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and Biale (8) and Huffaker and Wallace (4) have
shown that citrus fruit will fix CO, in the organic
acids and this may be an area in which the sweet
and sour lemons differ.

Summary

Active mitochondrial preparations were obtained
from the peel of young Faris sweet lemons. The
high buffer capacity of the grinding solution and
the maintenance of a slightly alkaline reaction while
grinding the tissues directly in the solution obviated
inactivation of the mitochondria usually associated
with a low pH.

Citric acid occurred in a lower concentration than
walic acid in the Faris sweet lemon. Oxidative
phosphorylation was obtained with citrate, a-keto-
glutarate, succinate, and malate as substrates. \When
citrate-1, 5-C!* was used as a substrate. labeled a-
ketoglutarate was found after 60 minutes and labeled
malate after 120 minutes. When. succinate-1, 4-C'#
was used as a substrate, malate and fumarate were
found after 60 minutes and also citrate after 120
minutes. When pyruvate-3-C'* was used as a sub-
strate together with a sparker acid. citrate., a-keto-
glutarate, and malate were found after 120 minutes.
These findings, together with the inhibitory effects

of cvanide and malonate, indicated the citric acid
cvcle was operative in this variety of lemon.
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Effect of Light Quality, Light Intensity and Temperature
on Pigment Accumulation in Barley Seedlings **

R. A. Miller and Saul Zalik

Department of Plant Science, University of Alberta, Edmonton, Alberta

Introduction

The first action spectrum for chlorophyll accu-
mulation was obtained by Schmidt (Smith and
Young, 19) using etiolated corn seedlings. His
results indicated 3 peaks of effectiveness at 640, 567.
and 450 my. Since the early work of Schmidt there
have been a number of reports concerning the effect
of wavelength on chlorophyll accumulation and on
the conversion of protochlorophyll to chlorophyll.
Differences in the action spectra for these 2 pheno-
mena (19) indicate that they should be considered

1 Received November 9, 1964.
2 This work was supported by a grant from the
National Research Council of Canada.

independently, and only the former is pertinent to
the work reported in this paper.

Several reports indicate that the red region is
most effective in chlorophyll accumulation (12,13,
19). while others report the blue to be most effective
(1.5). The same disparity exists for carotenoid ac-
cumulation (14, 18,19). In addition Kakhnovitch
(7) points out that wavelength has no differential
effect on accumulation if the incident energy is
greater than 20,000 ergs/cn.® per second.

The initial production of chlorophyll in etiolated
plants is directly proportional to light intensity at
relatively low incident energy (19). This relation-
ship is not extended over long time studies or at high
intensity illumination (16,19). In long-term experi-
ments the determination of the most effective in-
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tensity is complicated by differences in the accumu-
lation of photosynthate (21) or by differences in
leaf expansion caused by different intensities. Thus.
Sargent (13) found that Chlorella grown at high
light intensity contained one-half the chlorophyll per
cell of those grown at one-seventh the intensity, but
that a culture as a whole would produce 25 times as
much chlorophyll at the higher than at the lower in-
tensity.

Shirley (17). using a number of species grown
under 74 9% to 19 of the intensity of sunlight,
noted an increase i chlorophyll content per unit
weight of leaf through the intensity range 74 9 to
R 9. One percent appeared to be helow the optimum
intensity.

Using Marquis wheat Friend (6) observed an
increase in chlorophyll content in the first 3 leaves
through the range 200 to 2300 ft-¢ provided the
temperature was 20 to 30 . This pattern was ob-
tained whether the chlorophyll content was calculated
per leaf or as a percentage of the fresh leaf weight.
At lower temperatures maximum accumulation took
place at intermediate intensities. There was. how-
ever, a consistent increase in chlorophyll content at
all temperatures when the intensities were increased
from 200 to 1000 ft-c. The optimum conditions for
chlorophyll accumulation on the basis of leaf weight
were at 2300 ft-c and 307, although little difference
existed in the range 20 to 307 at 2500 ft-c.

Sachs (Smith and Young. 19) first reported that
a threshold temperature exists for chlorophyll forma-
tion and that the rate of greening increases with
temperature.  Virgin (22) obtained similar results
for protochlorophyIl production in ctiolated bharley
scedlings over the temperature range 0 to 30 . Lubi-
menko and Hubbenet (10) found the optimum tem-
perature for chlorophyll accumulation per g fresh leaf
weight of etiolated wheat seedlings to be about 26°
for long-time exposurcs.  Friend's data (6). how-
ever, indicated an optimum of at least 307, Also.
he obtained a significant interaction for light X
temperature on ch'orophyll accumulation.

Kakhnovich (8) has reported a variation of 2.3
to 7 in the ratio of chlorophvll a to b in cucumber
leaves duc to varying light intensities, while Smith
and Young reported (19) that variation in tempera-
ture had no effect on this ratio in barley seedlings.

The purpose of the present study was to determine
the effect of light quality, light intensity, and tem-
perature on the pigment accumulation in normal
Gateway barley and a chlorotic mutant of this vari-
cty.

Materials and Methods

The characteristics of the cabinets and filters
used for the light quality experiments have been re-
ported carlier (4. 23). The intensity of illumination
in all light quality treatments was adjusted to 2900
ergs cm? per second using a pyroheliometer (4).

Two of the cabinets were modified for use in
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the temperature and light intensity  studies.  The
cabinets were divided vertically into 2 compartments.
Four intensities of 320, 1020, 1800 and 2600 ft-¢
were obtained by varying the distance between the
shelves and the light source (300 w mcandescent
lamps). Baffles were arranged in the cabinets so
that the plants were essentially illuminated only from
the top.  The intensities were measured with @
Weston light meter approximately 3 ¢m above the
soil surface. To a refrigerated air supply, sufficien
hot air was added to give mean temperatures of 140,
105, 245 and 29.0°. These temperatures, based
upon the temperature of water in stoppered erlen-
mevers placed on cach shelf, were read 3 times cach
day.

The virescent barley mutant used in this study
has Deen described earlier (11). The parent variety.
Gateway, was used for comparison. Seeds were
spread on trays of vermiculite, watered, covered with
absorbent tissue. and placed in a germinating cabinet
in the dark at 207,  After 24 hours they were sc-
lected for uniformity of development and transferred
to pots containing California mix. After an addi-
tional 2 dayvs at 207 in darkness they were placed
in the various treatments. The timing of this trans-
fer was such that most of the coleoptiles had broken
the soil surface. Continued selection was carried
out during the experiment to climinate very early
and late emerging seedlings.

In the light quality experiments the seedlings
were allowed to develop for 5 cveles of 8 hours
light and 16 hours darkness at 207, In the light in-
tensity and temperature studies the seedlings were
given 4 cvcles of 16 hours light and 8 hours dark-
ness. The seedlings were alwayvs harvested at the
end of the dark period.  Exposure to light during
harvesting was such that protochlorophyll synthe-
sized during the last dark period would be converted
to chlorophyll.  Three to 10 primary leaves consti-
tuted a sample. Three samples were taken for cach
replication in the light quality studies, and 4 samples
in the temperature and light intensity studies. The
studies were replicated after a time lapse.  ‘The lTeaves
were cut into approximately 3 c¢m lengths, placed into
glass vials and freeze-dried for 3 days. The leai
tissue was then stored over 1,0, at —28° for a
minimum of 3 days before analysis,

The dry leaf material was weighed and then
ground with sand using a mortar and pestle. Pig-
ments were extracted with 80 ¢, acetone and the
absorbency of the extract read at 633. 643 and 440
mp in a Beckman DK-1 spectrophotometer. ‘The
content of chlorophylls a and b and carotenoids were
calculated using the equations given by Maclachlan

and Zalik (11).

Results and Discussion

Light Quality. The differences hetween the nor-
mal and mutant seedlings in accumulation of chloro-
phyll were  highly  significant. Normal = seedlings
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Fic. 1. Effect of light quality on the pigment con-

tent of normal and mutant barley seedlings. The 50 ¥
transmittance levels are given in table I for the filters
which are represented as points on this graph. Each
point on the graph represents the mean of 6 readings.

grown in the green and red treatments did not differ
in chlorophyll accumulation, but had significantly
more chlorophyll than the other treatments. In the
mutant there was significantly more chlorophyll ac-

Table 1.
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cumulation in the green, and in both lines markedly
less chlorophyll in red-far-red than in any other
treatment (table I, fig 1). That there was a differen-
tial response of the normal and mutant lines to light
of different quality was borne out by a highly signi-
ficant interaction of lines X light quality in the
analysis of variance. The calculation of chlorophyll
content as a percent of the control (white light) for
cach line indicated that the major difference in re-
sponse occurred in the green, vellow and red treat-
ments. Under green light the mutant was relatively
more efficient than the normal. whereas under yellow
and red the reverse was true.

There was little difference in the ratios of chloro-
phyll a to b which for the normal ranged from 2.4
in the red to 2.8 in the green, and for the mutant
ranged from 2.4 in the red-far-red to 2.9 in the blue.

In all treatments the normal seedlings accumu-
lated significantly more carotenoids than the mutant.
Under both blue and green light the mutant accumu-
lated significantly more carotenoids than under the
other treatments. In the normal, however, there
was no significant difference in carotenoid concen-
tration between the blue, green, orange, and red
treatments.

Light Intensity and Temperaturc. The data (ta-
ble IT) indicates that the same conditions of light
intensity and temperature used in this study were
optimal for both the mutant and normal line. These
conditions, on the basis of chlorophyll per unit dry
weight, were 2+.3° and 1020 ft-c, and on the basis
of chlorophyll per c¢m leaf length, 24.5° and 1800

Pigment Concentrations of Normal and Mutant Barley Scedlings Exposed to 3

Cxcles of Light of Seweral Spectral Bands

Numbers in each column that are not followed by the same letter are significantly different from each other
at the 5 % level of significance as judged by Duncan’s Multiple Range Test(3).

At 50 % Color Avg mg Chloro- mg
transmission designation leaf Chlorophyll phyll as % Carotenoids
(mu) wt (mg) /g dry leaf of control /g dry leaf
N M N M N M N M
393463 Blue 8.3 8.0 7.8b 4.0b 103 103 0.97abe 0.80a
406532 Green 8.2 7.6 8.6a 4.9a 113 125 1.04a 0.82a
500-577 Yellow 8.3 7.4 7.8b 3.6b 102 a2 0.88¢c 0.66b
540-605 Orange 8.5 7.7 7.7bc 3.8b 101 98 1.01ab 0.59bc
580655 Red 8.4 7.8 8.8a 3.9b 115 100 0.95abc 0.58bc
610-705 Deep-Red 8.5 7.7 7.1c 3.5b 93 89 0.89¢ 0.53¢
643—738 Red-Far-red 8.7 7.5 5.3d 2.6¢ 69 66 0.90bc 0.57bc
346890 White*** 8.7 7.3 7.6bc 3.9b 100 100 0.92bc 0.61bc
Analysis of Variance for Pigment Concentrations
Chlorophyll Carotenoid
Source df ms f ms f
Lines 1 351.67 313.99%* 2.193 95.35%*
Light quality 7 8.25 7.37%* .067 291
Lines X light quality 7 1.12 4.31%* .023 2.55%
Error 78 20 .009

*  Significant at 5 % level.
**  Significant at 1 % level.
#%%  Control.
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Influence of Light Intensity and Temperature en Chlorophyll cdecumudation in

Normal (x) and a Mutant (i) of Gateway Barley

Chlorophyll per em leaf in M

we Chlorophyll/em leaf length [ 111}
Norimal Mutant Chlorophyll per em leaf in X
Light Temperature Temperature
Intensity 140 195 245 29.0 140 195 245 29.0 14.0 19.5 245 29.0)
320 94 102 11.0 9.7 23 43 52 50 24 42 47 51
1020 10.1 107 131 10.0 20 32 o4 50 20 49 49 33
1800 93 95 134 89 14 37 08 357 13 39 51 04
2500 114 99 114 88 27 45 38 57 25 40 51 63
mg Chlorophyll/ g dry leat tissue Analysis of variance®¥
Source df ms
320 10.2 125 120 118 25 34 70 o4 Lines (1) 1 1742.85 157.
Temperature (1) 3 144.80 21.
1020 100 119 142 11.6 22 03 78 07 Light Intensity (1) 3 5049 7.
.. X T 3 26.33 27.
1800 81 80 10.8 100 1.7 42 71 03 [Lox 1 3 20.10 27.
T x 1 9 7.04 7.
2000 9.1 90 93 9.0 31 52 04 07 LT x 2 9 0.947 2.
Error 214 0.374

Significant at the 1 % level.
“ Tested against a composite error.

0 Analysis carried out on chlorophyll/g dry leal tissue.

ft-c.  However, the relative efficiency of the 2
lines ditfers considerably under other conditions. as
shown in table II. It is evident that the mutant was
more strongly affected than the normal by low tem-
peratures at all intensities.  This differential effect
of temperature on the 2 lines was confirmed by the
highly significant interaction of lines X temperatures
in the analysis of variance.

Figure 2 presents the data on chlorophyll con-
centration under different light intensities at the
temperatures used.  Under all conditions there was
significantly more chlorophyll in the normal than
in the mutant line. Under 26000 ft-c. temperature
had little influence on chlorophyll accumulation in
the normal barley seedlings. Also, it is evident that
at 24.3° and 2907 light intensity had a stronger
effect on the normal than it did on the mutant. The
highly significant F value for the interaction of lines
X light intensities confirmed this.

The rather high chlorophyll concentration ob-
tained in hoth lines under high light intensity at low
temperature may have been caused by an increase in
the leaf temperature above the recorded temperature.
It is generally recognized that leaves of plants may,
under high light intensity, attain a temperature some-
what higher than that of the surrounding air (2).
This may have occurred in spite of the 10-cm water
filter. Results at lower intensities. especially  for
the mutant, show that a small increasc in tempera-
ture would result in a sharp increase in chlorophylil
content.  The Q,, values for the mutant under the
3 lower intensities ranged from 3.1 to 4.4 over the
temperature range 140 to 19.53° (fig 2).

Disregarding the high intensity result the trend
at 14.0° was toward greater efficiency in the mutant
relative to the normal as light intensity decreased.
At 2457 there was little effect of light intensity,
whereas at 29.0 " the low temperture trend was re-
versed so that the relative cfficiency increased with
increased light intensity.  ‘This shift in the produc-
tion of chlorophyIl in the mutant relative to the nor-
mal was significant as shown hy the triple interaction
in the analysis of variance.

Little difference existed in the ratio of c¢h'oro-
phyll a to b, The ratios for hoth lines varied from
24 to 2.9 in all cases except for the mutant at low
temperature. where the ratio reached a maximum of
3.9.

Conclusions

[t is generally recognized that high light inten-
sity destroys chlorophyll in plants.  If the expression
of the mutation was duc to the production of a more
light sensitive form of chlorophyll holochrome in the
mutant than in the normal. it would be expected
that high light intensity would have a greater de-
leterious effect on the mutant than on the normal
regardless of the temperature.  As shown in figure
2. this is not the case; at high temperature light in-
tensity had a stronger effect on the normal than on
the mutant. It appears, therefore, that the mutation
has not resulted in an increased rate of chlorophyll
destruction by light.

The Q,, values for chlorophyll accumulation in
the mutant at low temperature indicate that a highly



MILLER AND ZALIK—SEEDLING ENVIRONMENT ON BARLEY LEAF PIGMENTS 573

14

1020 ftc. b

13 r

11

te

1800 £
10 L

8
@
“ I
-
3]
=
:
s el
N AN
S B 1/’ \\\ @ n
s 1020 fte—y” N
E 7 - -~ @ ~
o § d AT ST
4 ’ ~T4
S -~ /”l @ = ‘*1'::'
g B / >, prtad ~37
5 4 L
? 6 ! 77 [.22600 fte 4
320 £t /7
’ )

T
~

/,’, /

//’ ’

/ 4
SRR =Y s

/
/ il /.\].300 fte

- ,// / s
/7 s
4 | /0/ ’/ -
Vs .
4 7, e
I\ / J/ ~———— NORMAL
’ ,/
3, --——  MUTANT 1
’/// ’
L7 D ]
« S
2+ 4
4
4
C 1 1 L ' 1 1 L I 1 L 'l 1 L ' I-
15 20 25 T 29

TEMPERATURE (C)

Fic. 2. Effect of light intensity and temperature on
the chlorophyll content of normal and mutant barley
seedlings. Each point on the graph represents the mean
of 8 readings. The approximate Q,, values are en-
circled.

temperature sensitive reaction is involved in the mu-
tation. According to Klein (9) grana formation has
a large temperature coefficient.

Since the effect of light of different wavelengths
must be interpreted as a difference in the qualitative
utilization of light by the mutant and the normal,
this effect may be interpreted as being the result
of a change in the physical structure of the grana.
Furthermore since the same pigments are present
in the mutant as in the normal (11), the change in
the structure of the grana must be due to an alter-
nation in a moiety other than the pigment itself.

Previous results (11) have shown that photo-
conversion of protochlorophyll to chlorophyll a is
rapid and complete in both lines, but that proto-
chlorophyll formation is slower in the mutant than
in the normal. From the biosynthetic pathway (20)
it may only be deduced that it is the formation of
protochlorophyllide holochrome that is affected in
the mutant, since the actual existence of true proto-
chlorophyll in leaves is questionable. Thus the slow-
er rate of pigment synthesis could be related to the
production of any one of the moieties, or to the as-
sembling of the moieties to form the protochloro-
phyllide holochrome.

Considering the above results it is suggested that:
A) the mutation has caused a change in the physi-
cal structure of some portion of the chlorophyll holo-
chrome other than the chlorophyll moiety itself, and
B) either a reaction leading to the formation of the
altered holochrome, or a reaction incorporating the
altered holochrome into the grana has a much higher
temperature coefficient in the mutant than in the
normal.

Summary

The effect of light quality, temperature and light
intensity on pigment accumulation in normal and a
mutant of Gateway barley was investigated. All
3 environmental factors had a significantly different
effect on the 2 barley lines.

Little difference existed between the chlorophyll
a to b ratios in either barley line under any of the
treatments except in the mutant at low temperature.
There was no difference in the efficiency of chloro-
phyll accumulation by the normal under red and
green light. The mutant, however, accumulated most
chlorophyll under green light. The optimum condi-
tion of temperature and light intensity for both
lines was 24+.5° and 1020 ft-c. The mutant was very
sensitive to low temperature. At high temperature
the mutant was almost insensitive to light intensity.

The results support the hypothesis that the muta-
tion has resulted either in a reduced rate of synthe-
sis of a moiety of the holochrome other than the
chlorophyll, or a reduced rate of assembly of the
moieties into grana.
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