sufficient for full induction of the gerinination (saturation dose, cf. figure 33). 
Immediately after such an irradiation the seeds were given far-red irradia- 
-tion, which was produced with an interference filter, which had its trans- 
mission maxiinuin a t  7300 a (see figure 6). Thc irradiances were adjusted in 
the same way as above (25-400 yJ\'/cm". Irradiation periods were from 
10-10000 seconds. Tlie results are presented in figure 34. 

The results showed that  the energy 1 inj/cm2 (100 pW/cmVor 10 sec.), 
which in red (6600 -4, cf. the previous experiment) induced germination in 
about half the light-requiring seeds, in far-red (7300 a) was completely 
ineffective in causing any inhibition. Evidently the sensitivity to far-red 
light was lower than to red light. With the same method as in the previous 
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Figure 31. Effect of irratiiance and 
irradiation timc in far-red light (in- 
terference filter 7300 .%) on the gcr- 
mination of Scots pine sccds. Far- 
red irradiations immctliately after 
red induction with 6600 .I (100 pW/ 
cmZ, 1000 sec.). Imbibition a s  in fig- 
ure 33. DC: dark control. Prouc- 
liaucc S o .  3. 

experiment the  energy required for the inhibition of the germination to 
50 per cent was estimated a t  100 mj/cin2. 

A comparison of the results in these last two experiments sliowed that 
the sensitivity of the Scots pine seeds was greater in red (6600 -1) than in 
far-red ('7300 A&) light: 2 mj/cm2 in red and 100 inj/cm2 in far-red \\ere 
required for the  corresponding stimulation and inhibition of the ger~niriation 
to 50 per cent in the  portion of the  seeds that n-ere light-requiring. 

c. Effect of the irradiance at constunt energy i n  red light. A furthe1 attempt 
Lo describe the quanlitative relations between Lhe energy in red light 
(6600 -4) and Lhe germination response was made 111 an experimenl for 
studying the validity of the product lax for the induction of the gerniination. 

The irrad~ations were performed with the same red interference filter 
(6600 ,&) as used above. Adjustn~ents of the irradiances were also made a i  
above. The experiments were arranged in such a way that a t  the changes 
of the irradiances the periods of irradiations were changed 111 t he  oppo- 
site direction, i.e., the total energy given to  the  seeds was kept constant. 
The experiments were carried out a t  two different energies ~ v i t h  the following 
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Figurc 35. Effect of irradiance a t  

A) on the  germination of Scots pine 
constant energy in red light (6600 (A) 25 50 100 150 200 250 
seeds. Irradiation time 100-10 sec. (B)2l5 l5 20 25 
Imbibition as in figurc 33. Provc- 
riance SO. 3.  IRRADIANCE ~ J W K M *  

variations of irradiances ancl irradiation periods: 2.5-25 ;*\l7c1n2 for 
100-10 seconds (0.25 inj/cm2) and 25--250 pW/cin2 for 100-10 seconds (2.,5 
mj/cm2). The results from these two series are given in figure 35. 

The results wil;h 0.25 mj/cm2 showed that  the germination responses 
decreased with increasing irradiance and decreasing time of irradiation. In 
spite of constant energy the gerinination responses were evidently affected 1)y 
a limiting time of irradiation. In this range the product law was not valid. 

However, with 2.5 mj/cm"the results shomecl that  the germination re- 
sponses were independent of the coinbinations of irradiances and irradiation 
times employed and thus the results were in coorclina-tion with the reqnire- 
rnents for the validity of the product law. 

With a total energy nearly equivalent Lo the energy required for the 
induction of 50 per cent germination (cf. above p. 70) ancl with relative 
short periods of irradiation (10-100 sec.) i t  was possible to demonstrate 
that  the product law was valid for the induction of the germination with 
red light, i.e., for a certain germination response -the required energy could 



be given either Lhrougli a sinaller irradiance and a longer period of irradiation 
or the reverse. 

d .  r l c t i o t ~  spectrum. An extension of the above experiments on the dose- 
response relations and the validity of the product law as the  basis for the  
establishment of a true action spectrum (the energy requirements a t  different 
n.avelengt1is for a defined response, B ~ u a r  1950, TYITHROW et 01. 1957, cf. 
also BOKTIIWICIC et al. 1954, TOOLE et 01. 1955, I~AUPT 1959, SHROPSHIRE 
et ul. 1961, VIRGIS 1962 and others) was substituted by a more direct 
method, in w-hich the responses after irradiations with a defined energy 
a t  different wavelengths were used. According to  MOHR (1956) this direct 
method gives as useful action spectra as with the first-mentioned method. 
The positions of the peaks in the action spectra are independent of the 
method einployecl (WITHROW et al. 1.c.). The use of the simpler method for 
the establishment of the action spectrum of the germination also was more 
suitable for corresponding investigations on other parts of the germination 
process (the action spectra for the  occurrence of embryo-mitosis in figure 
39 and for the respiration in figures 51 and 54) and permitted a direct 
comparison between them (see also B ~ u a r  1.c. 13. 444). 

In a first experiment the action spectrum for the induction of the ger- 
mination was studied. In the irradiations the same energy was used a t  -the 
different wavelengths (100 rnj/cm2-100 pJV/cm2 for 1000 sec.). Dark 
control seeds were left unirradiated. In the same experiment seeds were 
rando~nly sampled for investigations of the action spectrum for the  occurrence 
of embryo-mitosis, Thus from each sample of 100 seeds, 10 seeds were 
sanipled 21 liours after the start  of the imbibition. After another 24 hours 
10 new seeds were taken (cf. p. 101). Thus the germination values were based 
on 4x80 seeds for every wavelength. 

'The same procedure was used in an  experiment on the action spectrum 
for the inhibition. In this the seeds a t  first were given an  induction ir- 
radiation with red light (6600 a, 100 mj/cm2) and immediately afterwards 
irradiated with l-he same energy a t  different wavelengths. The results f r o ~ n  
these experiments are given in figure 36 (stimulation spectrum) and figure 
37 (inhibition spectrum). 

The results constituting the stimulation spectrum s h o m d  tha t  in the 
blue part  of the spectrum the used irradiations did not influence the ger- 
mination. With increased wavelength a gradually increasing effect appeared 
with a peak a t  5500 (cf. corresponding peak in figures 39 B, 51 A, B and 
54) but  the wavelength region most effective for the stimulation was found 
in the red. The small differences of the germination responses in this region 
(used wavelengths 6080, 6200, 6300, 6600 and 6830 a) made i t  impossible 
to reveal any narrower part  with a maximal stiniulation (cf. a more pro- 
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Figure X. Stimulation spectrum lor thc  germination of Scots pine seetls. Interl'erencc 
filters (cf. figurc 6). Constant energy 100 mj/cm2 (100 [~ \T ' / cm~,  1000 scc.). Imbibition 
as in figurc. 33. DC: dark control. Provenance S o .  1. 

4000 5000 6000 7000 8000 9000 10000 110008, 
WAVELENGTH 

1:igure 37. Inhibition specirum for t h e  gcrniination of Scotspine seeds. After induction with 
6600 100 mj/cm2 (100 (~.\T','cm~, 1000 sec.) the same irradiations as in figurc 36. DC: 
dark control. Provenance S o .  4. 

nounced effect a t  6600 A in figure 39 B). IYith still longer wavelengths 
(far-red 7000-8000 the stimulation rapidly decreased with a small 
peak a t  7123 Li (cf. corresponding peak in figures 39 B and 51 B) and finally 
vanished. 

The rciults presented as an  inhibition spectrum in figure 37 showed no 
significant inhibilions of light of wavelengths shorter than 6830 A or longer 



76 BENGT SYAIAN 

than 7775 a. However, in the intervening region (6830-7773 A) a pro- 
nounced inhibition appeared with a maxinluin a t  7300 a (cf. corresponding 
results in figures 39 D and 51 D). I t  can also be noticed tha t  a neak shoulder 
appeared a t  7125 a (cf. also figures 39 D, 51 D and 54; in the second case 
with a peak shifted to 7000 and in the third case x i t h  a shoulder a t  7123 
A for anaerobic carbon dioxide). 

Under the experimental conditions employed i t  mas posslble to demon- 
rtrate tha t  light most effective for the stimulation of the gerinination in 
Scots pine seeds was to be found in the red part of the spectrum between 
6080 and 6830 .i without any more pronounced maximum. Inhibitory effects 
of the irradiations were to be found in the region 6830-7773 .I nit11 a 
lliaxmum a t  7300 a. Comparisons with aclion spectra for the occurrence of 
embryo-mitosis and the respiration shon ecl correspondences. 

D. Discussion 

In rnost of the investigations on the light-controlled germination of 
seeds where the occurrence of red-far-red effects have heen demonstrated 
(cf. table l l ) ,  these have not been followecl by studies on the action spectra. 
For the pine species here studied (Pinr1.s siluestris L.) the corresponding 
occurrence of a red-far-red reversible control of the germination ( N Y A I . ~  
1957, 1961) here was extended to include a study on the  action spcclra for 
the stimulation (figure 36) and the inhibition (figure 37) of thc gernlination. 

In these action spectra the germination responses after irradiations n-ith 
the same energy a t  different wavelengths are given. This method did not 
permit a precise comparison wit11 -the cases in which the action spectra 
have been given as the energy requirements for a defined germination 
response a t  different wavelengths (Lactucu sntiuu L. BoKT~-I\T..I(:I; ct d .  
1952 a, TOOLE et ul.  1953, BORTHWICK et al.  195-1; Lepidirun uirgirzic.urn L. 
TOOLE ef  01. 1955) or as quantum responsivity (Llrnbidopsis  thtrii~inct (L.) 
Eastland SHROPSHIKE et al. 1961). Compare also the use of tllc last-men- 
tioned method in studies on other red-far-red controlled processes (opening 
of hypocotyl lloolrs in Phaseol~rs  u d g u r i s  L. \ \ T ~ ~ r ~ ~ o w  et 01. 1957 a ;  forma- 
tion of chlorophyll in leaves of T r i t i u m  s a f i u m z  L. VIKGIX 1961; unfolding 
of leaves in the  same species VIRGIN 1962). 

However, in spite of the  different methods used in the de tcmin  a t '  lolls 
of these action spectra (cf, also the  action spectra for the germination of 
fern spores in NOHR 1956 and for the germination in Lactuca .s(iiiu~r I,. in 
FLINT and ~ICALISTER 1937 obtained with the same method as x:is used 
in this investigation) they all show a general resemblance regarding the red 
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and the far-red part  of the spectrum. X nlaximal stimulation appears in 
red b e t w e n  6000 and 7000 a with a inaxiinum a t  6600 A& in UOHTHWICI~ 
el al. (1.c.) and in S H R O P S H I ~ ~ E  el. al. (LC.) bu t  without this special effect 
a t  6600 :i for L e p i d i u m  uirginicum L. in ' ~ O O L E  ef  a / .  (1.c.). In b o t h \ \ ' r r r ~ ~ o w  
et a / .  (l.c.), SHROPSHIRE el al. (LC.) and VIRGIN (1961, 1962), however, an 
evident peak was obtained a t  this wavelength. For the Scots pine seeds 
in figure 36 i t  was not possible to demonstrate a corresponding distinct 
nlaeximuni, but  the general resemblances with the other action spectra 
seems to be satisfactory. In this connection i t  may also be pointed out 
tha t  the peak a t  5500 a in figure 36 had a correspondence in a shoulder 
a1 lhe same vavelength in SHKOPSHIRE et al.  (LC.). Compare also shoulders 
a t  5600 a in WITHROW et al .  (1.c.) and a t  5400 in VIRGIN (LC.). Another 
feature to observe is the  peali a t  7125 ,& (figure 36, cf. also the shoulder 
a l  the same wavelength in figure 37), with no correspondence in SHROPSHIKE 
et al. (1.c.) and the shoulder, ~ h i c h  TYITHROW et 01. (LC.) and VIRGIN (1961) 
found a t  7000 ;[. Regardless of the absolute significance of these minor de- 
Lails of the action spectrum in figure 36, their repeated occurrence in the  
action spectra for the emhryo-mitosis (figure 39) and the respiration (figure 
51, see however figure 54) and the close correspondence in the above cited 
cases seem along with the general conformity between these action spectra 
to support the  identity betxeen them. 

Chncerning the action spectrum of the inhibition in figure 37 this showed 
the occurrence of an  evidenl: inhibition between 7000 and SO00 a with a maxi- 
mum at 7300 A. This was also in accordance with the above-cited cases (cf. 
BOR.I.II\V[(:I.; and IIENDKICI.;~ 1961). However, the  pealis found a t  7200 
and 71130 A in the inhihition spectra of SH~OPSHIKC et al. (1.c.) and VIRGIN 
(1962) and a t  7100 in I \ 7 ~ ~ ~ ~ n o w  et a / .  (LC.) could not be detected with 
the method employed. In spite of these minor details the general feature of 
the inhi1)ilion spectrum in the far-red region of -the gerniination of the  
Scots pine seeds seems to be in accordance with those of other red-far-red 
sensitive photomorphogenic processes. 

\17ith regard l o  the  blue part  of the spectrum (\vavelengths less than 
5200 A) the few eexperin~nts did not give any sure in~icat ions  of either 
stirnulatioils or inhibitions. The establislinient of both stirnulatory ~ n d  
inhihilory effects with blue light (BORTHWI~I.; e f  al. 1954, EVENARI et al. 
19.?7), only inhil~itory (FLINT and MCALISTER 1937) and the occurrence of a 
blue-red antagonism a t  the germination of Lactucn sativa L. (~TAREISG 
and B L A C I ~  1958) together with the blue peali in the action spectrum for the 
~~liotomor~~liogeiiic high-energy reaction (R~OHR 1960, 1961 a, 1962) seem 
to confuse the general unclerstanding of the effects in this part o f  the spectrum 
(cf. also reviews by 3 I o m  1961 b and EVENARI in press). 
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Irrespective of the results in the blue part of -the spectrum, n-hich require 
further studies on the Scots pine seeds, Lhe general agreement bctn-een 
the action spectra for stimulation in the red and inhibition in the far-red 
in this species and in a number of other cases may support the idea Lhat 
the same pigmen-t system is operating in the Scots pine seeds as in other species. 

A further support for this idea is given by the establishment of repeatedly 
reversible red-far-red effects on the germination, which are presented in 
figure 26 (cf, N T ~ I A N  1961, figure 1). Thus the single reversal of the red- 
induced germination appearing as an  inhibition in the far-red region of the 
action spectrum in figure 37 could be repeated for a number of timcs nit11 
alternating red-far-red irradiations. 

Beside these qualitative similarities 11etween the light-controlled germina- 
tion of Scots pine seeds ancl corresponding phenomena in other species 
also quantitative sindarities xere found. The results in figures 33 ancl 3-1 
suggested a logarithmic relationship between light energy and germination 
response for -the red induction and a direct proportionality for the far-red 
inhibition, respectively. Such a dependence has been s l ~ o \ ~ n  by L Y ~ ~ r r ~ t o n -  
et al. (LC.) and SHROPSHIKE ef al. (l.c.), but  the physiological hackground 
of this is obscure (MOHR 1962). After transformations of the results in 
figures 33 and 34 (cf. p. 70) the energies required for a 50 per cent stimulation 
and corresponding inhibition were estimated a t  2 mj/cin2 and 100 mj/cm2, 
respectively. The corresponding values for the germination of I m t r x a  
satiua L. obtained by BORTHWCR et al.  (1954) 11-ere 2 mj/cm%nd 60 mj/cin2. 
For further comparisons with other species, see TOOLE ef al. (1955, table 
VI) .  An estimation from the results presented by TOOLE E L  nl. (1961) on the 
germination of P i n u s  virginiana Mill. carried out wit11 the salnc mcthocl 
gave 35 m j / c n - ~ ~  in red (,5800-6950 ,&) and 250 inj/cm2 in far-red (tiS5O- 
7900 a) for 50 per cent stimulation and inhibition of the germination, 
respectively. Thus -this comparison shows tha t  the energy requirements for 
one and the same germination response in these different species are of 
about the same magnitude. In all cases also the far-red energies m r e  higher 
than the red ones required for the same germination response (30, 50 and 
70 times for Lactrrcn satiua L., P i n ~ r s  siluestris L, and P .  virginimtr Yill., 
respectively). 

From the foregoing i t  is evident that both qualitative and quantitative 
responses in the light-controlled germination in Pinris siluestris L. showecl 
agreement with the results from corresponding experiments on other red- 
far-red controlled photomorphogenic processes. Thus the establishment of 
phytochrome as the pigment responsible for the light absorption in such 
processes (cf. p. 52) malies i t  probable tha t  the same pigment is operating 
in the light-controlled germination in the seeds of P i n u s  siluestris 1,. 
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In their studies on the germination of Lactucu saf iua L. B O R T H W I C I ~  ct (11. 
(1952 a), TOOLE et al. (1953) and BOKTHWICI~ et al. (1954) demonstrated that 
the effect of a far-red irradiation was only slightly dependent on the energy 
in -the red light used in the  induction of the  germination. Not even the 
temperature a t  the red-far-red irradiations had any influence on tlie effect 
of the  irradiations. From these results they concluded tha t  there was a red- 
far-red absorbing pigment in the seeds, whicli mediated in the light-control 
of tlie germination. This pigment was supposed to change its absorption 
maximum from red to far-red under an irradiation with red light and in 
the opposite direction under a far-red irradiation. From the absence of 
-temperature effects on these irradiations i t  was supposed tha t  this con- 
version was a purely photoclien~ical reaction or a reaction in which eventual 
further participa-Ling reactants were in close contact with the pigment. 
That  this red-far-red convertible pigment participated only as a regulatory 
mechanism for the  germination tllrough a displacement of the equilibrium 
between the red and the far-red absorbing forin was concluded from -the fact 
tha t  the far-red sensitivity was only slightly dependent on the energy used 
in the red inductions. 

In order to study whether the same relationships \yere valid for the Scots 
pine seeds, coinparable experiments were carried out on the influence of the 
temperature and the importance of the red induction for the far-red sen- 
si tivity. 

The results from the temperature experiments are given in figure 28, 
from which i t  was concluded tha t  the temperature between + 5 and + 25" C 
had no influence on the effect of red and red $. far-red irradialions. In a 
related experiment (table 12), in which -the irradiations were administered 
with white light to the unirnbihed seeds, the temperatures from- 14 to + 33" 
C had only a minor influence on the effects of the irradiations. Both these 
results were consistent with the conception tha t  the primary light absorption 
caused a photochemical reaction, which contrary to common thermo- 
chemical reactions is independent of the  temperature (PRECIIT et ul.  1935). 
These results were also consistent with the results from corresponding 
experiments on lettuce seeds (BOIUHWICK et a!. 1954, cf. also EVENAPJ 
1961) and other seeds (KINCAID 1935, PAECH 1953). 

However, from studies on tlie red-far-red controlled opening of the  lloolis 
in etiolated bean seedlings WITHROW and KLEIN (1957) and KLEIN ef  al. 
(1957 a) found that the reversal process was dependent on tlie temperature 
contrary to the induction with red light, which also in tha t  case was inde- 
pendent of the  temperature. This suggested the participation of an intervening 
thermochemical reaction (cf. further p. 81). 

Concerning the influence of different energies on the induction of the  



germination with red light on the far-red sensilivily, the results presented 
in figure 25 shom-ed tha t  the  inhibition obtained with different energies in 
far-red light was slightly aifected by the red energies used. In spite of the 
fact that the red irradiations for the inductions were given for 3, 30 and 
300 minutes the same following far-red irradiations did not show any prin- 
cipally different capacities for the inhibition of the germination. 

Thus both these types of experinielits on the Scots pine seeds gave results 
TT hich nere in accordance with the results from corresponding experiments 
on Ihr lettuce seeds (B~RTHVICK rt al. LC., TOOLE et 01. 1.c.). 
,I further attempt to demonstrate tha t  a t  least the induction process in 

the Scots pine seeds is a purely photocl~ernical process was made in an  
ex~~erinient  nhere red irradiations of ~mbibed and unimbibed seeds were 
g v e n  in different oxygen concentrations (table 13). These results supported 
the idea that the red induction was independent of oxygen. Even under 
anaerobic conditions the red irradiations caused a stimulated germination, 
which also n.as demonstrable in the seeds vhich were unimbibed under the 
irradiations. These results vere  consistent with the results obtained by 
E ~ N S E R  (1959) with etiolated pea epicotyls and by  ITCUMA and T a ~ a r ~ x s  
(1961) viith lettuce seeds. In both these cases i t  was also shown that the 
reversibility with far-red light was independent of the presence of oxygen, 
which suggested that the pigment conversion in red--far-red irradiations 
was a p ~ r c l y  photochemical reaction (Irxw.\ and T ~ ~ h r a s s  1.c.). Contrary 
to this \ \ 7 ~ . r ~ i ~ + o w  and KLEIN (1957) supposed tha t  the induction process 
x i s  clepeiident oil the presence of oxygen from the fact tha t  the photosen- 
sitivity of seeds is lost after puncturing of the seed coats, when access -to 
air is provided. In accordance n-it11 this POWELL (1958) also reported tha t  
no red induction of the gcrrnina-tion in tobacco seeds could proceed urider 
anaerobic conditions but this n-as gradually res~iined aftcr transference 
to aerobic conditions. 

From the results discussed above i t  seems reasonable to  conclude tha t  
the  reactions in the Scots pine seeds show agreement nit11 the reactions in 
lettuce s-eds. The absence of temperature dependence and dependence 011 
oxygen for the red-far-red control of the germination together with the 
unimportance of the  energy in the red inductions for the far-red sensitivity 
indicate that the light controls the germination through a displaceinent 
of an equilibrium between the red and far-red absorbing forms of the pig- 
men t . 

In spiteof the fact tha t  this idea is in agreement w t h  the results from the 
studies on the partially purified phytochron~e (cf. p. 52) there are some 
physiological observations vhich are not consistent with this. 

In liypocotyl hooks from etiolated seedlings of Phaseolus vulgaris I,., in 
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~ ~ l l i c h  repeated red-far-red reversibility (IILEIN et 01. 1956) and the same 
action spectra as for the  gerinination of photosensitive seeds have been 
found (XITHIIOW ef 01. 1957, cf. also the discussion above), KLEIN et ul. 
(1957 a and b) and ~SITHRO\~  and KLEIN (1957) found tha t  the red induced 
opening \\-as not completely reversible ~ i t h  a far-red irradiation given 
immediately after a red one. Maximal inhibition a t  first appeared 1-2 
hours after the  red irradiation. These results were inconsistent with the 
theory tha t  the reversibility should depend on a direct photochen~ical 
transfonnation betveen a red and a far-red absorbing form of the regulating 
pigment-. .llso in the red induced gerinination of Amaranthus refroflesus L. 
KADMAS-%AHAT-I (1957, 1960) she\\-ed tha t  the inhibitory power of a far-red 
irradiation was slight immediately after the  red irradiation hut rapidly 
increased to a niaxiinunl b e t w e n  2 and 16 minutes after the red irradiation. 
This far-red reversal also was temperature-dependent. This indicated tha t  
in these seeds the red light induced a reaction and tha t  -this was inhibited Isy 
the far-red irradiation ( K x n x ~ r - h m . v ~  1960). 

In a corresponding study on the Scots pine seeds (figure 27) a slightly 
increased effect of tlle far-red irradiations x a s  obtained when the far- 
red light was given 0.5-4 hours after the red irradiation instead of 
imniediately after\wrds. A statistical evaluation, however, did not show 
any significance. I t  may also be observed tha t  in tlie experiments with 
repeakd red-far-red irradiations in the study on emhryo-mitosis (Lablc 16) 
and respiration (table 25), in wl~icli the irradiations folloviecl immediately 
after each other, no signs of an incomplete reversal could be found. Thus 
no sure indications could be found in the Scots pine seeds on the existence 
of an intervening dark reaction between the red and far-red sensible ones. 
However, the experiments in figure 27 also showed that with a longer dark 
period between the red and the following far-red irradiation the inhibitory 
action of the  last-mentioned gradually decreased and finally completely 
vanished (cf. further discussion on this point 1s. 88). 

'I'he restills discussed above have shown the occurrence of a series of 
similarities between tlie Scots pine seeds and other seeds in their reactions 
to irradiations with red and far-red light. However, there are also some 
c1iscrel)ancies. These are concerned with the relationship between tlle seeds' 
state of imbibition and the photosensitivity and with the absence of a dark 
reversal of Llie pigment in tlle red irradiated seeds. 

It  has heen repeatedly denied tha t  light-sensitire seeds can he influenced 
by liglli in unimbibecl condition (cf. e.g. EYENARI 1956, BOKTHITICK and 
~IEsL)I:~(:I<s 1961). That the opposite is valid for the Scots pine seeds has 
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been described in the previous chapter from experiments with n-hite light 
and in the  present chapter in experiments with white (figure 22, table 12) 
and red light (figures 22, 23, 24, table 13). -4lso from these results it was 
evident that the seeds before the start  of the imbibition were photosensitive 
in tha t  irradiations x i t h  white and red light caused a stimulated gern~ination. 
However, in spite of prolonged irradia-tions (up to 4 hours, figure 22) it was 
not possible to stimulate all the seeds to germination. The reason for this is 
not obvious. I t  mas also impossible to eliminate this partial red induction 
of the uninihibed seeds with far-red irradiations. Even as long an irradiation 
as 4 hours (figure 24, no imbibition) could not reverse the induction obtained 
with red light. These results were contrary to the  reactions in the imbibed 
seeds (figure 2,4, imbibition 6 h.), where the same irradiation with far-red 
light for only 15 minutes m-as nearly sufficient for full inhibition of the 
germination. Here i t  may be observed tha t  after 6 hours of imbibition 50 
times more energy was required in far-red than in red for the same ger- 
mination response (cf. p. 72). This discrepancy may possibly be greater in 
the unimbibed seeds and may be the reason for the absence of the far-red 
reversihility in these seeds. 

In some cases with photoperiodic induction of flowering ( I - I r ~ r , ~ r a s  1959, 
N A I ~ A Y A ~ ~  ef al. 1960, BORTH\TICK et al. 1961, PUKVES 1961) a corrcsponcling 
absence of a far-red reversal of a red effect has been shown. SAK.\YAMA 
et al. (1.c.) attributed this to an absence of reversal in the pigment from 
the far-red to the  red absorbing form. Other probable explanations such as 
tha t  the red light did not cause any change of the pigment or that the far-red 
absorbing form initiated its physiological effects before the reversal \\.as 
completed were rejected. Also for the absence of a far-red reversal of the red 

a ion seems induction in the unimbibed Scots pine seeds the first explan t' 
to be the most probable one. The fact tha t  the red light caused a change 
of the pigment was evident from the stiinulatecl germination after such an 
irradiation and also the long time required after a red irradiation before 
the full establishment of the  red stin~ulation (cf. figure 27) seems to exclude 
the two last explanations. In connection with the results of i\'x~<al-.m~k 
ef al. (1.c.) HEXDRICKS (1960 b) has reported the probable existence of tx-o 
forms of the  far-red absorbing phytochrome, both physiologicall?; active 
but  only one with photoreversible capacity. If a corresponding possibility 
should be valid for the Scots pine seeds, the consequence seems to be tha t  
a t  the start  of the imbibition -the non-photoreversible form of the pig- 
ment should be transformed into its reversible form. 

Contrary to the results on the unimbibed seeds the same far-red irra- 
diations on the imbibed seeds caused an evident inhibition of the red- 
induced germination (figure 24, imbibition 6 11.). In this connection i t  may 
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be pointed out tha t  this inhibition, v-hicli was complete after an  irradiation 
for only 30 minutes, did not show any further changes with increased Lime 
of irradiation. In other photomorphogenic processes such longer far-red 
irradiations have shown effects opposite to those obtained after a shorl-er one. 
Thus SIEGELMAN and HENDKICI~S (1957) and M o m  (1957) first established 
the occurrence of a high-energy reaction controlling the formation of antho- 
cyanin in seedlings. MOHK (1.c.) could show tha t  this high-energy reaction 
was operating side by side with the red-far-red reversible low-energy 
reaction in the seedlings of Sirlapis alba L. JI'itl~ low intensities continuously 
or with higher ones for shorter times HENDRICKS et al. (1959) could show 
a far-red inhibition on the germination in seeds of Lactuca sativn Id. (var. 
Great Lakes) norn~ally not influerlced by light. After such an  irradiation 
also the lox-energy red-far-red reversible reaction controlled the ger- 
mination. In addition the results with far-red irradiations obtained by 
I<AI)XAS-ZAHAYI (1960) in seeds of drnarunthu.~ refroflexus L. suggest the 
co-operation of both the low- and high-energy reaction in the light-controlled 
germination in this species. For a review of the high-energy reaction, see 
Mown (1962). For the  germination in the  Scots pine the  present material 
does not indicate tha t  also this high-energy reaction should he operating 
alongside the low-energy reaction in the light-control of the germination. 

The results, which are presented in figure 23, show tha t  a inasimal 
stimulation after irradiation with a fixed energy in red was obtained after 
the seeds had imbibed for 12 hours. A t  this time the fresh weight increase 
was about 35 per cent (cf. figure 20). A maximal inhibition with far-red 
light first appeared after 3-6 hours of inlbibition. At these times the 
corresponding imbibitions were 17 and 23 per cent, respectively. I11 spite 
of the relatively great intervals between the irradiations, which clo not 
permit a more exact esti~nation of the period required for the development 
of full light sensitivity, these results nevertheless seem to show tha t  the full 
far-red sensitivity appeared earlier than the full red sensitivity. This was in 
accordance with the results of EVENAHI and N E u a r . 4 ~ ~  (1953 a) r i t h  
lettuce seeds, where, however, the corresponding times were 3 and 1 hour, 
re,spectively. In the same species (var. Grand Rapids) 11tumi and T ~ r l r . 4 ~ ~  
(1960) found -the maximal red sensitivity after 1.25 hour of imbibition. 
After this period the imbibition was 40 per cent (increase of the fresh 
weight). On -the completed imbibition the corresponding increase was 60 
per cent. Concerning the imbibition of the hypocotyls, roots and the 
cotyledons this was already completed before 2 hours of imbibition, thus 
coinciding with the inaxirnum for the full red sensitivity. In seeds of Pinrrs 
thunbergii Parl. A S A K A W ~  and I N O I ~ U ~ I A  (1961) found a considerable stim- 
ulation with a red irradiation given 2 hours after the start  of the imbibi- 



tion. Naximal sensitivity appeared after 24 hours, whereupoil the serisitivity 
decreased. 

For all these cases i t  was valid that the red sensitivity increased with 
increasing time 01 imbibition to a maximum, after \vhich the sensitivity 
decreased nit11 increased imbibition. In lettuce seeds BOKTHWICIC ef al. 
(1952 a: 1954) found tha t  the nlaxiinal sensitivity first appeared after 
10--12 hours of imbibition, v a s  unchanged for further 8 hours and then 
decreased. \Kt11 far-red irradiations, however, they found that  during the 
period of imbibition when the red sensitivity increased the far-red sensitivity 
decreased ancl the reverse was the case after a longer period of imbibition. 
This relationship between the red and far-red sensitivity was one of the first 
indications of the occurrence of the recl-far-red reversible pigment system 
controlling the germination in lettuce seeds ( ~ O K T H \ T I C ~ <  ef al. 1952 a, cf. 
also Toom 1961). In the Scots pine seeds studied here, however, the corre- 
sponding inverse relationship between the red and the far-red sensitivity- 
expressed as the germination responses after irradiations with fixed energies 
-could not be found (cf. also E Y E X A R ~  and ?I:EUAIAXS 1.c.). The results 
in figure 23 showed tha t  JT-it11 shorter periods of iinlsibition the recl sensitivity 
increased. During the same time the responses to the far-red irradiations 
also increased, i.e., the far-red sensitivity increased. Contrary to this the 
decreasing red sensitivity after more than 12 hours of imbibition was not 
reflected in any change of the gerrriination responses after recl f far-red 
irradiations. Because these experiments Tvere carried out with irradiations 
of only one fixed energy, the results cannot conclusively he said to show 
the eventual absence of a corresponding change of the  far-red sensitivity. In 
spite of this the directly correlated change of the red ancl far-red sensitivity 
of the Scols pine seeds during the first part of the  imbibition also was 
contradictory to Lhe results found by TOOLE et (11. (1961) and TOOLE ef (11. 

(1962) in studies on the red-far-red control of the germination in Pinus  
virginiunn Nill., and I-'. faedn L. P. sfrobus L., respectively, where also 
the inverse relationship between red and far-red sensitivity \\-as found. 
However, in these investigations the iinbibition was performed a t  -k 5" C 
(stral-ification) for a relatively long period, vhich also resulted in an in- 
creased nun111er of seeds gerrninatiiig independent of light (cf. for the Scots 
pine seeds figure 32). 

The same inverse relationship betxeen recl and far-red sensitivity during 
the ind~ibition in seeds of Lepid iwn uirginicrrm Id. TOOLE et al. (1955) proposed 
to be dependent on a reducing-oxidizing substance closely associated with 
the red-far-red reversible pigment. The establishment of physiological 
red--far-red effects independent of aerobiosis (BONNER 1959, II<UJI~\ and 
THIMAXS 1961) and the photoconversion of phytocl~rome also indepead- 



t i l l  of reducing-oxidizing conditions and dialysis (BONXER 1960, Hr . . rn~ i~cr<s  
1960 b, Bon~w\r-rcii and HESLIKICKS 1961) have led to a modified esplana- 
tion of tlie relationships be t \~een  red and far-red sensitivity in imbilsing 
seeds. Thus TOOLE et nl. (1961) remark Lhat there are indications which 
show tliat the inverse changes of the red-far-red sensitivities dwing the 
irnbibition depend on the degree of the pigment conversion that  is required 
for a definite germination response and not on an associated reactant. 

On the assumption tha t  the  pigment conversion betxeen the red and far- 
red absorbing form is a function of tlie energy used in the red and far-red 
irradiations I l ~ x n n ~ c i t s  el al. (1956) calculated the degrees of this conr-ersion 
(to the far-red absorbing form) required for corresponding germination 
responses in seeds of Lac fucu  su f i va  L. and L e p i d i n m  virginicrzrr~ L. With 
the same method TOOLE et al. (1961) in seeds of Pinrzs uirginicrncc Mill. found 
that 20 per cent of the  red-far-red reversible pigment innst be transformed 
into its far-red absorbing form in order Lo produce a 50 per cent stiniu!ation 
of the germination. 

A consequence of this seems to be that different gerniiriation responses 
obtained with one and the same irradiation of seeds in different stages of 
irnbibition (with different sensitivities, cf. figure 23) are not dependent on 
different pigment conversions bu t  on associated dark reactions. An inde- 
pendence of imbibition for the conversion of the phytochrome-indications 
for its participation in tlie light-controlled gerinination even in the seeds 
of Scots pine have earlier heen discussed on page 78-also seems to he in 
agreement n i t h  its nature as a inolecular rearrangement a t  a photochemical 
reaction (HENDIII(:KS 1960 b) and its reversibility even a t  a low temperature 
(- 80" C, B o n ~ ~ n - I C K  and H E S D I ~ I C K ~  1961). 

A few further remarks based on some of the experiments with the Scots 
pine seeds studied here will t ry  lo point out the consequences of the assump- 
tion that the  pigment conversion is independent of the state of imbibition 
in tlie seeds a t  the nioinent of the irradiations. 

In  figure 22 (inhibition 6 h.), i t  was sho\vn Lliat a red irradiation for 
240 minutes on the seeds which before the irradiations had iinhibctl in 
darkness for 6 hours was more than a saturation close for induction of 
complete germination. This irradiation caused a transformation of the 
pignient to its far-red absorbing form, which was sufficient to produce 
near 100 per cent germination. Under the assuinption discussed above 
tliat this conversion of the pigment sho~ilcl be independent of the imbibition, 
the same irradiation used in figure 22 (no iinbibition) on the unirnbihed 
seeds ought to cause the identical conversion of the pigment. Directly after 
this irradiation the seeds were transferred to the gerininator for tlie start  
of the germination process. In spite of this the germination response was 



lower than in the seeds which had been given the same irradiation after 
G hours of imbibition. The "same" pigment conversion thus resulted in 
different germination responses depending on the conversion taking place 
before or after the imbibition. I t  may also be pointed out that- the results 
in figure 29 suggested tha t  a thermal darli reversal of the far-red form to 
the red form is a slow process in Scots pine seeds (cf. helow). Finally, it 
may be observed tha t  the red induction of unimbibed seeds could not 
he reversed n-it11 far-red under the saine circuinstances (cf. figurc 24). 

This discussion of different possible explanations of the influence ol imbibi- 
tion on the Scots pine seeds' sensitivity to irradiations with red and far-red 
light in combination with the present linowleclge of tlie phyLochronle and 
its probable occurrence as a regulator of the light-influenced germination 
in this species leads to controversial conclusions. The nature of the photo- 
conversion in the phytocl~rome makes i t  probable tha t  this is independent 
of the in~hibition of the seeds, but  this assumption does not: seem to permit 
a satisfactory explanation of the present physiological observations in 
connection with imbibition and light sensitivity. Another reasonable ex- 
planation of these results seems to I x  tha t  the pigment present in the 
unind~ihcd seeds under the imbibition, either through a direct participation 
of ~ ~ a l e r  or another reactant produced under the imbibition, is transformed 
into anolher state, which permits full conversion l~etween its red and far-red 
absorbing form under a pure pl~otochemical reaction in accordance with 
the results from the studies on the phytochrorne. 
h further discrepancy in the recl-far-red mecl~anism between the Scots 

pine seeds and the lettuce seeds is suggested by -the results in figurc 29. 
These s h o w d  that i t  was not possible to inhibit the red induction -to any 
higher degree by a subsequent treatment with a nioderately increased 
temperature (+ 30-$. 35" C). In lettuce seeds R O I I T H \ ~ I C I ~  et 01. (1954) 
found that  corresponding treatments, e.g., + 35" C for 24 hours\vassufficient 
to decrease a red induced germination from 100 to about 20 per cent, an 
inhibition, ~ ~ h i c h ,  hovever, could he reversed by a following red irradiation. 
The increased temperature caused a stimulated thermal reversal of tlie 
pigment from its physiologically active, far-red absorbing form to  the 
inactive, red absorbing form. 

Howver ,  the opposite results in Scots pine seeds (cf. figure 29) do not 
permit the conclusion tha t  a thernial darli reversal of the pigment should 
not take place in them, because the possibility cannot be excluded here 
thai an  increased temperature stimulates the reactions initialed by the 
far-red absorbing form of the pignient more than i t  stimulates a thermal 
reversal of the saine pigment form to its inactive form, i.e., with an unclianged 
germination response as a consequence. The present results do not permit 
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any choice be-tween these possibilities as explanations of the obsersred 
results but shon- an obvious difference from corresponding experiments on 
lettuce seeds. 

Corresponding properties as in the lettuce seeds TOOLE et crl. (1958) 
(see also TOOLE 1961) found in seeds of Paulomnia tomentosa (Thunb.) 
Stcud. -4 continuous irradiation for 48 hours was required for full induction 
of -the germination in this species. This irradiation could be substituted by 
repeated shorter irradia-tions. A%fter full induction red--far-red reversibility 
~ ~ - i t h  short irradiations occurred, but  if the seeds were kept in darliness 
after a far-red irradiation for 48 hours a new series with repeated irradiations 
was required for the induction. These results indicated -that a dark reversal 
of the pigment from its far-red to its red absorbing form with loss of incluc- 
tion as a consequence occurred also in these seeds. Compare MOHR (1960 a) 
who has interpreted this result from a supposed new forination of red 
absorbing pigment from a precursor. 

This is related to  other cases where a photoperiodical regulation of light- 
controlled germination has been established (cf. review by EYEKARI in 
press") ~ B O I I T H \ V I C I ~  and H ~ i v ~ n 1 c r c 3  (1960) and HEXDIIICI~S (1960 a) have 
pointed out tha t  the darli reversal of the phytochroine is the general physio- 
logical hasis for the photoperiodism. With direct spectrophotometric mea- 
sureinenls i t  has also been possible to follow this reversal in vivo and to 
show that i t  proceeds more rapidly a t  a higher than a t  a lower temperature 
(H~~xunrcr i s  1.c.). However, in this connection i t  seeins interesting to point 
out that a photoperiodical (and red-far-red) control of the germination 
in seeds of Retula  pubescens Ehrh. appeared a t  + 15" C hut  at: j 20" C only 
one irradiation was sufficient for full induction of the germination (BLACK 
and WAREING 1955). See also similar results by  VAARTAJA (1956) and OLSON 
et al.  (1959). Thus the  photoperiodical regulation occurred only a t  the  lower 
temperature, which seems to be explainable only by the assumption tha t  
reactions initiated by the far-red absorbing form of the pigment are more 
accelerated by an increased temperature than the simultaneous dark reversal 
of the same pigment form. Thus these results may be explained by  the same 
assumptions as the above discussed results for Scots pine seeds, in which 
no directly observed, physiological reactions were found suggesting the 
occurrence of such a thermal darli reversal of the far-red absorbing form 
of the phytochrome. 

Froni their studies on gerniinalion in lettuce seeds Bon,r~nIc , l i  et al. 
(1954) concluded tha t  the germination was controlled by the red- far-red 
reversible pigment, either owing to the red absorl~ing form acting as an 
inhibitor or owing to the far-red absorbing form acting as a promotor. 
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After TOOLE et al .  (1955) the loss of far-red reversibility within 30 minutes 
after a red irradiation a t  the  photoperiodical control of flowering in S u n -  
t h i r m  pcnsgluanic~rrn  n'allr. (cf. DOYX 1956) shows tha t  thc far-red 
absorbing form of the pigment was coupled lo the processes producing 
the biological responses after irradiations. Also calculations on the rela- 
tionship between required transformation of phytochrorne and a ljhysio- 
logical response on a red irradiation show the same possibility. Tliw 
HENDRICKS (1960 a) found tha t  only 1/25000 of the p h y t o ~ h r o n l ~  l r i ~ ~ s t  be 
transformed to its far-red absorbing form for obtaining a measurable effect. 

Estimations of the time during' which the pigment must preclo~niilatc in 
its pl~ysiologically active, far-red absorbing form for establishment of a 
physiological response have been done in a series of different species. This 
has been estimated from the time lapse between a red and a following 
far-red irradiation required for the loss of far-red reversibility. Such experi- 
ments on the light-controlled germination in seeds of ; I m a r a n f h u s  retro- 
f lezus  Id, a t  + 37" C (KAD~IAN-ZAHAVI 1960) showed tha t  1 hour after 
the  red irradiation the far-red reversibility vias almost complelely lost. 
Corresponding experiments on seeds of L a c f u c a  satiua L. a t  25-26" C 
(EVENARI and N~uMAlviv 1953 a, I I ~ U M A  and THIZIANX 1960) and in the same 
species a t  + 20" C BORTHWICI~ et 01. 1954) showed complete loss of reversi- 
hility after 10 and 15 hours, respectively. After 12 hours a t  20' C the 
reversibility x a s  lost in seeds of Be tu la  pubescens Eln-11. (BLACK and V'AHE- 
ING 1935) but in Carnegia  g iganfea  (Engelm.) Britt. and Rose ( .~LCORN 
and KURTZ 1959) 24 hours were required a t  , 30" C to produce the same, 
effect. I11 seeds of Rurnex  obtrlsi/olius L. -the far-red reversibility was lost 
after about 30 hours a t  f 20" C (ISIKAWA and FV.JII 1961). Contrary to 
this the reversibility xyas still complete after 2-1 hours in seeds of Priulou~nici  
tonlenfosa  (Thunb.) Steud. (TOOLE et al .  1958). Seeds of Pinrrs u i rg in iann  
Mill. (TOOLE et al .  1961), P. taeda L. and P. sfrobrrs L. (TOOLE et ul .  19621, 
~l-hich, however, before the  irradiations had imbibed a t  4- 5" C for 1 and 1 
days, respectively (stratification), shoved only loss of reversibility to 50 
per cent after 48-72 and 9G hours, respectively. This indicaled a much 
slower progress of the changes initiated by the red irradiation than in the 
other investigated species. The same also seems to be valid for the seeds 
of P i n u s  thunbergi i  Parl. (ASA~<ATV.Y and I X O I ~ U M A  19G1), which a t  4- 25' C 
even after a time lapse of 48 hours between a red and a far-red irraclialion 
had not lost all the far-red reversibility. In the same species and in Pieecl 
g lehni i  Mast. i t  was also shown tha t  wit11 increased initial time of imhihition 
before the red irradiation the far-red reversibility decreased more rapidly. 

A corresponding investigation (at + 25" C) on the Scots pine seeds studied 
here (figure 27), however, showed tha t  after only about 16 hours half of 
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the reversibility was lost. After 48 hours the far-red irradiation no longer 
had any inhibitory power. This indicated tha t  -the process was soniewhat 
more rapid in this species of pine than in the above-mentioned ones buC 
slower than in tlie lettuce seeds. 11irura and T H I ~ I A N N  (1.c.) reinarlied tha t  
the appearance of full loss of reversibility in the lettuce seeds coincided 
with the appearance of the  first signs of root protrusion. KO corrcspondiiig 
observations could he made on the Scots pine seeds. See further in the 
next chapter (p. 104 and figure 32) about the relationship between loss of 
far-red reversibility and the appearance of the first signs of incipient growth 
of the Scots pine embryos. 

,211 these results show tha t  the far-red absorbing form of tllc rcgula?ing 
pigment (pl~ytocl~rome) must predominate for a rather long tinie for establish- 
ing irreversible responses. The required periods are different in different 
species and also e ~ i d e n t l y  dependent on the prevailing tcniperature during 
the dark phase between the red and the far-red irradiation (cf. ROKTHWICK 
et 01. 1.c. and I K U ~ I A  and T H I ~ ~ A N N  1.c. and further below). The periods 
required for the appearance of irreversible responses a t  seed germination 
are long in comparison ~ i t h  corresponding periods a t  the photoperiodical 
regulation of flowering (see e.g. L)owss 19,56). 

In figure 28 and table 12 i t  was shown tha t  tile effects of the irracliations 
were independent of the ternperalure (a primary photocheniical reaction). 
011 the other hand, the reactions tha t  were initiated by this primary photo- 
reaction reasonably inust he tllerniochemical ones. This was sludied in 
experin~ents with different temperatures during a dark phase of -18 hours 
between a red and a following far-red irradiation (figure 30). I t  was found 
that  a decreased temperature (+ 5" C) could inhibit the red induced changes 
in the seeds to such an extent that  a dark period of 48 hours resulted in 
only half of the seeds being capable of germination after a sul~sequcnl: 
far-red irradiation. 

That a lower temperature during a dark phase belween a red and a following 
far-red irradiation increases the required time for the complete establish- 
ment of irreversible changes induced a t  a red irradiation is also suggested 
by a comparison b e t w e n  tlie results on lettuce seeds by Boiiwr\~-rc~.; et crl. 
(1.c.) and I ~ i u a r ~  and T H I ~ ~ A N X  (1.c.). They found tha t  15 hours a t  -j- 20' (: 
and 10 hours a t  f 25" C, respectively, were required for coinplete loss of 
tlie far-red reversibility. Also Dowss (1.c.) found tha t  an  inhibiting irradiation 
with red light on the induction of flowering could be reversed by a far-red 
irradiation after a longer tinie, if the temperature during the time lapse 
between the red and far-red irradiations was decreased. 

Recent results have made it probable that the primary dark reactions 
controlled by the far-red absorbing form of the phytochronie are coiicerncd 



with a control of basic reactions in protein irlelabolisin (LANDGRXF 1961). 
According to Rlor~n (1962) the phytochroine in its far-red absorbing form 
probably enzymatically controls basic metabolic changes, which are ex- 
pressed in -the different photoinorphogenic effects. TYil-h the Scots pine 
sceds attempts h a w  been made -to elucidate somewhat the inechanism 
between the primary transformation of the controlling pigment and the 
final germination responses, tlle results of which are given in the Chapters 
\' and \'I. 

As shon-11 in the previous chapter a stratification increased the gerniiiiation 
of Scots pine seeds in darkness (figure 9). These results \\.ere reinvestigated 
in con~bination with red and far-red irradiations (figure 32), where i t  was 
found tha t  the decreased dependence of light after a stratification was 
correlated with an elimination of the  controlling power of the red-far-red 
pigment system. The same fraction of the seeds which was capable of gernii- 
nating nilliout any irradiation TT-ith red light could not be inhibited by a 
far-red irradiation. Similar results were obtained by XSAIUTVA 2nd 1~01im1.i 
(1961) in seeds of P i n u s  thunbergii  Parl. and Picea glehnii Mast. *41so TOOLE 
et al.  (1961) and TOOLE et al. (1962) found that in three other pine species 
( P i n u s  uirginiana Alill., P. strobus L. and I-', taeda I,.) the number of seeds 
germinating in darkness increased after a stratification in the same time as 
the light-requiring seeds developed a decreased far-red sensitivity. A further 
interaction between stratifica-tion and recl-far-red sensitivity was shown by 
KAHN (1960) in lettuce seeds. ,4 dark-osmotic inhibition in this species (see 
also H a n m  1959), which induced the participation of the red-far-red 
reversible system in -the control of the germination, was not developed 
during a low-temperature treatment. 

From neither of these results can a satisfying explanation be given for 
the interaction between stratification and red-far-red control of the 
germination. ASAI~AJYA and I;uoicrm\ (1.c.) proposed the development of a 
substitutional pathway for the germination during a treatment with low 
teniperature and TOOLE et al. (1962) remarked tha t  they could not conclude 
whether the treatinents influenced the phytochrome or other participating 
reactants as substrates or cofactors. For some further disc~~ssion of this 
problem, see page 139. 

In figures 17-19 i t  was shown that there existed a relationship between 
light requiremenl- and the presence of intact seed coats in the germination 
of Scots pine. These results investigated in combination with red and far- 
red irradiations showed (figure 31) tha t  tlle decrease of light dependence 
after a puncturing or a removal of the seed coats was correlated with a 
changed ability of the far-red light to inhibit the  germination. A puncturing 
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decreased and a removal of the  seed coats eliminated the  dependence on 
red and far-red light for the  control of the  germinxtion. 

These wsults may be compared with the  results which were obtained hy  
KLEII and P R E I ~ ~  (19581, \vho used irradiations with deutrons on intact 
lettuce seeds. A control of the  irradiations in  sucll a way t h a t  all raclia- 
tion stoppcd in tile seed coats did not cause any harmful effects on the  
seedlings but completely eliminated the  red-far-red control of the  ger- 
minatiori. I t  :ws also shown by  PREISS and KLEIS (1958) t h a t  a correspond- 
ing irradiation of only the  endospermal layer in the  composed coverings 
in this spccies (cf. B O J I T ~ V I ~ K  and R o s e r x s  1928, EVENARI and L'EUXAXN 
1952) was required and sufficienl: for the elimination of the  liglit dependence. 
This result TT-as consistelit wit11 the  observations made b y  EVENARI and 
S E I ~ A N X  (1.c.) from cutting experiments, in which they showed t h a t  
also lhe  inncrnmst par t  (the endospermal layer) of the  coverings in the  
lettuce seeds must be opened for a complete removal of the  light dependence 
a t  the germination. The same authors (1953 a) have also shown t h a t  after a 
decoating a far-red irradiation could not inhibit t he  germination. For  a 
cliscussion about the  interaction hetween seed coat and light-dependent 
gcnnination, see page 48 and 137. 

Chapter V. Studies on the Occurrence of Embryo-Mitosis 

A. Introduction 

The effect of liglit on the Scots pine seeds has been estimated in the 
preceding chapters from the  relations between the  irradiations and the  
l~ercentages of the  seeds n-hich had germinated, ix., which had protruding 
rootlets after a fixed time. The germination in general as a resumption of 
the gronth  in the  embryonic plant  in the  seed (TOOLE et 01. 1956 a) thus  
in this spccial case may  be a result of an  effect of the  light on this growth 
process. The three main morphological parts of a g ro~v th  process consist 
of a cell multiplication through mitosis and cell division, cell lengthening and 
cell differentiation ( k u m  and ANDERSOS 1934). Cell inultiplication and 
cell lengthcniiig are the  principal contributors to the  increase in the volume 



of a growing organ. Thus these can be suspected to be the processes influenced 
by light tha t  control the gerininatioil in the meaning of the directly visible 
growth of the  embryos. 

Intimately connected wi-th -this question is the time sequence hetuccn 
the cell multiplication and the cell lengthening a t  the germination. In seeds 
of Pinr l s  thrmbergii  Parl. (Goo 1952, 1956) and P r u n u s  cerasrrs L. (POLLOCK 
and OLSEY 1959) cell multiplication starts earlier than the lengthening of 
Lhe cells. In contrast to l;his the cell lengthcning precedes the cell multi- 
plication in seeds of Z e a  m a y s  L. ( T o o r , ~  1924), Horderrrn unlgnr,e L,. (C.1r.n~- 
c o , r ~  and S ~ I I T H  1952) ancl Y i c i a  jaba L. (WOLFI- 1954, I < L I s ( ; ~ I ~ ~ L L ~ : ~ ~  
1961). Compare also for Phuseo l r~s  s p .  in T o o r . ~  and TOOLE (1961). A l t  the  
germination of Lactrzca satiua Id. seeds (var. Grand Rapids, Evr:s.lil~~ et (11. 
1957), however, the two processes are initiated a t  the same time, xhich has 
been confirmed hy I ~ A B E R  and LUIPPOLU (1960 a, var. S e w  Yorli). 

Concerning the eventual light effect in this connection EYI:S.\:II et (11. 
(1.c.) remarked that in the embryos from seeds which were kept under 
germinating conditions in darliness-seeds of this lettuce var. Grand Ihpicls 
are light-requiring for the germination-there were no signs of cell clivisioiis 
and cell lengthening. JVorking with the light-independent lettuce seeds 

Xew Yorli, which can be made light-dependent with diverse physical 
and chemical treatments (HABER 1959), HAGER and Lu1lmj1.n (1960 b) 
could shon- tha t  the red-far-red reversible system had no controlling 
importance for the mitotic activity in the embryos hefore the directly visible 
germination. 

Thus from this it seems pertinent Lo investigate the correspondi~~g relations 
in the embryos from Scots pine seeds, i .r . ,  the time sequence between the 
cell divisions and the cell lengthening and the light effects in this cujint.ction. 

B. Methods 

The seeds \\-ere gerniinatcd in the salne \wj- as described previo~isly (in Jacol)scn appa- 
ratus a t  + 25" C in darltness). Irradiations vere performed ~ ~ i t l l  the same equipment as 
before and under the same conditions. l31r further details allout the irrntliatioiis. see the 
different experiments below. 

After the seeds had been under gerininating condiiions Cor the desirctl Linic, tlii' required 
numbcr of seeds \\-ere randomly sampled among the seeds without clirect1~- visible, protrud- 
ing rootlets (unqerruinated seeds after I-Iarici~ and L ~ J I P P ~ L I ,  1960 a and b). C:o~icerning 
cxccptions from this rule, see furtller details aboul Ihe sampling in the respecti\,c cspcri- 
~nents .  The embryos verc  imrnediate1:- dissected ancl fixed in ethanol-acetic acid (2 : 1) for 
24 hours and then transferred to  70 per cent ethanol for storage. Before the staining the 
e m h r p s  were hydrolyzed for 15 minutes a t  room teinpcraturc with ethanol-acctic acid 
( 3 :  1) containing 10 per cent 115-drochloric acid anti wished with the elllanol-acetic acid 



withoul I~ytl~~ochloric acid. Thcn they \\-ere slained \?it11 aceto-orcciu and smeared. The 
nietllod 11-as niloptcd from SASS (1958). TYith the exception of thc experiment in table 17  
the \\-hole embryos were smeared in the same time. Nost of the results have been give11 
only as t h c  fraction of thc invcsligatetl embryos with onc or inorc mitotic figures per enlb~)-o.  

C. Results 

1. Ef fect  o f  W h i t e  Light  a n d  Darkncss ,  Red a n d  Red  + Fur-Red  Irrcrdiutions 

In  the first experiment the  intention was to  study whether different 
light conditions affected -the appearance of embryo-mitosis and hon- this 
eventual effect appeared in  relation to  the  occurrence of tlie first signs of 
tlie visible germination, i.e., the  protrusion of t h e  rootlets. 

The seeds were kept under germinating conditions in  the  following J\ ays: 
i n  continuous nh i t e  light (1700 lux from fluorescent tubes TL/33), in  darli- 
ness, in clarliness with a standard red irradiation (concerning this, see 11. 37) 
and in darkness with a standard red and a n  immediately following far-red 
irradiation (concerning this, see p. 58). For  each type  of irradiation 100 seeds 
\yere used. Aifter24, 48 and 72 hours, respectively, from the start  of the imbibi- 
tion 20 sreds were randomly sampled among the  seeds without- signs of incipien t 
gern~ination from each type of experiinent. The seed embryos were in- 
vestigated in respect -to the occurrence of initosis. The remaining seeds after 
the end of the last sa inpl ing~ nere  left undcr germinating conditions for a 
total  ptriod of 10 days, after ~ ~ h i c h  the  percentages of these seeds t h a l  
had gtinnnated nere  cleterniined. The results are given in table 14. -. I h t  iciults  iho\~ecl  t h a t  mtos i s  appeared already after 48 hours, z.e., 
betole any iigns ol directly visible germination. No measureinents of the  
iiicli\ itlunl cell lengths n ere made bu t  the absence of increased embryo 
lenglhs a[ thc same time as nlitoqis occurred was laken as evidence for the  
slatelncnl Lhat mi tos~s  preceded the  cell lengthening (cf. t he  corresponding 
statcinmt hy HARE" and LLIPPOLD 1960 a). The results also showed t h a t  
Llie type of irradiation influenced the  extent of the  occurrence of nlitosis. 
Irradiation with continuous white light or a limited irradiation with red 
light stiniulated the  appearance of mitosis in comparison with t h a t  in the  
embryos from dark control seeds or seeds irradiated with red + far-red 
light. This last result suggested t h a t  the  same type of red-far-red revers- 
ibility esistcd concerning tlie occurrence of initosis as concerning the  germi- 
nation. A comparison between the occurrence of embryo-mitosis under the 
pregerniinative phase (before the appearance of the  protruding rootlets) 
of the  gerinination process and the  final ger~niiiation percentages showed 
accordance. 



Table I 'l. Eflert of light and darhnrss. ;%lid red arid red + far-red irradiations. reqirrtix (4). on 
the occurrrnre of embryo-mitosis in Scots pine seetls. For details aho111 tlie irratlialioiii. w e  

the text. Proxerrance 30.  3. 

I Irradiation 1 g:] 

Continuous 24 
while light 1 8  

240 

Darl, 24 
control 48 

72 
240 

Rcd 24 
48 
72 

240 

Red + far-red 24 
48 

240 

~f remaining 
sccds which 
germinated 

embryos 
with mitosis 

gcrnriiialct 
seeds 

2. T i m e  Relat ions  between Imbib i t ion ,  M i t o s i s  a n d  S tar t  o f  the  Direc t l y  V i s -  
ible Germina t ion  after R e d  a n d  R e d  + Far-Red  I r rad ia t ions  

These experiments were performed in order to determine inorc closely 
tlie tiine sequence between the appearance of mitosis in relation to the 
imbibition and to the directly visible signs of an  incipient germin a t' ma. 

The studies on tlie imbibition were done in the following way. Before 
the start  of thr  imbibition 6 x 50 seeds were weighed. Afterxards the seeds 
were placed as in the  germination tests in darkness (50 seeds per germination 
bed). After the desired times the seeds were carefully dried between filter 
papers, weighed and placed back for continued imbibition. The weighings 
were done with the seeds in closed, dark containers. *A11 the other innni- 
p ~ ~ l a t i o n s  were done in safelight. After an imhibition tiine of 6 hours all the 
seeds mere red irradiated. Immediately after this irradiation 3 x 50 weds 
were irradiated with far-red light. All irradiations were done under the 
standard conditions. After these irradiations the continued imbibition \\-as 
studied as hefore. The results from these measurements have been given as 
the per cent uptake of water of the original fresh weight of the seeds. See 
figure 38 4. 

For the  studies of the embryo-mitosis 4 x 100 seeds were placed for im- 
bibition in the identical way and irradiated under the  same circumstances, 
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Figure 38. Effects of red (13) and red 
+ far-red (R+ FR)  irradiations on the 
imbibition, on the appearance of mi- 
tosis in the  embryos and on the directly 
visible germination in Scots pine seccls. 
A: per cent water uptake of the  fresh 
 eight. B: per cent embryos with mi- 
tosis. C: per cent seeds with opened 
seed coats but without protruclingroot- 
lets. D: per cent seeds with protruding 
rootlets. Standard irradiations (cf. 
figure 26). Provenance No. 3. HOURS 

2 x 100 seeds with red light, 2 x 100 seeds with red , far-red light. After 
the  end of the irradiations the  seeds were kept under germinating condi- 
tions in darliness. After different periords 20 seeds were randomly sampled, 
the embryos dissected, fixed and investigated as described above concerning 
the occurrence of mitotic figures. The results from this experiment are 
given in table 15 and figure 38 B. 

For studies on the opening of the seed coats and the started protrusion 
and growth of the rootlets another 4x 100 seeds mere red irradiated and 
4 x 100 seeds red f far-red irradiated as above. The mean values of these 
experiments are presented in table 15 and in figure 38 C and D. In figure 
38 D i t  should be observed tha t  the percentages oi all seeds with protruding 
rootlets are given irrespective of their rootlet lengths. 

A comparison of these results showed tha t  in the red irradiated seeds 
the first mitotic activity appeared after the end of the imbibition phase. 
A t  the same time as all the investigated embryos showed mitotic activity 
the seed coats had started to open (60 hours) and also some of the seeds 



Table 1.7. 1;llrct ol red (R) and red + far-red (R + FR) irradialioirs on llie occtrrrcrice of 
emhr>o-mitosic and on the directla xisihle gerlniilation of Scots piric seeds. Stantlard irra- 

diatiorrs (cf. figure 26). 1'ro.r elmrice 30. 3. 

Per cent seeds after different periods ol time under germinating 
coi~tlitio~ls \?it11 Seeds mt ler  

germinating 
condilions 
for hours 

Mitosis in the  
embryos1 

No rootlets, only 
pened seed coats2 

Rootlets 
( 5 rnm2 

Rootlets 
>= 5 min2 

Dclerminetl in 20 embryos alter sampling from 2 :< 100 seeds for each type of irra- 
dialion. 

"Iean T-alucs tletcrminetl Prom 4 s 100 seeds for each lype of irradiation 

had protruding rootlets. For the red 4- far-red irradiated seeds the results 
showed that the mitosis was delayed and inhibited. The percentages of 
seeds wit11 mitosis before the start  of tlie visible germination revealed the 
magnitude of the final germination (cf. also the results in table 16 and figure 
10). Thus the irradiations influenced the extent of the nlitotic activity and 
correlated \\-it11 this the  final germination. 'The results also confirmed tha t  
emhryo-initosis appeared before the lengthening of the einbryos. In contrast 
to these findings the irradiations (given after 6 hours of iinbibition) did nol: 
influence the fulfillnlent of the imbibition process (cf, figure 20). A coni- 
parison of these effects of the red and red + far-red irradiations on the 
different phases of the germination process seemed to show tha t  during the 
period between the end of a red irradiation and the first appearance of 
initosis such changes were, initiated in the seeds which were followed by tlie 
embryo-mitosis and correlated \$-it11 these also the directly visible germina- 
tion. 

H o ~ e v e r ,  in connection with this i t  can he pointed out that the appearance 
of the initosis in the red irradiated seeds v a s  to be found after the seeds 
had been under germinating conditions for more than 30 hours (table 15 
and figure 38, cf. also corresponding results in figure 42). I11 contradiction 
to this the results in figure 39 sllo\vecl a certain percentage of embryos with 
mitosis already after 24 hours. The reason for this discrepancy can be the 
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sinaller number of investigated embryos and the different technique for 
sampling used in the first-mentioned experiinen ts. Conipare also the corre- 
sponding discrepancies in this respect after 24 hours for red + far-red 
irradiated seeds in tables 15 and 18. I-Iowever, under a siiiiultaneous consid- 
eration of the rapid development of mitotic activity in tlie time interval 
24 to  43 hours in all the  experiments the above-mentioned differences do 
not seem to  have any relevance for the  conclusions above. 

3. Repeated Red-Far-Red Reversibility 

The results in the  previous experiments, which indicated a reversible 
effect of red-far-red irradiations on the occurrence of embryo-mitosis 
siiililar to the effects on the final germination, were here further investigated 
wit11 use of a series of alternative red and far-red irradiations. 

The irradiations mere started after G hours of imbibition and performed 
with the standard equipment. For each combination of irradiations 2 x 100 
seeds were used. After 38 hours from the start  of the imbibition, when in the  
previous experiments the  red irradiated seeds showed nearly complete 
cle\~elopine~it of the mitotic activity bu t  no start  of the directly visible 
germiilation, 2 x 10 seeds were randomly sampled among the seeds from 
each combination of irradiations. The remaining seeds were left for deter- 
mination of the final germination. The embryos were investigated for the 
occurrence of mitosis in the usual way. However, before the staining of 
the emhryos each individual embryo was divided into a shoot and a roo1 
portion, 1~11ich were investigated separately. Also the number of mitotic 
figurea wac determined in every embryo portion. The results are given in 
table\ 16 and 17. 

In table 16 the proportions of embryos with one or more mitotic figures 
per whole embryo are given and compared with the final germination of 
tlie identically irradiated seeds, which were left for completion of the  ger- 
mination. The results showed tha t  the occurrence of embryo-mitosis before 
the start of the  directly visible germination was regulated by recl-far-red 
irradiations in the same way as the final germination. 

In order to illustrate further the above statement tlie number of mitotic 
figures in shoot and root portions of individual embryos were counted. The 
results from these investigations are given in table 17. 

Froin this table i t  was evident tha t  not only the occurrence of mitotic 
activity in tlie embryos but  also the extent thereof were dependent on the 
type of irradiation given to the intact seeds, uiz., a stimulated activity after 
irradiations ended by a red one and inhibited after irradiations ended by a 
far-red one. Only far-red or darliness gave the same results. The comparisons 



16. Hereriihle effect of repealed red-far-red irradiations on the occrrrrcnrr of 
~~~~~~~~o-mitosis and on tho final germination in Scots pine seeds. Standard irradialions (cP. 

figure 26). Provenance So .  4. 

Irradiation 

F R  

1% 

R  -+ ITR 

R T P R t R  

R + F R + R  
T FR 

R + F R + R  
+ F R i - R  

Dark control 

Sanlple 
S o .  

Fraction I Percentage I 
of investi- 

gated 
mbryos wit1 
nitosis after 

48 hours 

~f remaining I 

480 hours 1 
I 

,eeds which 
\T ere gcrmi- 
nated after 

between shoot and root portions did not show any fundamental difference. 
However, the number of cells with mitosis was somewhat higher in the shoot 
portions than in the root portions in embryos from red stimulated seeds. 

embr).os 
nit11 mitosis 

4. Far-Red Inhibited Mitotic Activity during a Longer Germination Period 

The preceding experiments showed that  irradiations with only far-red or 
combinations with red, where the far-red irradiations were given last in a 
sequence, caused an inhibition of the occurrence of embryo-mitosis. IIowever, 
these studies were based on studies of the embryo-mitosis during an early 
phase of the germination process. In this experiment it will he estahlisllccl 
whether the persisting inability of most of the  seeds to germinate under 
prolonged stay in  darkness (cf. figure 18 A) or after a far-red irradiation (cf. 
e.g. figure 26) after the fulfillment of the germination of the light-insensitive 
part  of the seed population can be referred to a complete block of the iriitotic 
activity. 

All the  seeds were irradiated with red + far-rcd light (standard irradia- 
tions after 6 hours of imbibition). After the seeds had been under gerniinating 
conditions for different periods 10 seeds were randomly sampled from every 
seed sample of 100 seeds. This sampling was done among seeds nithout 
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Table 18. Lonneetion belneen occurrence of embryo-mitosis and h a 1  gernli~~ation in red $ 
far-rcd irradiated Scots pine scwIs. Sampling among seeds n ithout directly tisiblo germination. 

Standard irradiations (cf. figure 26).  Protenance \o. 4. 

Seeds ui~tler 
germinating 
conditions 
Pol hours 

Fraction Percentage 

of in\ estigatctl 
embryos with 

mitosis 

7f remaining 
seeds which 
were germi- 
nated after 

10 
clays -- 

10190 
15/90 

11/90 
25/90 

13/90 
15/90 

11/90 
19/90 

14/90 
11/90 

20190 
11/90 

13/90 
14/90 

21/90 
10190 

l0/90 
11/90 

12/90 
9/90 

- 
20 

days 
- 

11/90 
16/90 

12/90 
25/90 

13/90 
15/90 

11/90 
20/90 

15/90 
11/90 

20190 
12190 

13/90 
11/90 

21/90 
11/90 

11/90 
11/90 

12/90 
9/90 

mbryos 
with 

tnlitosis 

10 

15 

17 

20 

6 

3 

0 

0 

0 

0 

germinated 
seeds after 

10 
days - 

14 

20 

16 

16 

14 

17 

15 

17 

12 

12 

Mean 
15.2 

2 0 
clays - 

1 5 

2 1 

16  

17 

15 

18 

15  

18 

12 

12  

alucs 
15.7 

ally signs of an  incipient germination. At  each time of sampling 2 x 100 new 
seeds were used. The remaining seeds were left for the completion of the  
germination. The embryos were dissected and investigated for the occurrence 
of mitosis. Also a classificatioil of the number of mitosis per embryo was 
undertaken. The results are given in table 18. 

The results shox-ed tha t  in the earlier samples a certain percentage of 
the investigated embryos had mitosis. These percentages vere  of the same 
magnitude as the final gernlinatioil percentages in the actual seed samples. 
This occurrence of embryo-mitosis found evidently was due to the fact tha t  
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a t  this stage of tlie germination process i t  was impossible to  sample only 
among the seeds ~ ~ h i c h  belonged to  the  part  of the seed populalion sensi- 
tive to the inhibiting action of the far-red irradiation. Gradually the insensitive 
seeds manifested their ability to germinate in spite of the far-red irradiation 
and a sampling anlong the remaining seeds revealed a complete absence of 
initotic activity in the embryos. Thus the inhibited germination after a 
far-red irradiation was reflected in a block of the mitotic activity, which 
persisted during the time of the investigation (10 days). This also prohably 
exists for a longer time, wliich can he concluded from the persisting in- 
ability of the seeds to germinate under unchanged environinental conclitions 
and the obvious correlation between the occurrence of mitotic activity and 
final germination under the experimental conclitions used in this investiga- 
tion. 

5. Action Spectrum 

The red-far-red reversilsle effects on the occurrence of embryo-rtiitosis 
described in the preceding experinients, \ ~ h i c h  suggested the mediation 
of the same pigment system for the control of the embryo-mitosis as for the 
final germination, were further investigated through studies on the action 
spectrum for the embryo-mitosis (stinlulation and inhibition spectra). 

The experiments were performed in combination will1 the earlier described 
experiments on the action spectra for tlie germination (see p. 74). - i t  each 
wavelength 4 x 100 seeds were irradiated a t  -the same time. After the end of 
the irradiations the seeds were transferred to separate germination beds, 
100 seeds in each bed. At  24 and 48 hours after the start  of the imbibition 
10 seeds from each sample were rancloinly taken, and the embryos were 
dissected and investigated for the occurrence of mitosis. The remaining 
seeds were used for the determination of the action spectrum for the germilia- 
tion (cf. p. 75). Thus for each wavelength and sampling time 4 x 10 einhryos 
were investigated. The results are presented in figure 39. 

The results in figure 39 4 and C showed tha t  only a minor fraction 
of the investigated embryos had mitosis after 24 hours. Owing to the varia- 
tions between the replicates within -the irradiations the small responses 
were not: significant. After 24 hours the occurrence of embryo-mitosis evi- 
deiltly did not s l~ow any pronounced response to tlie type of the irradiations. 

In contrast to  these findings the results after 48 hours (figure 39 A and 
D) revealed an obvious light dependence in the occurrence of Lhe embryo- 
mitosis. A maximal stimulation was produced a t  6600 a and a corresponding 
inhibition appeared a t  7300 ,&. The general trend of the action spectra 
sl~owecl sirnilari ties to the corresponding ones for the final germination (figures 



Figure 39. Action spectra for 
the occurrence of cnibryo-iiiito- 
sin in Scots pine seeds. -4 and 
R :  stimulation spectrameasured 
after the  seeds had been under 
germinating coilditions for 24 
and 48 hours, respectively. C 
and D: inhibition spectra under 
corresponding coilditions. Irra- 
diations as in figures 36 arid 
37, respectively. DC: darb con- 

WAVELENGTH x 1000 8 trol. ~ r o w n a n c c  SO. 1. 

36 and 37). I t  may also be pointed out that in the action spectra for boll1 
these processes there were peaks a t  5500 A and 7125 ,4 comparison be- 
tween the results in figure 39 A, C and B, D also showed tha t  during the 
time interval 24 to 48 hours (from the start  of the imbibition) there was 
a rapid development of mitotic activity in embryos fronl seeds irradiated \\-it11 
stimulating light qualities. 

From Llle results i t  was evident tha t  the general fe,atures of the action 
spectra both for the stimulation and the inhibition of the embryo-mitosis 
in the seeds hefore the directly visible germination were similar to the cor- 
responding spectra for the  final germination, i.e., with maximal stimulation 
around GGOO Lk and maximal inhibition around 7300 Lk. These results together 
with [he repeated reversibility on alternating red-far-red irradiations 
(cf. tahles 16 and 17) showed tha t  the occurrence of embryo-mitosis Tms 
regulated by light through the mediation of the same pigment system as 
Chc final germination. The relation between the occurrence of embryo 
mitosis and the final germination is given in figure 40. Each individual 
point represents the percentage of 10 investigated embryos with mitosis 
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Figure 40. Relation between the 
percenlages of embryos with 
mitosis after 48 hours and the 
germi~iation percentages after 
20 days in seeds of Scots pine. 
For further details, see the  t e s t .  
Provenance Sos .  3 and 4. 

6 10 20 30 40 50 60 70 80 90 100 
EMBRYOS WITH MITOSIS(% 48h.l 

after 18 hours and the corresponding germination percentage of the remaining 
seeds (90) from the same seed sample after 20 days. The material is com- 
bined from the results in figures 36 and 39 B (dots and inverted triangles 
from repealed experiment) and from table 16 (triangles). The statistical 
analgsi5 \\as done after BONAIEK and TCDIN (1957). 

Thus the appearance of embryo-mitosis before tlie directly visible ger- 
mination and the correlation betxeen these t ~ o  processes and with the lighl 
factor seems to indicate that the final germination is regulated by light 
through a more direct effect on the mitosis than on the lengthening of the 
embryos. 

6.  Effect of Decoating and Red Irradiation 

In earlier experiments it Tvas shonn tha t  after a decoating the light 
requirement for the gerininatlon was eliminated (cf. p. 40 and figure 17 D). 
To irn~estigate whether a decoating compared nit11 a red irradiation of 
intact seeds produced the same effects on the appearance of the embryo- 
mitosis the following experiment was performed. 

The I-ed irradiation of the  intact seeds was carried out after 6 hours of 
imbibition in darkness (standard red irradiation). The decoating \vas per- 
formed after the same time (2 x 100 seeds per treatment), After different 
periods 20 seeds were randomly sampled, the  embryos dissected, fixed and 
inr-estigated for the occurrence of mitosis. ,111 samplings were undertaken 
during the time interval 24 to 48 hours after the start  of the imbibition and 
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Figure 41. Effect of a rctl irradia- 
tion and a decoating of Scnls pine 
seeds on the  appearance of cmbrpo- 
mitosis. Irradiation and decoaiing 
after 6 hours of imbibition. Stand- 
ard red irradiation (cf. figure 2G). 

H O U R S  Provenance NO. 3.  

none of the seeds had directly visible signs of incipienl germination. 'The 
results are given in figure 41. 

Both these treatments (indicated by the arrow in the figure) wcrc foilowed 
by a rapid development of embryo-mitosis in the time interval 24 to 18 hours 
after the start of the imbibition. Thus these results showed that after a de- 
coating the same stimulation of the mitotic activity in the embryos appeared 
as after a red irradiation of the intact seeds. This corresponded Lo the simi- 
lar effects of the same treatments on the final germination (cf. figures 17 
and 31). However, these results do not permit any conclusion ahout an 
eventual identity between the operating inechanisins initiating t h e  mitotic 
activity after clecoating or red irradiation (cf. 1). 138). 

7. Relat ions  between the Inh ib i tory  Ef fect  o f  F a r - R e d  Irradiat ion and  the 
Appearance  o f  E m b r y o - M i t o s i s  

As shown above (figure 27) the inhibitory action of a far-red ~rradiation 
decreased with increased dark periods after a red irradiation and after 18 
hours it  had disappeared. These results were recalculated as the inhibi- 
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1,'igure 42. The disappearance of 
the  far-red inhibiting effect on the  
germination of Scots pine seeds 
with increasing time hetveen a red 
and a far-red irradiation compared 

WITHOUT 
MITOSIS 

with the  time course of the appear- - 
ance of embryo-mitosis after an 10 - 
identical red irradiation. Standard 
irradiations (cf. figure 26). For 

I forther details, see the test .  Pro- - 
vcnancc NO. 3. 0 12 24 36 48 60 72 HOURS LL 

tion per cent of tlle only red irradiated control (as in TOOLE et trl. 1961) 
and in figure 42 combined \xrith the also recalculated results froin table 15 
on the time course for the appearance of the mitosis after an identical red 
irradiation (given as the per cent of embryos without mitosis at different 
times). From this comparison it was evident tha t  the curves did not coincide, 
i.e., the decreasing capacity of the far-red irradiation to inhibit the final 
germination \\as not a result of the occurrence of incipient rnitotic activity 
in the corresponding fraction of the seed embryos. Compare, for euample, 
after 22 hours when the far-red inhibition was only 42 per cent a t  the same 
time as the  mitosis was just a t  the point of appearing. The loss of revers- 
ibility preceded the appearance of ernbryo-mitosis in the corresponding per 
cent of tlle embryos. The red-far-red irradiations control the germination 
as long as the processes initiated by the red light have not proceeded to a 
too advanced point after which the whole system escapes the control of 
the red-far-red reversible pigment. This point is reached before thc first 
appearance of mitosis and the following development of the embryo. These 
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results suggest tha t  the red-far-red control of the germination in seecls 
of Scots pine is more primarily connected with metabolic processes preceding 
the first morpl~ological signs of incipient growth in the emhryos than with 
either the mitosis or the lengthening of the embryos. 

D. Discussion 

In the introduction to -Illis chapter i t  was pointed out tha t  the germination 
is equivalent to the resumption of growth in the embryos. The growth of a 
plant organ defined as an  irreversible increase of its volume (RIEYER and 
ANDEI~SOS 1954) is caused by cell multiplication (mitosis and cell divisions) 
and cell lengtheifing. The first problem was the importance of these -two 
processes for the directly visible germination in the Scots pine seeds under 
light conditions permitting the development of the embryos. The other 
one was n-liether i t  was possible to trace the controlling effect of light to 
any one of these participating processes or not. 

From tllc results of the experiments where complete germination Tvas 
produced by a continuous irradiation with white light or by a limited red 
irradiation it was evident tha t  mitotic activity appeared in the embryos 
11efore there was any directly visible protrusion of the  rootlets (cf. e.g. 
figure 38). This was in accordance with results from Pinus  thunbergii Parl. 
(Goo 1952, 1956) and contrary to those described from other species inves- 
tigated in this respect (cf. p. 92). However, in seeds of Lactuca safiva L. 
EVENMU et crl. (1957) have shown that the start  of lengthening of the 
rootlets coii~cidecl with the first appearance of mitosis. In gamma irradiated 
seeds of the same species HABEK and I,UIPPOLD (1960 a) found an  inhibited 
appearance of mitosis, but  in spite of this a directly visible germination 
(protrucling rootlets). Compare corresponding results with wheat grains 
in HABER and FOARD (1962). The protrusion was only an  effect of the length- 
ening of the embryo-cells. From such results HAEER and LUIPPOLD (1.c.) 
have concluded -that the nlechanism of root protrusion in the seed ger- 
mination is parallel to the mechanism of root extension in mature plants, 
n-hich is caused chiefly by expansion of cells in tlie zone of elongation. 
From this i t  seems reasonable to conclude tha t  -the protrusion of the rootlets 
in the germination of the Scots pine seeds also is caused by the lengthening 
of the enibryo-cells. However, under the conditions used for tlie experinlents 
the first appearance of protruding rootlets in the Scots pine seeds could 
be found first after the  seeds had been under germinating conditions for 
more than .48 hours (table 15, figure 38 C and D). At  38 hours the seeds 
showed no signs of beginning protrusion bu t  a full development of tlie 
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mitotic activity in the  embryos (cf. figures 38 B and 39 B). As a nlatter of 
fact, the start  of the mitotic activity in embryos from seeds irradialed 
with a light quality stimulating the germination (protrusion of the rootlets) 
a p ~ ~ r e t l  already more than 24 hours before the first visible germination 
(figure 38, cf. also figure 39 X and B). In spite of the fact that the lengthening 
of the  embryo-cells has not been studied from direct measurements of the 
cells but only front indirect evidence this discrepancy in time between the 
firs1 appearance of embryo-mitosis and the start  of tlle protrusion of tlie 
rootlets may permit the conclusion tha t  in the germination of Scots pine 
seeds nol restricted hy the light factor the embryo lengthening is preceded 
by a mitotic activity in the embryos. 

The next question was whether the light control of tlie germination could 
be traced to  any specific effect on either the mitotic activity or the length- 
ening process of the embryos. The results in table 14, dark control ancl in 
tables 14 and 15, red f far-red, showed tha t  under light conditions restrictive 
for the germination (the protrusion of the rootlets) also the occurrence of 
embryo-mitosis was inhibited. Table 18 presents evidence for a complete 
hlocli of the mitotic activity in the light-sensitive fraction of the Scots 
pine seeds. In their studies on the light-requiring seeds of L a c f r m  safiucr L. 
(var. Grand Rapids) also E v ~ s i l n ~  ef al. (1.c.) observed tha t  there were no 
mitosis in darkness. In the same species (var. New York) HABEII and 
LUL:~PPOI,D (1960 a) could separate the natural coincidence between mitotic 
activity and protrusion of the rootlets by using a supraoptimal germination 
temperature, which inhibited the protrusion of the rootlets a t  the same 
time as the mitotic activity occurred. Under such conditions the same 
authors (1960 b) found tha t  a continuous red irradiation stimulated but a 
far-red one inhibited the directly visible germination simultaneously as 
there was no effect on the mitotic activity in tlle seed embryos before the 
first protrusion of the rootlets. From this result they concluded tha t  the recl- 
far-red control of the  gerrnination in the lettuce seeds could be traced to an 
effect of the light on the lengthening process in the embryos. 

However, the natural separation in time between the start  of the mitotic 
activity and the lengthening of the embryos a t  an optimal germination 
t e m ~ e r a t u r e  found in the Scots pine seeds studied here motivated a corre- 
sponding study on the pine embryos without changes of the germination 
condilions. The results in table 16 showed that  an alternating sequence of 
red-far-red irradiations influenced the occurrence of embryo-mitosis before 
the first signs of directly detectable protrusion of the rootlets. These results 
corresponded to Lhe similar effects on tlie final germination (cf. also Nyartrs 
1961 figure 1). In table 17 the same results expressed as the numbers of 
mitotic figures per embryo are given. Thus both the  occurrence ancl the 
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intensity of the mitotic activity -\Yere regulated by the light in the saw? way as 
-the final germination. The studies on the action spectra for the occurrence of 
embryo-mitosis in figure 39 further confirmed this. X direct comparison 
hetween the occurrence of mitotic activity before the protrusion ol the 
rootlets and the rootlet protrusion (figure 10) also demonstrates the same 
light dependence of the two processes. Thus the statement made by H , \ ~ E R  
and L U I P P O I ~  (1960 b) (cf. also HABEK 1960 and HABER and C.\RHIER 
1961) tha t  the definitive characteristic of dormancy in seeds is :I subtle 
block specifically preventing the initiation of cellular expansion does not 
seem to be valid for the light-controlled dorinancy in the Scots pine seeds 
studied here. 

I3esides the red-far-red controlled lengthening of the growing lettuce 
embryos (HABER and LUIPPOLD 1.c.) some other photon~orphogenic growth 
processes have been explained as effects of the light on the lengthening 
process of the developing plant organs. Thus KLEIN (1959) found that the 
red induced opening of the pluinular hooks in dark-grown scecllings of 
Phaseolus uulgaris L. was only an effect on the lengthening of the cells of the 
concave side of the hoolis. M O H I ~  and I ~ A U G  (1962) have founcl that the 
red induced formation of plumular hook in dark-grown seedlings of Lnctuccr 
sativa L. depended on a stimulated cell lengthening on the ultimate outer 
side of the hooli. In hypocotyls of P i s m z  s a t i u ~ m  L. L O C K E I . ~ Y  (1960) 
found tha t  red light decreased the plasticity of the cell walls at  the same 
time as an  inhibition of the overall growth occurred. X red stimulated 
unfolding of the developing leaf in Tri t icrm sativmz L. by \'~rcc;ix (1962) 
was shown to be connected with an increased extensibility of the ccll walls 
and in red inhibited hypocotyls of Sinapis  alba L. MOHI: and p ~ m ~ s  
(1960) found tha t  this inhibition could IIC correlated with a decreased cell 
length. 

Cnlilie this the red-far-red controlled leaf development in Fiumdrzs 
vulgaris L. (LIVERMAN ct al. 1955, I)OWNS 1955) probably is caused hy air 
effect on the cell divisions (POIYELL and GRIFFITII 1960, KLEIX and ~Y.IXSOR 
1963). MILLER (1961) has shown that the stimulated growth of a fern game- 
tophyte by red irradiations was correlated with a stimulation of the cell divi- 
sions. Also PAHICINSON (1950) (q.f. JYILLIA~IS cf ul. 1955) could find 
that  the stimulating action of light on the growth of leaves in peas I n s  
caused by a stimulation of the cell divisions. From indirect evidence also 
~VILLIAMS et al. (1.c.) concluded tha t  the light effect on the growth of l'icici 
lu6u L. (inhibition of etiolation) must be restricted to an effect of light: on 
the cell divisions a t  the apex of the stern. In dark-grown seedlings of the 
same species RCTLER and LAXE (1059) found a decreased mitotic activity 
in the apical meristems hut  the characteristic abnormalities in the etiolated 



shoot were connected with the loner parts of the shoot already present in 
the ungerminated seed. At  the light-inhibited growth of the first internode 
in Auena-seedlings AVEKY et nl. (1937) found an inhibition of the cell divisions 
caused by the light. In the same material GOODWIN (1941) also found this 
inhibition together with a smaller inhibition of the lengthening process during 
longer irradiation times. THOJISON (1954, 1959) and THOMSON and MILLER 
(1961, 1962) combined the light regulation of the growth with a stimulation 
of the di~ision-enlargement-rnat~lration sequence and the final effect of the 
light Lhus was dependent on the events taking place in the actual plant or- 
gan at  the time for the irradiation. 

I ' ron~ the above results it seems difficult to get a general picture of the 
relations between the photon~orphogenic effects and the individual phases 
of the growth process. ,4nother indication of a close connection between 
the effect of red-far-red irradiations and the mechanism of the cell divisions 
has been shown by MOH and WITHROW (1957), JYITHROW and MOH (1957) 
and NOH and JYITHROW (1959 a and b), who have found tha t  a far-red 
irradiation before an  X-ray irradiation increased the occurrence of chro- 
n~a t ide  breakage. This far-red effect could be reversed by a red irradiation. 

However, the loss of far-red reversibility and the time course for the 
appmmance of mitotic activity in the Scots pine embryos (figure 42) indicate 
-that light tllrough the mediation of the red-far-red reversible pigment 
system controls processes preceding the first appearance of mitotic activity. 
The same conclusion can be drawn from a comparison between the results 
in BORTH\\.ICK et a[. (1954, figure 9) and in EVESARI et a[. (1957, figure 1 R). 

'I'hese results suggest tha t  a more primary light effect can be traced in the 
metabolism of the seeds, e.g., as i t  is expressed in the respiration, a t  a point 
of time earlier than the first appearance of n~itotic activity. This idea will 
be further investigated in the next chapter. 

Chapter VP. Studies om the Respiration 

A. Introduction 

The start  of the  germination process by the uptake of water (imbibition) 
leads to an incipient growth of the embryonic plant in a viable and not 
dormant seed. One condition for gronth is a supply of energy. Energy is 
generated by the respiration and a t  the gronth-the germination-therc 
is a coupling of the respiration to this process. A consequence of this is tha t  
one of the earliest signs of the incipient germination ought to be an increased 



respiration (TOOLE et al. 1956 a). In the case of light-requiring sreds, the 
germination of which is blocked by the absence of light, i t  lhus seems 
natural that: the  dormancy-breaking light rather early in the germination 
process xi11 have a stimulating effect on the respiration. Ciiocrim and 
BARTON (1953) also remark tha t  whatever effect the light has on the light- 
sensitive seeds one may trace the light effect in the respiration of the  seeds. 
In accordance with this some cases have been described where the respiration 
of light-sensitive seeds was affected by irradiations (KIPP 1929, S C I ~ ~ ~ E L  
1933, LEGGATT 1948, PAECH 1953, HAGEN e t a [ .  1954, LEOPOLD and C;us~tssel- 
1954, EVENARI et al. 1955). A general survey of the effect of visihlc light 
on the respiration has been given by R O S E N ~ T O C I ~  and RIED (1960). 

From this i t  seemed important to investigate the relations between the 
respiration and the light factor in the Scots pine seeds. Also the influence of 
seed coat and stratification shown in the foregoing to be important for the 
light-controlled germination has been studied. Sonle of the results have 
been earlier reported ( N Y ~ I . ~  1957, 1961). 

B. Methods 

Before the start  of tlie respiration measurements the seeds were placed under the sannc 
conditions as in the  germination tests (a t  + 23" C in Jacobseil apparatuses, cf. p. 12). 
For details about the irradiations, see page 14 and thc individual experiments. 

The measurenlents were made ~ v i t h  the  direct method (U~IBREIT e! n I .  1939) in a \Yar- 
burg apparatus (Rraun, Melsungen). The volumes of the flasks werc 13-1.5 m1. In the  
ineasurernents of the oxygen uptake 0.2 in1 20 per cent IZOH with a filter paper wick was 
placed in the central well. The seeds were placed in 2.00 ml distilled ~vater ,  50 pcr flask or 
in the experiments with decoated seeds 25 per flask. 

The effect of different numbers of seeds per flask and the  magnitude and the rate of 
shaking was investigated in preliminary experiments. With 50 seeds per flasli, 80 oscilla- 
tions per minute and a length of oscillation of 4 cin i t  was shovin tha t  the diffusion of gas did 
not restrict the measurements. The temperature a t  all the  ~neasureinents was + 25.00k 
0.02" C. After the seeds had been transferred from the germination beds to the \Tarburg 
apparatus there \ws  an  adaptation period of 30 minutes before the start  of the measure- 
ments. These were made during 4 hours with readings cvery half hour. A11 manip~~la t ions  
and measurements were done in safelight. 

The rcsults from the  measurements have been given in yl  gas STP per half >ti1 hour 
and per standard quantity of seeds. As standard a definite number of seeds (50) Tvas 
chosen, because both tlie fresh and dry weight ma>- change during the gcrrninalion 
process and a standard should be unchanged in the different experiinents ( B ~ o w s  1942, 
HALTORSEN 1955, 1956). All experiments ve re  carried out in duplicate or triplicate for 
each type of irradiation, time for measurement and condition of the seed coats. The seed 
sainplcs Tvere so ~ - c l l  cleaned tha t  no empty seeds werc t o  be found in the individual 
samples. The seeds were not sterilized but  no visible infection  as founcl and thc mea- 
surements in the  dark control series have not sho~vn any sign of intensifiedrespiratioll due 
to  an infection. 
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1:igure 43. Oxygen uptake of 
Scots pine seeds after 24, 48 and 
72 hours, respectively, under 
germinating conditions with 
continuous irradiation (white 
light, L) and darkness (D). A: 
intact seeds. AA: intact seeds, 
irradiated in unimbibed con- 
dition. B: punctured seeds. C: 
decoated seeds. For further de- 
tails, see table 19. Provenance 
No. 2. HOURS 

C. Results 

1. Effect of White Light and Darkness on Intuct Seeds 

Before the start  of the measurements the seeds were placed unclcr gcr- 
minating conditions for 24, 48 and 72 hours, respectively, in continuous 
white light (from fluorescent tubes 1'1,/33, 1700 lux and in darkness). The 
total uptake of oxygen in these seeds is given in figure 43 A and the respira- 
tion rate and RQ in table 19 A. 

These results showed tha t  the respiration of the seeds in darkness was 
lower than that in conlinuous white light. Both for oxygen and carbon 
dioxide there was a slight decrease in the respiration after a longer time in 
darkness (see also the  extrapolated values in figure 45). Already after 24 
hours the  seeds in light showed a higher respiration rate than the dark 
control. ,4t this time the relative increase was 282 per ceiit for oxygen and 
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Table 19. Elfecal of nliiie light, darkness :ind different seed coat conditions on the respiration 
of Scots pine seeds. Ueasuremenls atarled after the seeds had been under germinating con- 
ditio~rs for 2i,  48 and 72 hours, respeetixel>, under continuous irradiation and in darkness. 

Irradiation 21s in figure 7. Pro~enanre 30 .  2. 

Resviration rate 1 
Sccd coat 
condition 

Light 

Darkness 

I 1 

Irradia- 
tion 

Seecl coat 
punc- 
tured 

Hours 
under gcr- 
minating 

conditions 

I 72 

Light 

Darkness 

Light 

Darkness 

Seecl coat 
removed 

24 
-1 8 
?' 
/ L 

24 
4 8 
72 

Light 

Darltness 

Seeds irradiated in unimbibed condition ( ~ ~ h i t e  fluorescent tubes TL/33, 6000 lux, 10 
hours). 

244 per cent for carbon dioxide. These elevations increased with longer 
time as a result of the higher respiration rate in light and the slightly de- 
creasing respiration rate in darkness. The high respiration rate after 72 
hours in light coincided with the start  of the visible germination (protrusion 
of the rootlets). The continuous white light stimulated the respiration 
already before there were any visible signs of germination. No certain 
effects could be traced in the  RQ, the values of which were in accordance 
nil11 the fact tha t  the Scots pine seeds are rich in fat  (CROCICER and 
BARTON 1953, R . ~ o c n - R o ~ ~ z s c ~  1957, THOMAS 1960). Another experiment was 
done with intact seeds, which were irradiated in unimbibed condition for 10 
hours nit11 nhi te  light (6000 lux) from the same light source as above. 
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In other respects thc  experiment was carried out in the same way as the 
preceding one. Tlie results are given in figure 43 A 4  and table 19 XA. 

Also here the seeds kept in darkness had a lo\ver respiration rate, but  the  
decrease with time, which was obtained in the preceding experiment, was 
substituted by a slight increase. From this i t  followed tha t  the relative 
increase caused by the coritiliuous irradiation was lower. For the oxygen 
uptake the relative increases were 183, 309 and 320 per cent after 24, 48 
and 72 hours, respectively. Tlie corresponding values in the previous ex- 
periment (without preirradiation) were 282, 455 and 1063 per cent. The 
relative values of the  carbon dioxide output were 147, 361 and 320 per cerit 
for the preirradiated seeds and 244, 361 and 962 per cent for the seeds in 
the  previous experiment. I t  was not possible either in the preirradiated 
seeds to trace any certain effect on the RQ. 

A con~parison between the respiration rates of the  preirradiated and 
unirradiated seeds in darkness, however, showed a significant increase 
(0.001 > P) for both oxygen and carbon dioxide. The corresponding com- 
parison for the  seeds kept in continuous white light did not show any 
significant difference. From these results i t  was evident tha t  not only a 
continuous irradiation of the seeds hut  also a preirradiation of the  unini. 
bibed seeds could stimulate the  respiration of the seeds. 

2. Eflect of Vhite Light and Darkness on Seeds with Punctured Seed Coats 

Before the seeds mere laid to imbibition the seed coats were punctured as 
previously described (p. 40). Otherwise the experiment was performed in the 
same way as above. The results are given in figure 43 B and table 19 B. 

Also in this experiment the respiration of the seeds under continuous 
irradiation showed a higher value than tha t  in darkness, but  a t  the same time 
the respiration rates for the seeds in both light and darkness were higher 
than the corresponding values for the intact seeds. From this i t  followed 
tha t  the relalive increases of the respiration caused by light mere less: 
for oxygen uptake after 24, 48 and 72 hours, 141, 181 and 157 per cent, 
respectively; for carbon dioxide 135, 220 and 177 per cent. From these results 
i t  mas evident tha t  a puncturing of the seed coats stimulated the respiration 
a t  the same time as the relative stimulating effect of the light became less. 
The RQ did not show any principal difference between the values from 
seeds in light and darkness nor hetween them from punctured and intact 
seeds. This may indicate tha t  if the seed coats have a restrictive permeability 
for the two gases, oxygen and carbon dioxide, the diffusion through them 
will be restricted to the same extent for both of the gases (cf. further p. 120). 
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3. Effect o f  W h i t e  Light  a n d  Darkness  on Seeds w i t h  Remoued Seed Coats 

The seeds used in this experiment were completely decoated before the 
start of the imbibition. In other details the experiment was identical with 
the preceding ones. The results are given in figure 43 C and table 19 C. 

Here i t  was evident that  the stimulating effect of a continuous irradiation 
had nearly disappeared. The relative increase of the oxygen uptake after 
24, 48 and 72 hours, was 114, 109 and 108 per cent, respectively. For the 
rate of carbon dioxide output the corresponding values xt7ere 122, 113 and 
118 per cent. At  the same time as the stimulating effect of light on the 
respiration rate decreased the absolute rates were higher than both in the 
intact and punctured seeds. Not either in this experiment were the RQ 
values changed significantly. A decoating of the seeds stimulated the respira- 
tion more than only a puncturing a t  the same time as the stimulating effect 
of the light nearly abolished. 

4. Effect of Irradiat ions w i t h  Red a n d  Red  + Far-Bed Light  o n  Intact  Seeds 

In order to  investigate whether the same type of reaction could be found 
after irradiations with red and red + far-red light the following experiment 
was performed. 

In accordance with the germination experiments the seeds were imbibed 
in darliness for 6 hours and then given standard irradiations with red and 
red $- far-red light (cf. p. 57). The measurements were started after the 
seeds had been under germinating conditions for 24, 48 and 72 hours from 
the start of the imbibition. The results are given in figure 44 A and table 
20 A. 

A comparison of these results with those from the experiments on intact 
seeds in continuous white light and darkness showed principally the same 
results. After a red irradiation the respiration rate increased; after a red 
+ far-red irradiation there was a slight decrease with time. Already after 
24 hours the red irradiated seeds showed a higher respiration rate than the 
red + far-red irradiated ones. The relative increases for the rate of oxygen 
uptake after 24, 48 and 72 hours were 147, 276 and 424 per cent, respec- 
tively. For the carbon dioxide output the corresponding values were 126, 
246 and 414 per cent. A comparison of the values in tables 19 and 20 showed 
that  the respiration rate of the red + far-red irradiated seeds was higher 
than in the dark control seeds in table 19. This difference may be due to  
the fact tha t  the experiments were made on seeds of different provenances 
(No. 2 and 3, respectively). However, compare the results in table 25, 
which showed tha t  the respiration rate in the red + far-rtd irradiated seeds 
was somewhat higher than in the dark control seeds. 
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Figure 44. Oxygen uptake of red 
(R) and red + far-red (R + FR) 600 
irradiated Scots pine seeds after 
24, 48 and 72 hours, respectively, 400 
under germinating conditions. A: 
intact seeds. B: punctured seeds. 200 
C: decoated seeds. Standard irra- 
diations (cf. figure 26). Provenance 
SO. 3. 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4  

HOURS 

These results showed that limited irradiation with red light stimulated 
the respiration. This stimulation was apparent already after the seeds 
had been under germinating conditions for 24 hours, i.e., 17.5 hours after 
the end of the red irradiation (see further figure 49). The stimulating effect 
of this red irradiation could be nullified by an immediately following far-red 
irradiation. The respiration level was reversibly controlled by red-far-red 
irradiations, but there were no effects on the RQ values. 

5.  Effect of Irradiations with Red and Red +- Far-Red Light on Seeds with 
Punctured Seed Coats, 

This experiment was done in the same manner as the previous one but 
the seeds were punctured. The results are given in figure 44 B and table 
20 B. 

For both the red and the red + far-red irradiated seeds the respiration 
levels were higher than for the corresponding intact seeds (cf. figure 44 A 
and table 20 A). The inhibiting effect of the far-red irradiation was less 
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Table 20. Effect of red (R), red $ far-red (R + FR) irradiations and different seed coat 
conditions on the respiration of Scots pine seeds. Measurements started after the seeds had 
been under germinating conditions for 2+, 48 and 72 hours, respectively. Standard irra- 

diations (cf. figure 26). Protenonce Ko. 3. 

Seed coat 
condition 

Intact 

Seed coat 
punc- 
tured 

Seed coat 
removed 

Irradia- 
tion 

R 

R + F R  

Hours 
mder gcr. 
rninating 
:onditionr 

24 
48 
72 

24 
48 
72 

Respiration rate 
(,uI gas150 seeds/l/Z hour) 

than in seeds with intact seed coats. The red-far-red control of the respira- 
tion was disturbed by the puncturing of the seed coats. -4s a consequence 
of this the relative increases in the respiration level caused by the red ir- 
radiation were less than in tlie cases with intact seed coats. After 24, 4 3  
and 72 hours, the relative increases for the rate of oxygen uptake were 
122, 163 and 176 per cent, respectively, and for carbon dioxide output 
112, 172 and 190 per cent. Concerning the RQ there were no significant 
effects of the treatments. As in the experiment v i t h  continuous white 
light and darkness a puncturing of the seed coats stiniulated the respiration 
to  a higher level than after only an irradiation. The nullifying effect of 
far-red on tlie stimulating effect of red light was less after a puncturing. 

6.  Effect of Irradiations with Red and Red + Far-Red Light on  Seeds with 
Removed Seed Couts 

The seeds used in this experiment were decoated before they were placed 
to imbibition. In  other details there were no changes. The results are given 
in figure 44 C and table 20 C. 
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After this decoating the respiration level for the seeds irrespective of 
the type of irradiation was higher than for both punctured and intact seeds. 
However, there was still a significant lower respiration (0.001 > P) in the 
far-red irradiated seeds after 24 and 48 hours. As a consequence of the high 
respiration in the red + far-red irradiated seeds the relative increases for 
the rate of oxygen uptake and carbon dioxide output were small: after 24, 
48 and 72 hours, for oxygen 115, 118 and 102 per cent, for carbon dioxide 
124, 128 and 104 per cent, respectively. 

These results showed that  the absence of seed coat influenced the capacity 
of light to  regulate the level of the respiration. However, the nullifying 
ability of far-red light on the stimulation caused by red light persisted 
after decoating but the relative importance was small. As in the preceding 
experiments no effects were found on the RQ values. 

A summary of the above results shows that  a continuous irradiation 
with white light or limited red irradiation of intact seeds as well as a pnnc- 
turing or decoating without irradiation were followed by a stimulated 
respiration. This corresponded to a stimulation of the germination after 
the same treatments. On the other hand, the intact and unirradiated or 
redtfar-red irradiated seeds showed an inhibited respiration, which also 
corresponded to an inhibited germination under the same circumstances. 
However, the inhibiting effect of a far-red irradiation was decreased after 
disturbance of the seed coat both for the germination and the respiration. 
Factors stimulating the germination also stimulated the respiration. Factors 
inhibiting the germination also inhibited the respiration. 
9 further exemplifying of this relation between the germination and 

the respiration will be given here by a comparison of results presented earlier 
in figure 36 and results given further on in this chapter in figure 51 A and 
B. This comparison is given in figure 45, where the respiration rates of 
seed samples, which had been under germinating conditions for 24 and 48 
hours, are correlated to  the final germination percentages of other seed 
samples identically irradiated. There was a good correlation between the 
two types of values. The extrapolated values were in accordance with the 
observed decrease of respiration rate with increased time in darkness (see 
table 19 A, darkness). The conclusion from this mas that  a direct relationship 
existed between the intensity of the respiration already in an early phase 
of the germination process and the final visible germination. 

7. Effect of  Decoating at  Different T i m e s  o n  the Far-Red  Inhibi ted 
Resp i ra t ion  

In this experiment the far-red inhibited respiration was studied in relation 
to the period during which the seed coats were intact. This was done in 
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0 10 20 30 40 0 10 20 30 40 50 
p1 02/50 SEEDS / 1/2 HOUR 

Figure 45. Relations between the  respiration rates after 24 and 48 hours, respectively, and 
the  germination percentages after 20 days in Scots pine seeds (comparison between the 
results in figure 36 and figure 51 A and B). 

direct connection with the former experiment and some of the results 
presented here are repeated from table 20 (intact, R+FR; seed coat removed, 
R+FR). All seeds were given standard red+far-red irradiations after the 
seeds had imbibed in darkness for 6 hours. Four types of decoating were 
used: decoating before the start of the imbibition (A), immediately after 
the end of the irradiations (B), immediately before the start of the respira- 
tion measurements (C) and no decoating a t  all (D). The measurem-nts were 
made after the seeds had been under germinating conditions for 7, 24, 
48 and 72 hours. The results are given in figure 46 and table 21. 

The results showed that  the respiration rates during the measurement 
periods of 4 hours were constant in the different experiments. If the presence 
of an intact seed coat inhibits the complete imbibition and in that  way 
restricts the respiration the stimulated respiration measured immediately 
after a decoating (figure 46 C) should have further increased during the 
measurements. In earlier results (figure 20) it  was evident that  the imbibition 
of intact and punctured seeds was the same, but the respiration rate of the 
punctured seeds was higher than that  of the intact ones and constant 
during 4 hours (see figures 43 B and 44 B). However, the imbibition curve 
for decoated seeds in figure 20 showed that  these seeds had a greater water 
uptake during the imbibition, which cannot be excluded as a possible cause 
of the greater respiration rate of these seeds in figure 46 A (see also figures 
43 C and 44 C). But the stimulated respiration after a puncturing (figures 
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HOURS 
Figure 46. Oxygen uptake of red + far-red irradiated Scots pine seeds a t  different times 
after decoating. A: decoating before t he  start  of t he  imbibition. B: decoating immediately 
after the  end of t he  irradiations (after t he  seeds had been under germinating conditions 
for 7 hours). C: decoating immediately before the  measurements. D: no decoating. hIea- 
surements started a t  the  indicated times after the start  of the  imbibition. For further de- 
tails, see table 21. Provenance No. 3. 

Table 21. Effect of decoating a t  different times on the far-red inhibited respiration in Scots 
vine seeds. Standard rod + far-red irradiations (cf. figure 26) after the seeds had imbibed 

in darkness for 6 hours. Treatments A-D a s i n  figure 46. Provenance No. 3. 
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43 B, 44 B) or a decoating immediately before the respiration measure- 
ments (figure 46 C) do not suggest that  an increased water uptake during 
the measurements should be the reason for the increased respiration in these 
cases. I t  seemed more probable that  the influence of the seed coat on the 
respiration rate was mediated by another factor than the water factor. 

,4 comparison of the respiration rate in the intact seeds (figure 46 D) 
and in the seeds decoated immediately before the measurements (figure 
46 C, table 21) showed that  the respiration rate was immediately changed 
to a higher and constanl level after the decoating. This increase was approxi- 
mately the same independent of the time when these decoatings were 
undertaken. The relative increases for oxygen mere after 7, 24, 48 and 72 
hours 194, 171, 209 and 195 per cent, respectively. For carbon dioxide the 
corresponding values were 242, 148, 212 and 183 per cent. From these 
results i t  was evident that  the inhibited respiration after a far-red irra- 
diation to a certain extent was immediately overcome after a decoating. 

In  another part of this experiment the decoating nas  performed iinme- 
diately after the end of the irradiations, i.e., after the seeds had been under 
germinating conditions for 7 hours (figure 46 B). The measurements on these 
seeds then lvere made after the seeds had been in decoated conditions for 
different periods of time. These results were compared with the corresponding 
values for the seeds which had been decoated since the start of the imbibi- 
tion, i.e., had been nithout seed coats during the irradiations. The results 
showed that  the presence of an intact seed coat during the irradiations was 
of sinall importance for the development of the stimulated respiration. 
The longer the seeds were in decoated condition the higher the respiration 

a ions rates were. The RQ values (table 21) did not show any significant devi t' 
in the different experiments. 

8. Eflect of Different Oxygen Concentrations o n  Red Irradiated and 
Unirradiated Seeds 

In order to test whether the stimulated respiration obtained after a disturb- 
ance of the seed coat could be explained by the assumption that  the intact 
seed coat had too low a permeability for oxygen the following experiment was 
done. 

The seeds imbibed in darkness for 6 hours. Half of the samples were 
then red irradiated (standard irradiation). The other samples were left 
unirradiated. After the seeds had been under germinating conditions for 
24 hours the measurements were started after a period of adaptation, 
during which the vessels were flushed with different gas mixtures (about 



STUDIES ON T H E  GER;\IINATION I S  SEEDS OF SCOTS P I S E  121 

Figure 47. Oxygen uptake of red irra- 
diated and unirracliated Scots pine 
seeds at different oxygen concentra- 
tions. For further details, see table 22. 
Provenance S o .  4. 

cn DARK R IRRAD. 
0 1 CONTROL 1 
W 

0 1 2 3 4  1 2 3 4  
HOURS 

4 1) of nitrogen and oxygen prepared as previously described (p. 44). 
Ordinary air was used as a control (21 vol. per cent oxygen). The other 
oxygen concentrations used were 60 and 100 vol. per cent. The results are 
given in figure 47 and table 22. 

In the unirradiated seeds the respiration rate increased with increasing 
3xygen concentration. For the oxygen uptake a significant increase (0.001 

Table 22. Effect of the oxygen concentration on the respiration in Scots pine seeds. Measure- 
ments started after the seeds had been under nerminatinu conditions for 24 hours. Standard " " 

red irradiation (cf. figure 26). Dark control unirradiated. Provenance No. 4. 
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9.3 4 0.1 
11.6 & 0.6 
12.4 4 0.3 

22.5 4 1.0 
23.0 4 1.3 
16.3 4 0.5 

0.67 4 0.02 
0.78 & 0.03 
0.73 t 0.02 

0.67 0.02 
0.69 5 0.02 
0.55 & 0.01 
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> P), however, could be observed only in a comparison between the results 
in 60 and 100 vol. per cent oxygen. For the output of carbon dioxide the 
same significant effect was found only between the results in air and 100 
vol. per cent. The relative increases (of the rate in air) for the oxygen uptake 
were for 60 and 100 vol. per cent 105 and 120 per cent, respectively. For 
carbon dioxide the corresponding values were 125 and 133 per cent. 

For the red irradiated seeds there were no significant increases but the 
respiration rate in 100 vol. per cent showed a decrease. The relative values 
of the respiration rates (of the rate in air) for oxygen were in 60 and 100 
vol. per cent 101 and 88 per cent, respectively. For carbon dioxide the 
values were 102 and 72 per cent (in the last case a significant decrease). 
Disregarding the results of the last case with an inhibition after an in- 
creasing of the oxygen concentration, the reason for which is not obvious 
(cf. in the discussion p. 138 about oxygen poisoning), the effects of the 
higher oxygen concentrations were small in comparison betl~een the respira- 
tion rates in air of red irradiated and unirradiated seeds. In this case the 
relative increase was 237 per cent for oxygen and 242 per cent for carbon 
dioxide, which showed that  the stiinulation of the respiration rate caused 
by higher oxygen concentrations was small compared with the stimulation 
produced in ordinary air by a red irradiation. The small absolute increases 
of the respiration rate with increased oxygen concentration in darkness 
combined with the impossibility of increasing the germination under the 
same conditions (figure 21, in darkness) seem to indicate that  the inhibiting 
effect in darkness of intact seed coats on respiration and germiliation was 
not dependent on an insufficient permeability of the intact seed coats for 
oxygen. Compare also the similar RQ values in intact and decoated seeds 
(tables 19 A and C, 20 A and C) indicating the same relation between the 
carbon dioxide output and the oxygen uptake in intact and decoated seeds. 
These also suggest that  the seed coat effect was not connected with a corre- 
sponding insufficient permeability of the intact seed coats for carbon dioxide 
(see further p. 136). 

9. Effect of Strat i jcat ion o n  Unirradiated Seeds 

In order to investigate whether a stratification could stimulate the 
respiration in the same way as the other factors (red light, decoating) also 
stimulating the germination, the following experiment was done with 
intact seeds in darkness. 

The seeds were stratified in the same way as earlier described (p. 28 and 
p. 69). The control seeds were stored for 1 week under identical condi- 
tions but in a dry state. The stratified seeds were treated for 1 and 2 weeks, 
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HOURS 
Figure 48. Effect of stratification on the oxygen uptake of unirradiated Scots pine seeds. 
Seeds stratified during one and two weelis, respectively (1 resp. 2, stratification as in figure 
32). Control seeds unstratified (0). 3Ieasurements started after the  seeds had been under 
germinating conditions in darkness during the  indicated periods. See also table 23. Prove- 
nance No. 3. 

whereupon the respiration measurements were directly started with some 
of the seed samples (figure 48; 0 hours). The other seeds were placed under 
germinating conditions for 24, 48 and 72 hours, before the measurements 
were started (figure 48; 24, 48 and 72 hours). No irradiations were given. 
The complete results are given in table 23. 

Table 23. Effect of stratification on the resoiration of unirradiated Scots ~ i n e  seeds. Prove- 
nance Yo. 3. 

Stratification 
(+ 3-4O C) 

veelis 

Under germina- 
ting conditions 

(+ 25' C) 
hours 

Respiration rate 
(pl  gas150 seeds/l /2hour) 1 
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The results showed that  the stratified seeds had a stimulated respiration 
in comparison with the unstratified ones. The longer the seeds had been 
stratified and under germinating conditions the greater the respiration 
rate. Contrary to this the unstratified seeds had about the same respiration 
rate regardless of whether the seeds had been under germinating conditions 
for 24 or 72 hours. From these results i t  was evident that  a stratification 
caused a stimulated respiration in the intact and unirradiated seeds. In 
the RQ values no effects of the stratification vere found. These results may 
be compared with the stimulated germination in darkness after a strati- 
fication previously described (cf. figures 9 and 32). 

In connection with the decoating effect and the water factor previously 
described (section 7 above) it  may be pointed out that  the unstratified 
(unimbibed) seeds (figure 48; 0 hours, 0) did not shorn- any obvious increase 
of the respiration rate during the period of the measurements (4 hours), 
thus suggesting that  changes of the respiration rate with imbibition (for 
this cf. figure 20) were slow and small compared with the effects of decoating 
per se. 

10. Development of Stimulated Respirat ion after Irradiation 

In earlier experinlents (figures 43, 44) a significant stimulation of 
the respiration was found after 24 hours in continuous white light and 17.5 
hours after a limited red irradiation. In order to investigate how soon 
after an irradiation the first stimulation could be found the following ex- 
periments were carried out. 

In  a first experiment the respiration rate was measured in seeds imbibed 
in darkness for 24 hours. The measurements a t  first were done in darkness 
for 2 hours. At  the end of this period an incandescent lamp (200 IT') placed 
30 cm above the water level in the Warburg apparatus and giving an ir- 
radiance of 3000 lux just above the water level, was switched on. The 
measurements were continued under these circumstances for 8 hours. 
After this period the Warburg vessels with the seeds were placed in a damp 
chamber under white fluorescent tubes (1700 lux, + 25" C) for 14 hours 
and then the measurements were started again and continued for another 
2 hours. The mean values of the respiration rate and RQ values for different 
periods are given in table 24. 

This continuous irradiation gave only a weak and slow increase of the 
respiration. At  first after 8 to 10 hours a significant higher uptake of oxygen 
could be detected and after the last period of irradiation from fluorescent 
tubes a higher respiration for both oxygen and carbon dioxide could be 
shown. The respiration rate after this time was about the same as in table 
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Table 24. Respiration of Scots pine seeds at different times after the start of an irradiation. 
Provenance KO. 2. 

Time from the  I Respiration rate 
start  of the  (t$ gas150 seedsilj2 hour) 

I 
1 RQ 

Before t he  start  of the measurements the  seeds had imbibed in clarlmess for 2 1  hours. 
Irradiation during the  measurenlenls v i t h  an  incandescent lamp (200 W), %hich gave 

3 000 lux just above the  water level in the  \\-arburg apparatus. After the  measurements 
during 10 hours the  vessels v i t h  the  seeds were kept in a damp chamber in xh i t e  light 
(fluorescent tubes TLi33, 1700 lux) a t  f 25" C until the  start  of the  new measurements 
after 24 hours. 

19 4 (24 hours). From this experiment, in which the seeds were irradiated 
when placed under water in the Warburg vessels, i t  seemed that  the devel- 
opment of the stimulated respiration caused by white light was a slow 
process. No certain effects could be detected in RQ. 

In a second experiment the seeds were given a standard red irradiation 
after 6 hours of imbibition and lay on the germination beds in the Jacobsen 
apparatus till immediately hefore the start of the measurements. These 
were started a t  different times after the red irradiation. As previously 
there was an adaptation period (30 nlin.) before each series of measurements. 
These were made during 4 hours ancl the values, which are given in figure 
49, are the mean values from such series. The dark control seeds were 
treated in the same way but mere not irradiated. 

The rate of the oxygen uptake nleasured during the period 0 to 4 hours 
after the end of the red irradiation was in the darli control and the irradiated 
seeds 15.7 & 0.6 and 17.2 & 0.8 $/50 seeds/% hour, respectively. For the 
period started 6 hours after the red irradiation the corresponding values 
were 14.8 0.6 and 21.3 0.7 $150 seeds/% hour. The difference between 
the two last values was significant (0.001 > P). This difference increased 
with longer time. From these results i t  was evident that  the stimulation of 
the respiration caused by a limited red irradiation increased slonly ancl was 
significant after more than 6 hours after the irradiation. The slight decrease 
in the respiration rate of the darli control seeds agreed x i th  the results on 
intact seeds in darkness (cf. figure 43 A). An irradiation with light stimulating 
the germination caused a stimulated respiration before any directly visible 
signs of germination. A comparison of these results with those in Chapter V 
concerning the appearance of embryo-mitosis after an identical red irradia- 
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Figure 49. Rate  of oxygen uptake in red irradiated Scots pine seeds a t  different times 
after t he  irradiation. Standard irradiation (cf. figure 26). Provenance No. 4. 

tion (figures 38, 41, 42) showed that the red stimulated respiration 
appeared before the red stimulated mitotic activity. Because the mitosis 
was found before the directly visible germination, these three parts of the 
germination process in the Scots pine seeds all stimulated by red light 
could be arranged in the following time sequence: stimulated respiration, 
appearance of mitotic activity and a stimulated, directly visible germination. 

However, in order to establish whether the respiration was correlated to 
the two other processes not only through a red sensitivity but also through 
the same type of repeated red-far-red reversibility and action spectrum 
the following experiments were undertaken. 

1 1 .  Repeated Red-Far-Red Reversibility 

The results in figure 44 A and table 20 A showed that a stimulating red 
irradiation could be nullified by an immediately following far-red irradiation. 
In this experiment the effect of a longer series with alternating red-far-red 
irradiations was investigated. 

The seeds were given standard red and far-red irradiations, which followed 
immediately after each other. The irradiations were started after the seeds 
had imbibed in darkness for 6 hours. After the end of the last irradiation 
the seeds were placed back into the germinator. The measurements were 
started after the seeds had been under germinating conditions for 48 hours 
(from the start of the imbibition). The results are given in figure 50 and 
table 25. 
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HOURS 

Figure 50. Reversible effect of repeated red-far-red irradiations on the  oxygen uptake 
of Scots pine seeds. For further details, see table 25. Provenance Xo. 3. 

The results showed that  the uptake of oxygen was stimulated after a red 
irradiation but this stimulation was eliminated by a following irradiation 
with far-red. There was a repeated reversibility. The nature of the last 
irradiation determined whether a stimulation would appear or not. The 
dark control seeds showed the same magnitude of their oxygen uptake as 
the seeds irradiated only with far-red light or with far-red as the last light 
quality in a series of repeated irradiations. Concerning the output of carbon 
dioxide corresponding results were obtained. In the RQ values no effects 
could be found. A comparison of the results for R and R+FR irradiated 

Table 25. Reversible effect of repeated red-far-red irradiations on the respiration of Soots 
pine seeds. Measurements started after the seeds had been under germinating conditions for 

48 hours. Standard irradiations (of. figure 26). Provenance No. 3. 

Dark control I 

Irradiation 
Respiration rate 

( ~ 1  gas/50 seeds1112 hour) 1 RQ 
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Figure 51. Action spectra for 
the  ratc of oxygen uptake in 
Scots pine seeds. A and B: s t i~n -  
ulation spectra measured after 
the  seeds had been under germi- 
nating conditious for 24 aud 48 
hours, respcctive1)-. C and D: 
inhibition spectra under the  
same conclitions. Irradiations 0l 5 8 iO ' k 8 as in figure 36 and 3i, respec- 
tively. DC: dark coutrol. Prove- 

WAVELENGTH ~1000 B, nance NO. 4. 

seeds in table 50 with the corresponding results in table 20 A (48 hours) 
showed good accordance. The same repeated red-far-red reversibility 
could be found in the respiration as in mitosis and germination (table 16, 
figure 26, see also NYLIAS 1961, figure 1). 

12. Action Spectrum 

The studies on the action spectra for stimulation and inhibition of the 
respiration were performed i11 the same way as the corresponding ones for 
the germination (p. 74) and tlle occurrence of mitosis (p. 101). The seeds 
were transferred to tlle Warburg vessels after they had been under ger- 
minating conditions for 24 and 48 hours. After the same adaptation period 
as before the measurements were started and performed during 4 hours 
with readings every half hour. In all the experiments the total uptake of 
oxygen was directly proportional to the time. For each time (2-1 and 48 
hours) and irradiation 2 x 50 seeds were used. The results are given in figure 
51, where every point is the mean value of 16 measuren~ents. 
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Already after 24 hours an action spectrum for the stimulation could be 
found, which had the same principal features as the one after 48 hours. 
The maximal respiration rate after 24 hours was found in the spectral 
region 6350-6830 a (figure 51 A) but after 48 hours the three largest values 
were obtained after irradiations with 6200-6600 (figure 51 B). I t  may 
also be observed that  this action spectrum showed two additional peaks, 
one a t  5500 Lk and tlie other a t  7125 A, which also could be traced after 24 
hours (figure 34 A). The same peaks were found in the action spectra for the 
germination in figure 36, and for the mitosis in figure 39 B. 

The action spectrum for the inhibition after 24 hours was irregular (figure 
51 C) but after 48 hours a pronounced inhibition maximum was found a t  
7300 A and n i th  a peak a t  6975 A (figure 51 D). Compare the shoulder a t  
7125 a in figure 37 and the maximal inhibition a t  7300 A also for the ger- 
mination (figure 37) and the occurrence of embryo-mitosis (figure 39 D). 
In spite of certain discrepancies it seemed evident that  also the action 
spectra for the respiration were the same as for the germination and tlie 
occurrence of mitosis. 

13. Effect of  Irradiat ions w i t h  Red  and Red  + F a r - R e d  Light o n  Anaerobic  
Resp i ra t ion  

The results hitherto presented have shown the influence of light on the 
aerobic respiration. The purpose of this experiment was to investigate 
whether a stimulated output of anaerobic carbon dioxide also could be found 
after a red irradiation and whether such a stimulation could be abolished by a 
far-red irradiation. In order to  compare aerobic and anaerobic respira- 
tion also the aerobic oulput of carbon dioxide was studied. 

The experiments were done in the same way as in a preceding one, in 
which the effects of red and red + far-red irradiations were studied (cf. 
p. 114 and table 20 A). The measurements vere started after the seeds 
had been under germinating, conditions for 24, 48 and 72 hours. For each 
time of measurement, type of irradiation and gas 2 x 5 0  seeds were used. 
During the adaptation period immediately preceding the start of the measure- 
ments the vessels used for studies on the anaerobic production of carbon 
dioxide vere flushed with nitrogen (about 4 1). The nitrogen was obtained 
from a commercial steel container (AGA, ~naximal content of oxygen 0.10 
vol. per cent). The results for anaerobic and aerobic carbon dioxide are 
given in figure 52 and 53, respectively. See also table 26. 

Concerning the values for the output of aerobic carbon dioxide these 
were comparable to the results obtained in an earlier experiment (cf. table 
20 A). From a comparison between the results in figures 52 and 53 it  mas 
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HOURS 
Figure 52. Carbon dioxide output of red and red + far-red irradiated Scots pine seeds under 
anaerobic conditions after 21 (inverted triangles), 45 (dots) and 72 (triangles) hours under 
germinating conditions. Dark control unirradiated. Standard irradiations (cf. figure 26). 
See also table 26. Provenance No. 4. 

Figure 53. Carbon dioxide output of red and red + far-red irradiated Scots pine seeds under 
aerobic conditions after 24 (inverted triaugles), '48 (dots) and 72 (triangles) hours under 
germinating conditions. Dark control unirradiated. Standard irradiations (cf. figure 26). 
See also table 26. Provenance No. 4. 

CO 
n 3 350 
Cn 

evident that  the output of anaerobic carbon dioxide was influenced by red 
and far-red irradiations in the same way as the aerobic output. Already 
after 24 hours there was a significantly higher output of anaerobic carbon 
dioxide from the red irradiated seeds than from the unirradiated and the 
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Table 26. Effect of red (R) and red + far-red (R + FR) irradiations on aerobic and anaero- 
bic respiration in Scots pine seeds. Measurements started after the seeds had been under 
germinating conditions for 24, 48 and 72 hours, respectively. Standard irradiations (cf. 

figure 26). Provenance No. 4. 

Irra- 
dia- 
tion 

Dark 
control 

R 

R 4 F F  

Hours 
under 
germi- 
nating 
condi- 
tions 
-- 

24 
4 8 
72 

24 
48 
72 

24 
4 8 
72 

Respiration ra te  
(PI gas150 seeds/l/2 hour) 

c o y  

Ratio 

c ~ ~ ~ / c o ; ~ '  

red+far-red irradiated ones (0.001 > P). The ratios between the anaerobic 
and the aerobic values are also given in table 26. In spite of some variation 
the mean value 0.37 & 0.03 indicated a resemblance to  the theoretical value 
0.33 for a respiration without a Pasteur effect (see further p. 143). These 
results showed tha t  the red-far-red reversible effect on the aerobic respira- 
tion was found also in the anaerobic respiration as this was reflected in the 
output of carbon dioxide in an atmosphere of nitrogen. 

14. Action Spectrum-Comparison between Aerobic and Anaerobic 
Respiration 

In earlier experiments (section 12 above) the action spectra for the 
stimulation and inhibition of the respiration were investigated. Only the 
oxygen uptake was studied because the reversibility experiments (table 
25) did not show any effects on the RQ values. However, the preceding 
experiment, which showed a red-far-red effect also on the output of 
anaerobic carbon dioxide, made i t  pertinent to  establish whether the 
action spectrum for the anaerobic respiration was the same as tha t  for the 
aerobic one. In  order to permit a direct comparison between them the action 
spectrum also for the aerobic output of carbon dioxide was studied. 

Only the stimulation spectra were investigated here. The measurements 
were made on seeds which had been under germinating conditions for 48 
hours. The seeds were placed in a similar plexiglass frame as used in earlier 
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Figure 54. Action spectra for 
the  stimulation of oxygen up.  
take and of aerobic and anaero- 
bic carbon dioxide output in 
Scots pine seeds. Oxygen: un- 
filled circles. Aerobic carbon 
dioxide: filled circles with dash- 
ed h e .  Anaerobic carbon di- 
oxide: filled circles. Irradiations 
as in figure 36. DC: dark con- 
trols. Rleasurements started 
after the seeds had been under 
gernlinating conditions for 48 
hours. Provenance No. 4. 

experiments but with six compartments, each one for 50 seeds. Thus 6 x 50 
seeds were irradiated a t  the same time, 2 x 50 were used for the measurements 
of the oxygen uptake, 2 x 50 for the carbon dioxide output in air and 2 x 50 
for the carbon dioxide in nitrogen. The irradiations were the sarne as in 
preceding experinients on action spectra. Flushing of the vessels was per- 
formed as described above. All measurements made during 4 hours with 
readings every half hour showed constant respiration rates except for the 
first readings in the anaerobic measurements (after 30 min.), \vliich often 
mere greater and were excluded from the calculations of the mean ~ a l u e s .  
The results are given in figure 54. 

The action spectrum for the oxygen uptake in principal features was 
the saine as the one earlier found (cf. figure 51 B). The greatest stimulations 
were also obtained here in the region 6200-6600 A but with a maximum a t  
6200 A. However, the differences between the three values in this region 
were not significant. The same was valid for the corresponding values for 
the aerobic output of carbon dioxide. Thus with the method used liere i t  
was not possible to establish any wavelength with a maximal effect in this 
spectral region. See the results in figure 36 for the germination and in figure 
39 B for the occurrence of embryo-mitosis, see also BOR~THWICK ef al.  (1954, 
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figure 6). The peak a t  5500 a earlier observed (figures 36, 39, 51) was 
present but no peak or shoulder could be found a t  7000-7100 A. The action 
spectrum for the aerobic output of carbon dioxide showed consistent 
features, which also was reflected in the RQ values not being dependent of 
the wavelength. Their mean value was 0.6710.02, which was not significantly 
different from the average value 0.7 for seeds rich in fats (THOMAS 1960). 
These results confirmed the earlier findings that  the light quality, which 
In a profound way modified the intensity of the respiration, had no effects 
on the RQ values. 

The measurements on the anaerobic output of carbon dioxide also gave 
a corresponding action spectrum. The greatest stimulation even in this 
case was found in the red part of the spectrum with maximum values a t  
6600 and 6830 A, which, however, did not exactly correspond to the results 
from the measurements of the aerobic carbon dioxide. See, however, the 
indications of shoulders a t  5500 and 7125 a together n i th  the ratios between 
the anaerobic and aerobic carbon dioxide output, which in spite of some 
variation made clearer the similarities between the action spectra for the 
aerobic and anaerobic output of carbon dioxide. The mean value for this 
ratio (0.30 & 0.01) mas not significantly different from the theoretical value 
0.33 for a respiratory system operating without Pasteur effect (cf. TLR\ER 
1960, see also in the discussion p. 143). These results together n i th  those 
from the preceding experiment (section 13) support the assumption that  
the anaerobic part of the respiration in the Scots pine seeds is regulated by 
light through the mediation of the same pigment as the aerobic respiration. 

D. Discussion 

In the studies on the effect of continuous white light the respiration 
rates vere only determined a t  three different times during the early phase 
of the germination process: after 24 hours when the imbibition was complete, 
after 48 hours when the seeds were near the moment for the opening of the 
seed coats and after 72 hours when the protrusion of the rootlets had started 
(see also figure 38). The results shoved that  the light caused a stimulation 
of the respiration which was apparent already after 24 hours. This effect 
in the respiration before the start of the visible germination corresponded to 
the results received in the light-requiring seeds of Nicotiana tabacum L. by 
KIPP (1929) and SCHR~PPEL (1933). These authors, who studied the time 
course of the respiration in detail, found that  there was a maximum in 
darkness after 10-12 hours. After this time the respiration rate decreased 
but increased on an irradiation with white light. This light stimulation 
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appeared before the visible germination. A further increase of the respira- 
tion was found a t  that  moment when the visible germination started. 

Besides this similarity in the appearance of light-stimulated respiration 
in seeds of tobacco and Scots pine both of them showed a decrease of the 
respiration rate under prolonged stay in darkness (see table 19 A, darkness, 
and the extrapolated values in figure 45). Also for the light-requiring seeds 
of Lactuca satiua L. (var. Grand Rapids) EVENARI e f  al. (1958) showed a 
decrease of the respiration rate under corresponding conditions. This could 
not be correlated with any changes in the contents of fats or sugars. 

However, the decrease of the respiration rate found in the Scots pine 
seeds in darkness was substituted by an increase, if the seeds were pre- 
irradiated with white light before the start of the imbibition (see table 
19 AX). This corresponded to the stimulated germillation in darkness, which 
could be produced by a similar preirradiation (cf. Chapter 111). 

Concerning the RQ values no certain differences could be found between 
the light and dark experiments possibly indicating that  light caused a quali- 
tative change of the respiratory metabolism. In the tobacco seeds KIPP 
(LC.), however, found a small decrease of KQ in darkness. 

In  Lhe experiments with red and far-red irradiations, i t  was shown that  a 
limited irradiation with red light stimulated the respiration in the same way 
as a continuous irradiation with mhite light. This effect, which could be 
nullified by a following far-red irradiation, was valid both for oxygen and 
carbon dioxide (table 20) and mas also repeatedly reversible (table 23). 
EVENARI e f  al. (1955) studied the respiration in seeds of Lac fuca  satiua L. 
(var. Grand Rapids), where they found a stimulation after a limited irradia- 
tion with red light. However, this stimulation was significant only until 
the protrusion of the rootlets in a comparison with far-red irradiated seeds 
or dark control seeds. No effects on the RQ values were found. After a dry 
storage a red irradiation stimulated only the output of carbon dioxide. 
Also the respiration rates in darkness and after a far-red irradiation were 
different. The respiration rate of red + far-red irradiated seeds was inter- 
mediate between that  of red and of only far-red irradiated ones. From 
these results EVENARI e f  al. (1.c.) concluded that  red light eliminated a 
respirational block which could be re-established by a far-red irradiation. 
Also HAGEN et al. (1954) have described respiratory responses in lettuce 
seeds after red and far-red irradiations, correlated with changes in the red- 
far-red sensitivity with respect to  the germination. A correlation between a 
light effect on the germination and on the respiration has also been demon- 
strated by LEGGATT (1948). With blue light both the germination and the 
respiration were inhibited as a result of "carbon dioxide zymasis" induced 
by the blue light. 
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A corresponding relation between germination and respiration has been 
found in Scots pine seeds. Irradiations stimulating the germination stim- 
ulated the respiration, inhibiting the germination also inhibited the respira- 
tion (cf. the action spectra in figures 36, 37 and 51). In this connection it  
may be observed tha t  LEOPOLD and GUERXSEY (1954) have described 
stimulatory effects of red light on the respiration in plants whose develop- 
ment was stimulated by red light, inhibitory effects where red light was 
inhibiting and reversal of the red effects by far-red irradiations. Lettuce 
seeds (var. Grand Rapids) were also included in this study and showed 
principally the same responses as found by EVENARI et al. (1.c.). However, 
concerning their magnitude and duration quite different results were 
obtained (see further p. 141). 

In  accordance mith the stinlulating effect of a puncturing or a decoating 
on the protrusion of the rootlets (the germination) and the occurrence of 
mitosis (figure 17 and 41, respectively) there was also a stimulation of the 
respiration after the same treatments (tables 19, 20, figures 43, 44). 
I t  was found that  after a puncturing the respiration was stimulated 
to  the same level in darkness as in intact seeds in continuous white light. 
A complete removal of the seed coats gave a higher respiration level. Also 
in combination with red-far-red irradiations the puncturing and decoating 
stimulated the respiration. The more the seed coats xere removed, the 
less the relative light control of the respiration. However, a far-red inhibit- 
ing effect was still left even after the complete removal of the seed coats 
(table 20 C). This seems to indicate that  the red-far-red reversible pigment 
system was not located in the seed coats but that  the controlling effect of 
this pigment system on the respiration level was dependent on a co- 
operation mith the intact seed coat. I t  may be observed that  the respiration 
rate of the seeds in darkness after a complete removal of the coats was 
about 10 times higher than in the intact seeds (table 19, 48 hours). The 
corresponding higher respiration level of red irradiated, intact seeds mas 
about 3 times higher than for the unirradiated intact ones (table 25, 48 
hours). That only a decoating resulted in a higher respiration level than a 
red irradiation of intact lettuce seeds, var. Grand Rapids, mas also shown 
by EVENARI et al. (1.c.). Interesting to notice is the fact that  the decoated 
lettuce seeds of this variety are not light-requiring (EVESARI and NEUMANN 
1952) and that  the intact, light-requiring seeds of the lettuce sort Progress 
had the same respiration level as the decoated seeds of the variety Grand 
Rapids (EVENARI et al. LC., LEVARI 1953). 

A further demonstration of the relation between the far-red inhibited 
respiration and the seed coat is given in table 21 and figure 46. The inhibition 
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by far-red light was evident only as long as the seed coats were intact. Im- 
mediately after the decoating the respiration rate increased. The stimula- 
tion was of the same magnitude independent of the total period the seeds 
had been under germinating conditions. On the other hand, the seeds which 
were decoated from the start of the imbibition but irradiated in an identical 
way had a higher respiration level. This increased during the germination 
in the same way as for the seeds which were decoated immediately after 
the irradiation. This showed that  the presence of an intact seed coat under 
the irradiation had no importance. Instead the presence of an intact seed 
coat after the irradiation was important for the inhibition of the respiration. 

These results shorn a general resemblance betn-een the conditions in lettuce 
and Scots pine seeds. However, the decreased capacity of the red-far-red 
reversible pigment system for controlling the respiration level and a t  the 
same time its incapacity for controlling the germination in decoated seeds 
can be compared with the statement made by BORTHTVICK and HENDRICKS 
(1960) that  this pigment system controls a "bottleneck" in the metabolism, 
which possibly is closely associated with reactions of acyl coenzyme A. 
In explaining the above results i t  seems more probable that  either the pigment 
system does not control a "bottleneck" or that  the seeds have alternative 
pathways in their metabolism dependent on the condition of their seed 
coats. 

The above effects of the seed coats on the respiration level possibly 
could be explained under the assumption that  the seed coats have too 
low a permeability for oxygen and carbon dioxide. That the presence of an 
intact seed coat can influence the respiration of germinating seeds has been 
reported for different species (SHULL 1914, HARRIXCTON and HITE 1923, 
SIERP 1925, STLLFELT 1926, FRIETINGER 1927, STILES and LEACH 1932, 
BROWN 1942, 1943, LARMOUR ef al. 1944, KOZLOWSKI and GENTILE 1959, 
cf. also XYMAN 1957 and reviews by STILES 1960 and CARR 1961). In 
these papers a higher respiration rate has been found in decoated seeds 
than in intact ones. In  some of the cases i t  has also been shomn that  the 
respiration increased in higher oxygen concentrations and that  the increases 
were higher in intact than in decoated seeds (SHULL 1.c., FRIETISGER 1.c., 
STALFELT LC., KOZLOWSKI and GENTILE 1.c.). These results were inter- 
preted so that  the seed coat was a partial hindrance for the exchange of 
gases. The basis for such a conclusion was that  there was a greater increase 
of the respiration rate in the intact than in the decoated seeds in an in- 
creased oxygen concentration. However, in similar experiments on Scots 
pine seeds (table 22, figure 47) the effects of higher oxygen concentra- 
tions were investigated only on intact seeds. The absolute values of the in- 
creased respiration under such conditions (in darkness) were small and 
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made it  improbable that  these increases should be significantly greater 
than in decoated seeds under the same condi-tions, i.e., the results, which 
should be required for establishing the seed coats as a hindrance for the 
gas exchange. This indirect den~onstration of the unlikelihood for the 
intact seed coats being a hindrance for the free permeation of oxygen and 
carbon dioxide n7as further supported by the inability of higher oxygen 
concentrations to increase the germination in darkness (figure 21). In  cases 
where a higher oxygen concentration has been able to  stimulate dormant 
seeds to germination this has been ascribed to too low a permeability of 
the intact seed coats for oxygen (CORRENS 1906, CROCKER 1906, BECKER 
1912, SHULL 1911, 1914, THORSTON 1935; concerning light-sensitive seeds, 
cf. review by EVENARI 1956). Here it  also can be observed that  the oxy- 
gen effects obtained by SHULL (1.c.) and THORNTON (1.c.) on seeds of 
Xanfhium spp. have been found to depend on a reduction of germination 
inhibitors (WAREING and FODA 1956, 1957). Compare similar results 
from studies on the light-sensitive seeds of Betula spp. (BLACK 1956, BLACK 
and %'AREING 1959), which indicate a relationship between oxygen and the 
breakdown of inhibitors (cf. also the discussion to Chapter 111, p. 49 and 
below p. 138). 

From the discussion above it  follows that  the stimulating effect of 
irradiation wit11 red light could not be explained under the assumption 
that  the irradiation should increase the permeability of the seed coats. 
There was no significantly greater stimulation of the respiration \ ~ i t h  
increased oxygen concentration (see table 22) in the unirradiated than in 
the red irradiated seeds. Here it may be pointed out that  even a t  a 
decreased oxygen concentration (lower than in air) under a continuous 
irradiation with white light there was 60 per cent germination (figure 21, 
10 vol. per cent oxygen, in light). 

To explain the results from studies on the light-requiring achenes of 
Chloris ciliata Sw. GA~SNER (1911 a and b) developed the hypothesis that  
light stimulated the germination in this species by preventing the formation 
of a layer in the coats, which should restrict their gas permeability (cf. 
also PAECH 1953). These Chloris-achenes lost their light dependence after 
dehulling, which also has been described for decoated seeds of many other 
species (cf. reviews by EVEXARI 1956 and in press). Also in other cases 
light effects on permeability have been described, see for example BRAUNER 
and BRAUSER (1940) and a review by STALFELT (1956). In spite of this 
i t  does not seem probable that  the seed coat effect in the Scots pine seeds 
can be explained along this line. Neither the red-far-red effects on the 
respiration of decoated seeds (table 20 C), nor the nature of the mediating 
pigment system (phytochroine, cf. p. 52) support the idea that  the light 
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effect should be localized in the seed coat (schlerenchymatic tissue, LAKON 
1911, SCHXARF 1937). 

The results in table 22 also showed a slight decrease of respiration rate 
in the red irradiated seeds in pure oxygen. The reason for this is not obvious 
but may indicate the presence of an oxygen poisoning, which, however, 
could not be found in the germination experiments (figure 21, 100 vol. 
per cent oxygen, in light). However, MACK (1930) has described that  the 
output of carbon dioxide from wheat seedlings decreased in oxygen con- 
centrations above 90 vol. per cent. In other investigations harmful effects 
of pure oxygen on the respiration have only been obtained a t  pressures 
above 1 atmosphere (see BEEVERS 1961 and review by STILES 1960 a) but 
inhibiting effects on growth have been found in pure oxygen without over- 
pressure (cf. e.g. ELIASSON 1958 and a review by CARR 1961). 

Finally i t  may be observed that  the RQ values for the Scots pine seeds 
did not give any indications of the intact seed coats being a selective hindrance 
for either oxygen or carbon dioxide. See, however, BROWN (1940), who found 
a greater permeability for oxygen than for carbon dioxide in seed coats of 
Cucurbita pepo L. 

Instead of the intact seed coats in Scots pine being a hindrance for the 
gas exchange a possible explanation of the seed coat effect may be that  
the opening or removal of the coats permit the escape of a volatile inhibitor 
(cf. p. 49), i.e., in accordance with the explanation given by LATIES (1957) 
for the observed stin~ulation of respiration in potatoe tissue with increased 
surface to  volume ratio of this tissue (see also STILES 1960 a). However, 
both decoating and irradiations as factors eliminating a respiratory block 
in the Scots pine seeds and simultaneously also a block for the germination 
do not necessarily indicate that  both these factors influence the same 
mechanism. 

This last conclusio~~ may also be valid for the effect of stratification on 
the respiration of intact and unirradiated seeds (figure 48, table 23). 
In these seeds a stimulated respiration appeared in the same way as after 
a puncturing or removal of the seed coats (figure 43 B and C) or a red ir- 
radiation of the intact seeds (figure 44 A). Thus all these three types of 
treatments, which caused a stimulated germination (figures 9, 17 and e.g. 
26), also caused a stimulated respiration. I t  may also be observed that  the 
decreased importance of far-red light after puncturing or decoating for 
controlling the level of the respiration (table 20) and the germination 
(figure 31) can be compared with a corresponding inabili-ty in stratified 
seeds to  control the germination (figure 32). 

The effect of a stratification has been studied in many seeds with different 
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types of dormancy (cf. reviews by CROCKER 1948, CROCKER and BARTON 
1953, BARTON 1961, V E G I ~  1961). Besides studies on the germination per se 
also many investigations have been devoted to biochemical transformations 
during the stratification process (see e.g. BARTON LC., VEGIS 1.c.) from 
which the dormancy-breaking effect has been explained in different ways. 
Thus STONE (1957, 1958) postulated the formation of an intermediate 
compound "I" from the substrate in seeds of Pinus jeffreyi Murr. during 
the stratification. This compound would afterwards be directly utilized 
in the growth process. A relationship between stratification and respi- 
ration has also been demonstrated in different materials. In seeds of 
apple HARRINGTON (1923) and VISSER (1954, 1956) showed that  the respira- 
tion increased after a stratification. The same was found by POLLOCK and 
OLNEY (1959) in seeds of Prunrrs cerasus L. and by POLLOCK (1960) in a 
cold t reat~nent  of buds of Acer saccharinum L. POLLOCK (1.c.) attributed 
the stiinulatory effect of the stratification on the respiration to  an increased 
coupling between energy-releasing and energy-utilizing processes as one 
of alternative explanations. Similar effects on the respiration have been 
described by STAXLEY (1958) in stratified seeds of Pinrls Zambertiana Dougl. 
In the same species STANLEY (1957) and STANLEY and CONN (1957) showed 
that  mitochondria isolated from endosperm and germinating seedlings could 
oxidize acids in the TCA cycle. However, this capacity decreased with 
longer time of germination as well as with longer time of stratification 
(STASLEY and CONN 1.c.). 

From the results of stratification in seeds of Scots pine discussed above 
i t  may be concluded that  the similar effects of red irradiation, seed coat 
disturbance and stratification, which gave comparable results in respect 
to the investigated physiological processes, are not necessarily expressions 
of the same primary action of the three different treatments. I t  may be 
equally probable that  they act primarily on different steps in the metabolism 
but produce the same effect on the respiration and on the germination. 
As soon as one of these factors is able to stimulate the respiration to a critical 
level or above the other two lose their importance for controlling the respira- 
tion level and also the germination. 

The observations that  a continuous irradiation with white light after 
24 hours and a limited irradiation with red light after 17.5 hours induced a 
higher respiration rate (figure 43 and 44, respectively) were followed by 
experiments in which the development of this stimulation was studied. 
With white light (table 24) it  mas found that  the stimulation developed 
slowly, probably depending on the experimental conditions. However, in a 
repeated experiment with a red irradiation (figure 49) a significant stimula- 



tion was found 6 hours after the irradiation, and an increased respiration 
appeared already in the measurements, which were started immediately 
after the end of the irradiation. Comparable results were found by KIPP 
(1929) and SCHROPPEL (1933) in seeds of Nicot iana tabacum L. They observed 
an immediate change of the declining respiration rate in the dark to  a con- 
stant and then gradually increasing tendency after the start of an irradiation 
with white light. With red light on seeds of Lactuca sativa L. EVENARI 
et al. (1955) could observe a significantly higher respiration already one 
hour after the irradiation. In the same material (var. Grand Rapids) LEOPOLD 
and GUERNSEY (1954) found the corresponding stimulation after half an 
hour to  one hour. Concerning the rate with which the respiration was 
changed after a stimulating irradiation in these different materials, i t  
seems as if the Scots pine seeds were somewhat more sluggish in their 
responses. A general agreement seems to exist in these cases, uiz., that  a 
type of irradiation inducing a stimulation of the development (the ger- 
mination) also caused a stimulated respiration rather soon after the start 
of the irradiation and that  this stimulation in all these cases could be ob- 
served before the stimulated protrusion of the rootlets, i.e., the germination 
in a inore general sense. 

In the preceding chapter i t  was shown (figure 42) that  between the de- 
creasing inhibitory capacity of far-red light and the occurrence of embryos 
without mitosis with increasing time after a red irradiation there was a 
mean difference in time of about 20 hours. This time difference indicated 
that  processes preceding the appearance of mitosis eliminated the inhibitory 
capacity of the far-red irradiation. These results compared with the develop- 
ment of the respiration in seeds which were given an identical red irradiation 
(figure 49) showed that  the decreasing capacity of far-red light to inhibit 
the following protrusion of the rootlets coincided with the development 
of the red stimulated respiration. In this time interval the determinative 
metabolic changes caused by the red-far-red reversible pigment system 
probably can be found. The same comparison (figures 42, 49) also showed 
that  the significantly higher respiration rate, which was observed 6 hours 
after the red irradiation, i.e., after the seeds had been under germinating 
conditions for 12.5 hours, appeared a t  a time when any evidence of mitotic 
activity could not yet be observed (figure 38). The red induced stimulation 
of the respiration preceded the appearance of the mitosis, which in its 
turn preceded the protrusion of the rootlets. 

The appearance of these processes-induced by light in the same way- 
on the time scale indicated a causal connection between them. A later 
appearing phenomenon on the time scale can hardly be the cause of the 
appearance of an earlier one. For this reason it  seems probable that  the 
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stimulation of the germination evoked by red light in the Scots pine seeds 
is more primarily correlated with the respiratory metabolism than with the 
two growth processes, mitosis and cell lengthening. HABER and LUIPPOLD 
(1960 b) concluded from their studies on lettuce seeds (var. Grand Rapids) 
that  the dormancy-breaking effect of the red-far-red syste~n is located 
in the cell lengthening process. See also the red-far-red effect on the etiola- 
tion phenomenon as an effect on the cell lengthening earlier discussed (p. 108 
and D O ~ N S  et al. 1937 and Dowss and CATHEY 1960). 

A further comparison of interest is the magnitudes of the red stimulated 
respiration in the Scots pine seeds studied here and in the lettuce seeds 
used by EVCNARI et al. (1.c.) and by LEOPOLD and GUERNSEY (1.c.). At 
that  moment, when the first significantly higher respiration rate was 
observed in the Scots pine seeds, i.e., after G hours from the end of the red 
irradiation, the stimulated oxygen uptake was 44 per cent (figure 49). 
In the lettuce seeds (EVENARI et al. 1.c.) the mean stinlulation during the 
period before the appearance of the rootlets was about 10 per cent. Contrary 
to this LEOPOLD and GUERXSEY (1.c.) obtained a stimulation of 660 per 
cent. From a series of compiled observations on the effect of visible light 
on the respiration in different types of plant material ROSENSTOCK and 
RIED (1960) calculated the mean value 29 per cent, irrespective of stirnu- 
lation or inhibition. They also reinarked that  the results described by LEO- 
POLD and GUERNSEY (1.c.) were quite extraordinary. 

Concerning the permanency of the red stimulation there are divergent 
findings. The stimulation found by LEOPOLD and GUERASEY (LC.) persisted 
only for one and a half hours after which the respiration rate became about 
the same as in the dark control seeds. The red effect shonn by E ~ E X A R I  
et al. (1.c.) persisted until the start of the visible germination in spite of the 
fact that the difference betneen the germination in the red and the un- 
irradiated seeds was about 60 per cent. Compare this x i t h  the results froin 
the Scots pine, where there 1-1 as a steadily increasing difference betn een the 
red and red + far-red irradiated seeds in spite of the fact that  the rootlets 
had started to protrude also in the red + far-red irradiated seeds after 72 
hours (table 20 A). Also in the experiments n i th  nhite light (table 19 A) 
the same results were found. I t  can be remarked that  an irradiation n i th  
white light for a limited period used by KIPP (1.c.) and SCHROPPEL (1.c.) 
caused a stimulation of the respiration rate, which persisted and mas ac- 
celerated when the protrusion of the rootlets started. 

Contrary to  the statement made by HABER and LUIPPOLD (1960 b) that  
the breaking of dormancy in seeds is not generally related to gross metabolic 
alterations before the start of the growth in the embryos, the above discussed 
effects of red-far-red irradiations on seeds of Scols pine and lettuce showed 
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a regulating effect by light already in an early phase of the germination 
process. EVENARI et al. (1.c.) have pointed out that  the red-far-red system 
in freshly harvested lettuce seeds regulates a respirational block. Evidence 
for this was also obtained in the Scots pine seeds through the occurrence 
of repeatedly reversible effects of red-far-red irradiations on the respiration 
(figure 50, table 25), i.e., the corresponding results, mhich have been 
found for the occurrence of embryo-mitosis (tables 16, 17) and for the 
final germination (figure 26). 

A further confirmation of the relationship between the effect of light 
on the respiration, on the occurrence of mitosis and on the directly visible 
germination was obtained from a study on the action spectrum of the 
respiration (figure 51) and a comparison of this with the corresponding 
spectra for the mitosis (figure 39) and the germination (figures 36, 37). 

As earlier pointed out (p. 77 and 129) both the general features of the 
action spectra for stimulation and inhibition of the respiration as well as 
certain minor details agreed with the corresponding ones for mitosis and 
germination. See the results in figures 40 and 45, which also support their 
identity. Even after 24 hours (figure 51 A and C) action spectra with distinct 
features could be observed, a case mhich was not possible a t  the same time 
for the occurrence of mitosis (figure 39 A and C). This also supports the above 
discussed (p. 140) relation in time between the appearance of stimulated 
respiration and mitotic activity. 

In  spite of the fact that  the action spectra neither showed a definitive 
maximal stimulation exactly a t  the wavelength 6600 a nor a definitive 
maximum for inhibition exactly a t  7350 (cf. BORTHWICK et al. 1954), 
the general features showed mutually a good resemblance and also agree- 
ment with action spectra for other photomorphogenic processes in different 
types of plants: 

germination in seeds of Lactuca satiua L. (BORTHWICII et al. 1952 a, 1954), of Lepidium 
virginicum L. (TOOLE ef  al. 1955), of Arabidopsis thaliana (L.) Eastland (SHROPSHIRE 
et al. 1961), germination in spores of Dryopteris filix-mas (L.) Schott (MOHR 1956), induc- 
tion of flowering in short- and long-day plants (PARKER e f  al. 1946, BORTHWICK et al. 
1952 b, and BORTHWICK et al. 1948, PARKER et al. 1950, respectively), elongation of inter- 
nodes (GOODWIN and OWENS 1948, BORTHWICK e f  al. 1951, PARKER et al. 1949), develop- 
ment of leaves (PARKER ef  al. 1949, DOWNS 1955, VIRGIN 1962), disappearance of the  
plumular hook in Phaseolus uulgaris L. (WITHROW et al. 1957), development of an orange 
colour in fruits of SoIanum lycopersicum L. (PIRINGER and HEINZE 1954), formation of 
anthocyanin in seedlings of Brassica oleracea L. (SIEGELMAN and HENDRICI~S 1957), of 
Sorghum vulgare Pers. (DOWNS and SIEGELXAN 1963) and in apple skin (SIEGELMAN and 
HENDRICKS 1958 a), chlorophyll formation in leaves of Tri t icum satiuum L. (VIRGIN 
1961), phosphate metabolism in seeds of Lactuca satiua L. (SURREY and GORDON 1962) 
and movements of chloroplasts in Mougeotia sp. (HAUPT 1959). 
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However, the relation between respiration, growth and light quality in 
the Scots pine seeds shown and discussed above was contrary to the cor- 
responding results on seeds of Cucrlrbita pepo L. ROSENSTOCK (1951) has 
shom-n that  the respiration of these seeds was stimulated by wavelengths 
longer than 7000 a. Also a t  4300 A and a t  wavelengths shorter than 
3000 ii stin~ulations appeared. X conlparison of these results with the spectral 
sensitivity of the germination in the same species studied by RIEISCHKE 
(1936) s l i o ~ e d  that  the wavelengths, which stimulated the respiration, 
did not stimulate the germination and the reverse (ROSENSTOCK 1.c.). 
But the light influence on the respiration described by ~ IONTFORT and 
ROSENSTOCK (1950) and RO~ENSTOCK (1.c.) in later papers (ROSENSTOLI~ 
1955 a, b and c) could be explained from changes in the temperature as- 
sociated with the irradiations. From a thorough discussion of these and 
similar results ROSENSTOCK and R ~ E D  (1960) also concluded that  in no 
case has it  been definitely proved that  a direct photocl~einical action on 
the respiratory system is Lhe cause of the effect of visible light on the re- 
spiration ("Lichtatmung"). Instead it  seems more probable that  light 
can influence the respiratory substrate or start developmental processes 
with stimulated respiration as a consequence. In such a case the effect 
may persist after the end of the irradiations, i.e., in accordance with the 
results here found in the Scots pine seeds. 

The studies on the red-far-red reversible effect and the action spectrum 
for the respiration in air mere further extended to include a corresponding 
investigation concerning the anaerobic respiration. The results from the 
experiments on the red-far-red reversibility (figure 52, table 26) showed 
that  the same reversibility could be found in the anaerobic as in the aerobic 
respiration (figure 53). A comparison of the stimulation spectra for the 
anaerobic and aerobic output of carbon dioxide (figure 54) showed cor- 
respondence, and therefore the controlling action of the red-far-red rever- 
sible pigment system evidently also includes the anaerobic phase of the 
respiration. In this connection it  can be observed that  SCHROPPEL (1933) 
found a stimulation of anaerobic carbon dioxide output with light in seeds 
of Nicot iana tabacum L. 

In table 26 and figure 54 the ratios between the rate of anaerobic and 
aerobic output of carbon dioxide are given (I/N). In  spite of certain varia- 
tions the mean values from these two types of experiments showed a magni- 
tude of these ratios not far from the theoretical value 0.33, which is valid 
for a respiration mechanism operating without a Pasteur effect (cf. THOMAS 
1961). However, for a certain conclusion about the absence of such an effect 
BLACKMAN'S extrapolation method must be used combined with chemical 
analysis on the appearance of anaerobic metabolites in the cases, where 



the values of these ratios (less than unity) suggest the absence of this effect 
(see TURNER 1960, BEEYERS 1961, THOMAS 1961). Disregarding this, there 
mas no correlation between the ratios anaerobic/aerobic carbon dioxide 
and the light quality indicating the occurrence of the same stimulation 
spectra for both these types of respiration. No studies were done on the 
inhibition spectrum. However, the existence of a red-far-red reversibility 
and the conformity between the stimulation spectra for the aerobic and the 
anaerobic respiration may suggest the occurrence of a corresponding inhibi- 
tion spectrum also for the anaerobic respiration. 

The occurrence of a higher output of carbon dioxide during the initial 
phase of anaerobiosis (cf. THOXAS 1961) also mas observed in the Scots 
pine seeds (figure 52). In  the calculations of the I/N values (cf. above) 
from these experiments in table '26 all measurements mere included and 
probably caused some of the variations in these values. In the experiments, 
from which the action spectrum of the anaerobic respiration (figure 54) 
was combined, the corresponding observations \\ere made. However, in 
the calculations in this case the first and higher values from each series of 
measurements were excluded. In consideration of the fact that  the rates 
of the carbon dioxide output vere constant during later measurements 
this calculation method is equivalent to  the extrapolation method. 

Besides the IiX values tlle RQ values did not show any evident dependence 
on the light quality. Compare the action spectra for the oxygen uptake and 
output of aerobic carbon dioxide. 

In the discussion above (see p. 141) it  was concludedthat the light control 
of the germination was dependent on a more primary action of light on the 
respiration than on the growth processes in the embryos. That also the 
anaerobic respiration was regulated by light through the mediation of the 
same red-far-red reversible pigment system possibly can limit the problem 
to a more restrictecl part of the respiratory mechanisn~ through v,hich the 
light controls the respiration and the follo\-\.ing development of the embryos. 

The question is whether the action of light, i.e., the action of the pigment 
system, can be considered to be more intimately connected with tlle anaerobic 
than wit11 the aerobic phase of the respiration or the reverse or with both 
of them. 

Against the assumption that  the primary action is connected only with 
the aerobic phase is the fact that  the light effect was quite evident even 
in the anaerobic experiments. 

On the other hand, the assunlption that  the action of light is connected 
only mith the anaerobic phase of the respiration corresponds well to the 
light effects on the anaerobic respiration. From this i t  also follo\vs that  the 
corresponding effects of light shall be found on the aerobic respiration, 
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because a factor affecting the anaerobic part always seems to be connected 
with a corresponding effect on the aerobic respiration (one of the general 
evidences for the common-path theory, cf. JAMES 1953). This is evidently 
in accordance with the  obtained results. However, these results cannot 
exclude other types of explanations, e.g., that light influences a process 
which is follomed by a general increase of the respiration rate. 

The germination is equivalent to a growth process and owing to this a 
process requiring energy (endergonic process). The chemical energy stored 
in fats and sugars in the endosperni is made available during the respiration 
for diverse endergonic reactions. The principal substance for this energy 
transfer is adenosine triphosphate (A'TP) (cf. e.g. BEEVERS 1961). The 
start of the germination involves a coupling of the  respiration to the growth 
of the embryos (Toorx et al.  19.56 a), which thus also involves the participa- 
tion of the ATP-system. The control of diverse developmental processes, 
among \vhich the germination is one, by the red-far-red reversible pigment 
system, can be supposed to be connected with an effect of the pigment 
on the turnover of this high-energy phosphate. In accordance nit11 this 
GORDON and SURREY (1958, 1960) found a stimulating effect with red light 
and a reversible effect with far-red light on the oxidative phosphorylation 
in mitochondria from duena-coleoptiles, but they also remarked (1960) 
tha t  the red stimulation on the formation of ATP might be only a conse- 
quence of a stimulated oxidation of substrate. Working with coleoptiles 
and inesocotyles of ilvenu and seedlings of Phaseo lus  vulgaris L. SISLER and 
KLEIN (1960, 1961) could not find any effect of red-far-red irradiations 
on the fornlalion of ATP but supposed tha t  the light effect on the morpho- 
genesis of these species could be connected with a direction of the  ATP in a 
specific utilization process. In contradiction to these results SURREY (1961) 
has preliminarily reported and SURREY and GORDON (1962) have described 
the same red-far-red effects and action spectrum as for the  germination 
on the phosphate metabolism in seeds of Lactuca sativa L. (var. Grand 
Rapids). However, these effects were correlated with the appearance of the 
visible germination, i.e., the incipient growth of the embryos. In experi- 
ments with 2,4-dini-trophenol (DNP), known as an  effective uncoupler of the 
oxidative phosphorylation (cf. e.g. LATIES 1957, BEEVERS l.c.), KLEIS 
(1956) (q.f. EVENARI 1957), HABER and TOLBERT (1959) and KLEIX (1961) 
have shown the existence of an oxidative phosphorylation in lettuce seeds 
(var. Grand Rapids). However, EVENARI (1.c.) has shown in germination 
experiments with the  same nlaterial tha t  the inhibition of the germination 
caused by DNP was independent of the light factor. Contrary to this HABER 
(1959) could make light-independent lettuce seeds (var. New York) dependent 
on light in the presence of DNP. These inconsistent results together with 
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the same light influence on both the aerobic and the anaerobic respiration 
in the Scots pine seeds seem difficult to explain under the assumption that  
the red-far-red pigment system should influence only the mechanism of 
the oxidative phosphoryla-tion and as a result thereof controls the respiration 
rate (cf. LATIES 1.c.). 

On the other hand, the assumption that the red-far-red light should 
influence the respiration rate, not directly through an effect on the mechanism 
for the formation of high-energy phosphate but through a process which 
utilize such phosphates, e.g., formation of protein in connection with the 
growth process (BEEVERS LC.) the rate of turnover for the ATP system 
should change with an increased or decreased respiration rate as a conse- 
quence. Confer in this connection the relations bekeen  protein metabolism 
and irradiations described by LANDGRAF (1961). 

The assumption discussed above that  the red-far-red pigment systein 
should either influence the oxidative phosphorylation or stimulate the 
utilization of ATP and as direct consequences of this affect the uptake of 
oxygen is not necessarily the only possible explanations for the red-far-red 
effects on the respiration rate. Thus GORDON and SURREY (1960) remarked 
that  the red-far-red effects on the ATP content in Auena-coleoptiles could 
be only a consequence of a stimulated oxidation of substrate, which may 
indicate that  the light action is concerned with enzymes engaged in sub- 
strate transformations during the respiration process. The results showing 
red-far-red effects on the activity of TPN triosephospliate dehydrogenase 
described by MARCUS (1959, 1960) seem to support such an idea. See also the 
different development in light and darkness of co-factors for the same 
enzyme described by HAGEMAN and ARNOX (1955). TURXER (1960) points 
out the importance of this enzyme for the rate regulation of the glycolysis. 
These results thus should be well comparable with the red-far-red effects 
on the rate of the anaerobic respiration here described in t,he Scots pine 
seeds and in accordance with the common-path theory should also be able 
to explain the corresponding results on the aerobic respiration (cf, above p. 145). 

A reasonable way for the operation of the red-far-red system supposed 
by BORTHWICII and HENDRICI~S (1960) is deduced from the influence of 
this pigment system on the development of anthocyanins (SIEGELRIAN and 
HENDRICIIS 1957, 1958 a and b, NOHR 1957), indicating the influence of the 
pigment on a reaction closely associated with acyl coenzyme A compounds, 
which beside the formation of anthocyanins are also closely allied with fat 
transformations and the TCA cycle. Acetyl coenzyme A as a controlling 
substance for the respiration rate has been pointed out by KKEUS (1957). 
A postulated red-far-red effect linked to this substance thus might be 
correlated with the observed light effects on the respiration rate. 
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I-Io\ve~er, in this connection it can be observed tha t  HABER ancl TOLBERT 
(1959) with lettuce seeds (var. Grand Rapids) could not find any difference 
in the fixation of C1' from NaHC1*O, in seeds irradiated with continuous 
white or far-red light. This indicated tha t  the operation of the  TCA cycle 
was independent of the red-far-red system and further rejected the hy- 
pothesis that the  lighl action should be connected with the formation of 
the high-energy phosphates linked to the operation of the TCA cycle. 

The different possibilities for explaining the light responses of the respira- 
tion discussed above may a t  least he summarized in a negative conclusion, 
uiz., thal the action of the  red-far-red system evidently does not act 
-through an effect on the mechanism for the o x i d a t i ~ e  phosphorylation. 
The e~ idence  for this conclusion is the  following: -the red-far-red effects 
on the anaerobic respiration here described for the Scots pine seeds, the  
divergent results in direct experiments on the oxidative phosphorylation 
and -the absence of light effect on the operation of the  TCA cycle. 

Concerning other possibilities for the  seat of action of the red-far-red 
pigment system the similarities bet~veen the red-far-red effects on the ac- 
tivity of the TPK triosepllosphate dehydrogenase (MARCUS 1.c.) and the 
corresponding results on the anaerobic respiration of the Scots pine seecls 
seem to constitute an interesting point for further research. Mark also in 
this connection the presence of sucrose as a requisite for the red-far-red 
control of the growth of a fern gametophyte (MILLER and MILLER 1961) and 
of segments from etiolated pea stems (BERTSCH and HILLMAN 1961). 

That white light should influence the activities of different enzymes in 
seeds ancl in tha t  may control the germination has been pointed out in many 
cases. For example, TIETZ (1953) has described a light-stimulated lipase 
activity in seecls of Oenothera biennis I,., the germination of which is stim- 
ulated by light and a light-inhibited lipase activity in seeds of NigeUa 
damascena I,., the  germination of vhich is inhibited by light. Compare 
also reriens by EVENARI (1956 and in press). Beside this light effects have 
been described on diverse types of enzymes (cf. reviews by WEINT~XAUB 
1944 and R o s ~ s s ~ o c ~ i  and RIED 1960). Studies on such enzymes com- 
bined ~ v i t h  red-far-red irradiations may possibly lead to a more thorough 
understancling of the  actual seat of action for the  red-far-red reversible 
pignlent system. However, a t  the  same time a satisfactory explanation on 
this point ought .to be able to clarify why this pigment system can be 
without iniportance in light-sensitive seeds after decoating. This is probably 
connected with the existence of alternative pathways in the  metabolism of 
seeds (see reviews by EVESARI 1961 and in press). 



Chapter VIP. Summary 

From studies on the germination in continuous white light and in darkness 
i t  was found tha t  the light dependence was not correlated with the  origin 
of the  seeds. An unchanged light dependence n-as sustained for about three 
years when the seeds were stored in darkness (+ 3-4" C). Storage of the 
imbibed seeds under the same conditions (stratification), however, for less 
than one month eliminated the light dependence in most of the seeds. 
Instead of a continuous irradiation during all the germination process a 
complete germination could be induced by a limited irradiation given to  the 
seeds after an  optimal period of imbibition (6-12 hours). Even the unim- 
bihed seeds were sensitive to an irradiation. This could also be demonstrated 
in seeds of different provenances. But  there were not any relationships 
betxeen the germination responses and the origin of the seeds or the actual 
water content of the seeds. A con~parison between the responses in a labora- 
tory and a field experiment showed tha t  the differences between thc rcsponses 
of the irradiated and the control seeds were smaller under field conditions 
depending on an increased emergence of the  unirradiated seeds than in Lhe 
laboratory tests. The stimulated germination after an  irradiation of the 
unimbibecl seeds could even be detected after a storage of the seeds. In 
spite of a decreased effect with increasing period of storage there n-as a 
significant effect after 17 months. Attempts to correlate the occurrence 
of the light dependence with the morphological ripeness of the seeds were 
made with an X-ray technique, but they could not reveal any connection 
between the developnlent of the  embryos and the light effects on the ger- 
mination. Instead the presence of an intact seed coat was deterrnin. a t' ive 
for the  occurrence of the  light-controlled germination. The inhibited 
germination of intact seeds in darkness could not be explained from the 
assunlption tha t  the intact and unirradiated seed coats should constitute 
an  obstacle for the imbibition process or the exchange of oxygen and carbon 
dioxide (see below). Attempts to demonstrate the occurrence of a water- 
soluble inhibitor connected with the  light effects were unsuccessful. I t  has 
been proposed tha t  the seed coat effect may possibly he correlated wit11 
the escape of a volatile inhibitor. 

Studies on the effects of irradiations with colourecl light have shown 
that  the wavelengths most effective for promotion of the germination were 
to be found in red (around 6600 Ak) and tha t  the red promotion could be 
reversed by light of longer wavelengths with maximal effects in far-red 
(around 7300 a). There was a repeatedly reversible red-far-red niecllanism 
controlling the germination, i.e., indicating the existence of phytochrome 



as the regulating pigment. This was also supported by the magnitudes of 
the required energies in red and far-red and the absence of temperature 
dependence for the effects of tlle red and far-red irradiations. Further 
details as the far-red sensitivity independent of the magnitude of the red 
induction and the absence of an oxygen effect a t  tlle red irradiations were 
also in conformity with tlle present lrno\\-ledge of the  nature of phy tochrorne. 
However, i t  was found tha t  a red irradiation of uniinbibed seeds conlcl 
induce germination and tha t  this induclion could not be reversed by n far-red 
irradiation, that there were no evidences for a dark reversal of the far-red 
absorbing form of the pigment and tha t  the increased sensitivily to a red 
irradiation with increasing imbibition appeared a t  the same time as the 
sensitivity to a far-red irradiation increased. With an  intervening d:irli 
period of 48 hours b e t ~ ~ e e n  a red and a far-red irradiation a t  -, 25" C 
the reversibility -\\-as completely lost. \I7ith a  lo\^-er temperature during 
this dark phase the  loss of reversibility was retarded. The increased ability 
of the seeds to germinate in darkness after a stratification or removal of 
the seed coats was connected x i t h  a correspoilding inability of far-red 
irradiations to inhibit the germination. 

Studies on the occurrence of mitotic activity in the seed embryos have 
shown tha t  such an  activity appeared hefore the lengthening process and 
was regulated by light in the same way as the  visible gernlination (pro- 
trusion of the rootlets). The inhibi.ted germination in darkness or after 
irradiation with inhibiting light qualities was reflected in a block of the 
mitotic activity. A comparison betveen the loss of far-red inhibition with 
increased time after a red irradiation (for the visible germination, see above) 
and the appearance of mitotic activity showed tha t  the two phenomena 
did not coincide, i.e., the loss of reversibility preceded the appearance of 
mitosis. This suggested a more primary effect of light on the metaholisin 
of the seeds, through which subsequent growth of the embryos (mitosis 
and cell lengthening) was manifested as a directly visible germination. 

The respiration as an expression of the metabolism was studied in relation 
to  the  quality of the  irradiations. Both the occurrence of a repeated rcd- 
far-red reversibility and the action spectra showed conformity ~ i t h  the  
corresponding ones for the mitosis and the visible germination. -111 these 
three processes were correlated pheno~nena and different displays of the 
same primary physiological effect of the irradiations. However, -the appear- 
ance of these three light-regulated processes on the time scale suggests a 
causal connection between them. A red induced stimulation of the respira- 
tion before the appearance of mitotic activity showed tha t  the irradiation 
had a more primary effect on the respiration than on the other processes. 
X comparison b e t ~ ~ e e n  the red-far-red effects and the action spectra for 



the aerobic and the anaerobic respiration shon-ed conformity. These rcsults 
have l~een discussed in relation to the probable seat in the  respiratory mecli- 
anisni, vhere  the red-far-red reversible pigment system (pliytochrome) 
controls Lhe respiration arid the following visible germination of Scots 
pine secds. 

Concomitant with the light effects on the respiration also the seed coat 
effect has been studied under the assumption of the seed coat as an obstacle 
for -the gas exchange during the respiration. However, the results could not 
he evaluated from this point of view. The occurrence of 110th light and seed 
cotit as controlling factors in the germination of Scots pine seeds could 
not he integrated into a corninon picture. In  spite of the same responses 
of red irradiations and decoating on the respiration and the subsequent 
growth of the embryos, this is probably not caused by a common action 
mechanism but  can he conlpared with the  existence of alternative metabolic 
pathways in seeds. 
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Sammanfattning 

Studier over frogroningen hos tall med sarskild hansyn 
till ljusfaktorn 

Groningsexperirrient i liontinuerligt vit t  ljus och morker visacle, a t t  den ljusstimulerade 
groningen hos fron av La11 (Piruls siluestris L.) iutc hacle niQigot samband ~ n e d  froets ur-  
sprung. E t t  oforandrat ljusbcrocndc livarstod under ca Ire Br, om frona lagrades i rnorlrer 
(+ 3--4" C:). Lagring av de svallda frona under samma forh:~llanden (stratifiering) av- 
lagsnatle enlellertitl efter inindre an en mhnacl ljusberoendet 110s dc flesta frona. I stallet 
for en bontinuerlig bclysiiing under hela groningsprocessen liunde en fullstandig groning 
induceras genom en begransad helysning av  frona efter en optimal svallningsperiod 
(ii-12 timrnar). Avcn cle osvallda frona var liansliga for belysning. Detta visades ocltsiQi pB 
fron av olilia harliornst, men det forelag inget samband mellan groningssvaren och froets 
ursprung eller vattenhalten i frona vicl belysningen. E n  jamforelse rnellan resultaten i et t  
laboratorie- och ctt  faltforsok visade, a t t  sltillnaderna nlellan groningssvaren 110s dc 
belysta frona och liontroller~la var mindre under faltforhiQillandena l~eroende pB en oliad 
upplioinst av tle obelysta frona i faltfiirsoliet. Den stimuleracle groningen efter en b e l p  
ning av de osvallda frona Bterfanns avcn efter lagring s l  a t t  trots en avtagande effekt 
med okad lagringstid en signifikativ effekt annu fanns efter 17 m h a d e r .  Forsoli a t t  sam- 
manstalla ljusberoendet med fronas rnorfologiska rnognadsgrad gjordes mecl hjalp av  
ro~ltgcnfotografering men kunde inte visa nLgot samband rnellan embryoutveclrlingen och 
ljuseffekterna pB groningen. Diremot var narvaron av  c t t  intakt frosltal av  betydelse for 
ljuset som gronjngslcontrollerande falitor. Den hammade groningen hos intakta fron i 
~norker  liunde inte fijrlclaras rncd antagandet a t t  froslralet slculle utgora ctt  hinder for 
svallningsprocesscn cller Piir syrgas- respelrtivc koldioxidpermcabiliteten (sc ncdan). 
I.'orsok att  sanimanst8lla ljusberoentlet med foreliomsten av  n&gon vattenloslig gronings- 
han~mare  i frona gav Bven negativt resultat. 1)et har antagits, a t t  froslcalseffelrten ltan 
st8 i saluband met1 avgivantlet av en Plylrtig groningshiimmare. 

BelysningsforsBk med fargat ljus visatle, a t t  (let roda v5glangdsonrr8tiet (olnliring 

6 G O O  gav den storsta stimulationen av  groningen och a t t  en sBclan 1;unde havas rned 
ljus av 1a11gre v8glangd nicd maximal effekt i infrarott (rnorkrott, omkririg 7 300 a). 
BBdc dessa alitionsspclitra och de upprepbart reversibla rod-infrarodeffeliterna tyder pfl 
foreliomstcn av fytolirom son1 det reglerantle pigineutet. Oclisa storlelisordningar~la a\- de 
erforderliga Ijusenergierna i rot1 ocl1 infrariitt, belysniilgseffekternal temperaturoheroentle, 
infrarodlianslighetens oberoende av storlelisordningen hos den gro~lingsinducera~lcle rijcl- 
belysningcn sarnt fr5n\~aron av  en syrgaseffekt vid rodbelysningen var i Gverensstiiln- 
nlelse harmed. Emellertid bcfa~ms det, a t t  den groningsindulition, som erholls genom 
rijclbelysning av  osvallcla Iron, inte I;untle h ivas  genoln en foljancle infrarodbelysning E j  
heller erholls nhgra resultat, son1 Lydde pa  Piirekornsten av en rnorlieronlvandling av  den 
infrar6dabsorberaIltle forrnen av piginenlet. Vidare forelto~n en samtidig olining av  b9de 
rod- och infrariitlkanslighete~l metl begynnantle svillning. I\Ietl en ~riii~~lierperiotl av  18 
tilnmar mellan en riitl- och en infrarddl~elj sning vitl - 1 -  25' C gicli hela reversibilitetcn fi ir-  

loratl, inen met1 en lagre ternperatur under dcilna ni6rlterfas blev nlinskningen n ~ i n t l r ~ .  
Deli okade forin8gan 110s frona at1 gro i morker efter en stratifiering ellcr ct t  avlagsnaudc 
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av  froskalet stod i sambaud med en n~otsvarandc oform5ga hos en infrarodbelys~iil~g att 
hamma groningen. 

Studier pB forekomsten av  mitosaktivitet i froembryona visade, a t t  en sadan 
aktivitet upptradde fore strackniilgsprocessen och reglerades av ljus pS. samma sa t t  som 
den synliga groningen (utskjutandet av  groddarna). Den hammade groningen i nlorlier 
eller efter en infrarodbelysning lterspeglades i en hlocltering av  rnitosaktiviteten. E n  jam- 
forelse mellan forlusten av  infrarodhamningen med okad t id cfter en riidbelysning och 
upptradandet av  mitosaktivitet visade, a t t  de t v l  fenomenen inte sammanfiill, d. \-. s. 
forlusten a v  reversibiliteten foregick upptradandet av  mitoser. Detta antyddc en mer 
primar effelit a v  ljuset pa  fronas metabolism. 

Andningen sorn e t t  uttryck for metabolismen studerades i forh5llandc Lill belysnings- 
kvaliteten. Bade forekornsten av  en upprepad rod-iufrarodreversibilitct och aktionsspektra 
for andningen visade overensstainmelse med motsvarande for mitoserna och den synliga 
groningen. Dessa t re  processer var korrelerade fenomen och olika uttryck for samma 
primara fysiologiska effelit av  belysningarna. Upptradantlet p5  tidsskalan tyder erneller- 
tic1 p l  e t t  orsakssamband mellan dem. E n  rodinducerad stimulation av  andningen fort 

upptradandet av  initosaktiviteten visade, a t t  belysningen hade en mcr primar effekt pA 
andningen an pa  de andra processerna. BBdc rod-iufrarodeffelcterna och al<tionsspel<tra 
for den aeroba och den ailaeroba andningen overensstamde. Dessa resultat har diskutevals 
i relation till den troliga plats i andningsmekanisnien, dar det rod-infrarodreversibla pig- 
mentsystemet (fytoliromet) skulle liontrollera anduingen och darigenoin tien fiiljande, 
direlit synliga groningen hos frona. 

Samtidigt med ljuseffelcterna p5 andningen studerades froslialseffeliten under antagan- 
(let a t t  froslcalet skulle utgora e t t  hinder for fronas gasuthyte vid andningen. Emellertirl 
kunde inte de erhlllna resultaten tolkas fr51i denna utg8ngspunkt. Forekomsten av  b lde  
ljus och froskal son1 kontrollerande falitorer vid tallfronas groning ltunde inte samrnan- 
foras till en gemensam bild. Trots a t t  samma svar erholls efter rijdbelysning och skalning 
i sBval andningen som den efterfoljande tillvaxten av  embryona orsakas detta troligen 
inte av  en gemensam verliningsmelianism utan lian jamforas mecl forelio~nsten av alter- 
nativa metaboliska processer i fron. 
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