
BOGIN AND ERICKSON-M ITOCHONDRI AL PREPARATION FROMI CITRUS

an(l Biale (8) and Huffaker and AWallace (4) have
shown that citrus fruit will fix CO2 in the organic
acids an(I this mav he an area in which the sweet
and sour lemons differ.

Summary

Active mitochonldrial l)reparations were ol)tainecl
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 iiiitochondria usually associated
with a low 1)H.

Citric acid occurre(l in a loser concentration than
ialic acid in the Faris sweet lemon. Oxidative
l)hosl)horvlation was obtained with citrate. a-keto-
glutarate, succinate, and malate as substrates. \When
citrate-i, 5-CI4 was used as a substrate. labeled a-
ketoglutarate was found after 60 minutes and labeled
malate after 120 minutes. \When succinate-1. 4-C'4
was used as a substrate, palate and fumarate were
found after 60( minutes and also citrate after 120
minutes. \W\hen pyruvate-3-C'4 was used as a sub-
strate together with a sparker acid. citrate. a-keto-
glutarate, and mialate were found after 120 minutes.
These findings, together with the inhibitory effects

of cyanide and malonate, indicated the citric acid
cycle was operative in this variety of lemon.
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Effect of Light Quality, Light Intensity and Tremperature
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 leaks of effectiveness at 640. 567,
and 450 mjx. 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-
iuena (19) indicate that they should be consi(lere(l
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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.2per second.

The initial production of chlorophyll in etiolated
plants is directly prol)ortional to light intensity at
relatively low incident energy (19). This relation-
ship is not extended over long time studies or at high
intensity illunmination (16, 19). In long-term experi-
ments the determination of the most effective in-
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ten1ity i conmplicatedhb differelices in the accumu-latiOII of photosynlthaclte ('21 ) or by differenccs in
leaf expansion caused lv diiferent intenisities. Thius.
Sargent ('15) fotlmn(d tllat ( h/re/l vgr1xx, at high
light intellsity conltalined olle-lhalf tlle chloro)pI1vl p)cr
cell of those grown at one-seventh the llntelnsitv l)ut
that a ctlture- as a wxhole wxoild produce 25 tini.e as

initichi chlorophyll at the higher than at the loxx er ill-
tensitv.

ShirClex ( 17 ), tismi a numbller of peC ies ,"ro\\11(iiil(er 74 % to 1 c; of the intensity of sunlight.
noted anl inicr-ease ill cl( )ll conitenit per ulnit
xWeigllt of leaf throug-h1 the intensit range /4C to

S%. ( )n1A)le percent appearedl t(o) he belox the ol)tinull
11tel. sitv.

sing AlMarquis wx heat Frienll ( observed all
increase in chlorophyll contenit in the first 3 leave,
throtug-l the range 200 to 250)0) ft-c provide(l the
temlperature was 20) to 30 'T'hiK patternxwas ()I)-
taile(l whether the chlorophyll contelnt xw as calculate(l
per leafor as a percentage of the freslh leaf xxweight.
\t loxver temperatures maximumanccumlationtook
place at intermediate inteisities. rherexwas. how-
ever, a conlsistenlt increase in chlorophyll content at

all temlpl)erattlres whenlthe ilntenisities wsereicsed
fr-oIm2))) to 10)00 ft-c. The opti,tUimi condlitionis for
chlorophyll accuulation onl the hasisof lef\\xeigt
xx ere at 250() ft-c and30l although little(li fferenlc
existe(l in the range2)) to 3)) at 250)) ft-c.

Sachs (Smiith and-I Young.,N1)) firstrelportedl that
a threshold temperatllre exists fori chlorophyll forma-
tion and that the rate (fgrreeni ni nllcreases xwith
emlperature. V-irgini ( ohtainedsimiliear r-estilts
f-orPlr c]()tOchorI)pIhl plro(ltictloiln in etiolatel 1barlex
see(llii(gs over the temllerature range( to 3)) Lub-i

nienliko and 11 ihhenet ( 10 found thet lptimullteIllm1;crature fur chlorophyll accumulation Per g fresh leaf
xx eight (If etiolated xx heat see(Illingts to he ahout 26
for-
I

long time expostire s. Frienlls data (6) howx
xwer. indic-tedaioptnlanllitiu (If at least 3)).Also.

hie ohtained a sinifiilcanitineteraction for light
templlerature on chlorophylIlalccl aiotiln.

Kakhnovich (8 has relportedl a variation (If 2.5
t i the ratio (If chlorophyll a to 11 Inlcucctinm-iber
leaves due to varying-ligh t iiiteisities. xhile Smithan11 Ymulln reportedl 9that variation inl tempera-tilre- hiadlno0 effect on this ratio in harley seedlingss.

T1111 purpose of thelpreset stul xxas to determiiine
thle effect of light quality, light initensitv and(tem-
perattureon1 the pigment iccumutatitilao in niormal
G,atexxwax harlev and(I achlorooticulitit(litf this xari
ctv.

Materials and Methods

Thec characteristics ()f the cahinets andfiltert
((sell for the light qjuatity exleriments have heen re

I irtedl earlier
r

4 23. TheiTlleintensity (Ifillumna
all IIli t qut ality treatmn ts xxas ad isteIltto 2900

ergCl
ll Vl- sec (ill using all iPV helilo eter ) 4

T \o of thle calmets xx crc modifiedl forusse in

the teml)erature aln light intensity studies. The
cahinets xere (dividledl vertically into 2 comipartmients.
Four intensities (If 32)) 102)). 180)) and 200() ft-c
xx-ere l)tailned 1v x arvilng the distance betw een tlle
shelves aniid the light suirce ( 30))) xx incandescent
laips Baffles xx ere arranged in thlc cahillets So

that the l)lants wre essulmtiallv illu1tiilatedllIv fnmi
the top. Thlec intensities xcrc Illeastiredl vIithl a
\Vestoin light mieter approximately 3) ciii above the
soil stirfacc. 'T'o a refrigerated air sulply. tinfficicit
hlot air xvas added to give mlean temlleratires of 14.)).
10.5. 24.5 and2d).)2. Tlhese tenlleratutres. basedulpoll the templerature (If xx ater ill stol))erell erlen-
meyerslplacel on each shelf.xexre read 3 times eachdaV.

I'he -irescelnt barlex miuitant used in this st(lldv
hasheen dlescried earlier (11 Theparent varietv.
Gatexav. xvas tised for colmlparison. See(ds Cverc
spread oni trays of vermiculite. xwatered. coxere( xvith
ahsorhent tissue. anll placed in agerminiating calliet
in thedark at 2)) AAfter 24 hours they xN-ere se-
lecteh foruniiformityofdevelolment alnd transferred
topots conitainingi-CalifoIrnia misx. After an addi-
tiliial 2 (lays at 2)) in (larkiless theyx cre pllacell
i the various treatments. The tliming ofthlis trans-
fer xwas sichi that mfost of the coleoptileshlad hroken
the soil surface. Continued selectioni xas carried
ouit during the exp)eriment to eliminiiate very early
and late emilerging seedling,s.

In thle light quality exphrnleri ts the seedling"s
xcrc alloxxedlto Ievehll) for S; cycles(o f 8hotinrs

ligIht and1IlIours, darknessajt2(l In the lig,Iltillntel.sitv all temllerature studlies the seedhliigs xxercglix'Vel 14 cyccls of lo hoursigrIltalal 8 hotinrs(lark
ness. The seedlliin-s xe crcaxx axlwas harvested at thecml((off the (lark pIeriodl. Exlpostire to lighit (Itirig0
harvesting xas .tmch that l)rotochlilm-ophyll s nthie-zi-ed during the lastclark period wvotld ecllnvertedl
to chlorophyll. T'hree to 1)pllrimary leaves col)sti
ttltell a saml)le.Th'hree samples xxere takeni forcachi
replication In the light quality stuidies. alin 4 sanlples
in the tenllerattire au(Ilighltt intellsitv studhies.. The
ttlidies xvere repllicatedl after a tlimie lapse.Th'l'e leaves
xerc cut ilito)al)l) roxinmately 3cmC lengths. plalmced itlitcglxass vials and(i freeze llrie(hfoorr 3 avs. 'I'la e leaftit stle xvas tien storcdh lIver)l ) at,28 for- a
iminimum(I.iimf 3 dav s befre anaIx-sis.

Th1le (Ir-x- leaf niiaterial xxwas xweighed almd tlhcln
,grouindNxvith- sandIusingn a mortarand1 pestle. IP'imlie1ts xxere extracted wvith 80 % acetone and the
ahsorhencv of thle extract read 6a33. 645 aindi 440
mAc in a Beckman D)K 1t spIectropIhotonmeter.Th'1e
colutenit of chlorophylls a aii( h an(d carotenloids x crc
calculated usigll- the equations given hv \IMaclachlhan
andZalik ( 11

Results and Discussion
lLt

i/
I
na/tY. ''lhe c Iliffer-e ces hbtxxe cuthlt nor-

nalll anlI umititant seedlliings Inl aecunlat1il Ii( Ifehhl-o-
ph1y\1 r11xr highlIv s I - IignffIcant. NIm(lI i -a
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FIG. 1. Effect of light quality on the pigment coni-
tent of nornal and mutant barley seedlings. The 50 6/c
transmittance levels are given in table I for the filters
which are represented as points oni this graph. Each
point on the graph represents the mean of 6 readings.

growni in the green anid red treatmenits did lnot differ
in chlorophyll accumiiulation. but had significantly
more chlorophyll thanl the other treatmiients. In the

uttanit tllere was significantly miiore chlorophyll ac-

cumulation in the greeni and in both lines markedly
less chlorophyll in red-far-red thani 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 qualitv was borine out by a highlv signli-
ficant interaction of lines X light quality in the
anlalysis of varianice. The calculationi of chlorophyll
contenlt as a percent of the control (white light) for
each line inidicated that the major difference in re-
sponse occurre(l in the green. yellow and red treat-
ments. UInder green light the miiutanit was relatively
more efficient than the normiial. x-hereas under yellow
and red the reverse was true.

There was little difference in the ratios of chloro-
phyll a to b whiclh 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 significanitly 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 normiial, however, there
was no significant difference in carotenoid concen-
tration between the blue, green, orange, and red
treatments.

Lig,ht Initcnsity anid Tciperatiurc. The data (ta-
ble II) indicates that the same conditions of light
intensity and temperature used in this study wvere
optimal for both the mutant and normal line. These
conditions, on the basis of chlorophyll per unit dry
w-eight. were 24.5° and 1020 ft-c. and on the basis
of chlorophyll per cm leaf leng-th .24.50 and 1800

Tablc 1. 1'igin1cent Co(cOne rations of Aormiiial anid Mulitantt Barlcy Sccdlin(gs E-posted to 5
Cv,cIcs of Light of Sei'cral Spectral Banids

Numbers in each coluniii that are not followed by the same letter are siginificanitly differelnt from each otlher
at the 5 (ic level of significance as judged by Duncan's Multiple Range Test(3).

mg
Chlorophyll
/g dry leaf

MI N Al

8.0 7.8b 4.Ob
7.6 8.6a 4.9a
7.4 7.8b 3.6b
7.7 7.7bc 3.8b
7.8 8.8a 3.9b
7.7 7.1c 3.5b
7.5 5.3d 2.6c
7.3 7.6bc 3.9b

Chloro- nig
phyll as (4 Carotenoids
of control /g dry leaf

N M N M

103 103 0.97abc 0.80a
113 125 1.04a 0.82a
102 9.? 0.88c 0.66b
101 98 l.Olab 0.59bc
115 100 0.95abc 0.58bc
93 89 0.89c 0.53c
69 66 0.9Obc 0.57bc
100 100 0.92bc 0.61bc

.A nalysis of Variance for Pigmizent Conice,ttd-atio;is

Source

Iines
Light quality
Lines X light quality
Error

* Significant at 5 (4 level.
** Significant at 1 % level.
** Control.

- C#oWpYLL

CAROI'COID

XM"TAUT .~~~~~~~~~~~~~~~~~ -X 4

At 50%
transmission

(m/S)

393-463
406-532
500-577
540-605
580-655
610-705
643-738
346-890

Color
designation

Blue
Green
Yellow
Orange
Red
Deep-Red
Red-Far-red
White***

Avg
leaf

Xvt (mg

N

8.3
8.2
8.3
8.5
8.4
8.5
8.7
8.7

Chlorophyll
ms fdf

1
7
7

78

Carotenoid

351.67
8.25
1.12
.26

313.99**
7.37**
4.31**

llis

2.193
.067
.023
.009

f

95.35**
2.91
2.55*

~| * . . .I
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Table I1. Influence! ( fl Iph/It J/,t - vit (1)n(1 J pcra toir(t (n Ch11,i)irop/i.hv l lc- ii iatI)1 ii
\ormal ( N ) (1a1(n (a .lJtotzt ( M ) of ( Bitcbarl/I

Cliloroplivil cm leat length
Normal Mutant

Temperature
14.0 19.5 24.5 29.0 14.0 19.5 24.5 29.0

320 9.4 10.2 11.0 9.7
102() 10.1 10.7 13.1 10.6
1800 9.3 9.5 13.4 8.9
250)) 11.4 9.9 11.4 8.8

2.3
2.0
1.4
2.7

4.32

4.,

5.2
(0.4
6,8
5.8

5.
:1.7

14.0)

24
20

25

im, drilorophxlll(lr! leaf tissule

Sourec

C(hlo1)phyll per cmii leaf ill N

(Chlorophyl I per cimi leaf ill N

Telpl)eratur(
1 (j24.5

42
4(
39
4(0

X I()0

47
49
51
51

-.\alN-.'sis otf varianlec,

(I f mI S

3)20 10.2 12.5 12.0 11.8

1020 l0.0 11.9 14.2 11.6

1 80( 8.1 8.6 10.8 10.0

2600 9.1 9.09.l3 9.0

2.5 5.4 7.0

2.2 6.3 7.8

6.4

o.7

1.7 4.2 7.1

3. I 5.2 6.4

ILines (I 1
Temiperature ( 'I'
I.igh-lt I ntensity I ) 3
1, X I'T1
1, X I 3
T X 1 9
1. X T X 2 9
Error 214

1742.8;
144.80
;50.49
20.33
26.10
7.04
0.9)47
0.374

Signilificant at thle 1 '/r level.
Teste(d against a composite error.

T .\nalvsis carrie(l Ollt on clhlorophyll/g (drv leaf tissue.

ft -c. lIoxveveCr, the relacIive efficelncv o(f the 2

linles (liffers consi(lerably undi(ler other coll(litionis, as

shown in table II. It is evident that the imiutanit wals
or-e stron-lgv 'iffeeted thlani tlhe normal h)v loo temii-

perattlres at all ilntenisities. TI'hi s (liffel-enltial effect
of teml)erature on the 2 lines waas con firmed the
higlyli significant interaction of lines X temlperattires
inl the allyk-sis of variance.

FirIlle 2 lresents the (lata oni chlorophyll conl-

"lentratioln udl(ler- (liffer-en1t lighlt intenisities at the
temlperatulres lise(l. t'il(ler all cond(litiolis there was

significantly more chlorophyll ill the niormiial thani
in the muititanit linc. U nd(ier 2600 ft-c. telmll)erature
hia(l little inif'teiece onl chlorophyll accumtilationl ill
the nlorimial barley seedlings. .Also, it is evident that
at 24.5° and 29 0)' lighlt intelnsitv had a stron-ger
effect on the nloriiial than it did on1 the m11utan1t. The
highl- significalit value for the interaction of lilnes
X light initenisities colifirmiied this.

The r1ather high chlorophyll concentration (11)-

tainie(l in hoth linies und(ler high liglht intensitv at iow

temlperature m1av have heen cauise(l hv an inierease iii

the leaf temperature ahove the recorde(d teml)eratture.
It is generally recoginize(d that leaves of plalits ma.,

under high light intensity, attaini a temperature somile-
w hat higiler thaln that of the stirrounding air (2).
T'his max have occurre(l in spite of the 10-cm water
filter. Resuilts at lowser initenisities. esl)eciallv for
the muitant, show that a small increase in tempera-
ttire wouild resiult in a shlarl) inicrease in chlorophyll
conitenit. 'I'he Q,, values for the iiitltanlt tln(ler the

-ele ilitelisitit'es ollge(from 3.1 to 4.4 over the

temiperature ran-ge 14.)) to 1(.5 (fig, 2

I )isre-arding the hihl ilitensit lt tile tr-end(l
at 14.0' was toward greater efficielncv in the ilutltanit
relative to the normal as light intensity (lecreased(l
At 24.5 thiere w\as little effect of lig-ht ilitels1itvs
whereas at 2(.()) tile \lo temperttire trenl(d was re--
versedl so that the relati've cfficiencv incrase(l \\ ithl
illcrease(l light intensity. 'i'llis s.hift ill the l)a(IluC
tioll Of chloro1p1vl in tile mititant relative to the or-

mal waS igIlificant as shio\\os 1i b)v tile triple interacti

in tlhe anal-sis of variance.

Little difference existed in the ratio of ch1oro-
p)hyll a to 1). I'lhc ratios for- 1oth lines x aried from
2.4 to 2.9) in all cases except for the Imltitanlt at lomv
temlperature. here the ratio re-ached a imcaxiimiuimii oi
3.9.

Conclusions

It is generally -ecognlize(d thcat high light in1ten1-
sitv (lestrovs chlorophyllx\ in p)lants. If the eXp)ressioll
of the mutation was (Itlic to the l)roduictionl of a more

light sen1sitive forimi of chlorophyll holochromile in) the
mtatant thanl in the nlormial, it would lbe expecte(l
that high light inteinsity x-otiid have a greater (le-
leteriotis effect on1 the mutanit thall 01) the normal
regardless of the temperature. As show n in fig,rtilre
2. this is i1ot tile case; at hiigh temnperattire liglht in1-
tensitv lia(i a stroliger- effect on tile ilormal thai) on

the mititant. It ap)pears. tllerefore. tlalt tue mititatI)i
has nlot restilte( in an llncrealsed rate (of ehl-oph)hyll
(lestr-tictioll by lighlt.

'T'hle () valuies for chlorophyll aecmui iflatioll ill
the mutant at lo\ temperature inl(icate tihat a lmihllx

I iglit
I nltelnsitv

51,;

(04
65

157.65*t
21.58*"
7.56*;'

27.80*
27.56:
2.45
2.153
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teml)eratulre sensitive r-eaction1 is involved in the mu-

tation. Accordinig to Kleini (9) gralna formationi has
a large teml)erature coefficient.

Since the effect of light of (lifferenit wavelentgths
mutst be interl)reted as a difference in tle (lualitative
uitilization of light by the mutanit anid the niormiial,
this effect may he interpreted as being the result
of a change in the physical structure of the grana.
Furthermore since the same pigmenits are present
in the mutant as in the normal (11), the change in
the structure of the grana must be (lue to ani alter-
natioll in a miioiety other thani 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 muay 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 pigmenit synthesis could be related to the
production of any one of the moieties, or to the as-

semiiblinig of the mloieties to form the protocllloro-
phyllide holochrome.

Consi(lerinig the above results it is suggested that
A) the mutationi has cause(d a change in the physi-
cal structure of somne portion of the chlorophyll holo-
chrome other thani the chlorophyll moiety itself, anid

B) either a reaction leadinig to the formationi of the

altere(d holochromiie, or a reactioni incorporating the
altered holochrome into the grania has a miiuch higher
temuperature coefficient ill the mnutanit thani in the
normal.

Summary

The effect of light quality, teml)erature an(l light
initensity on pigmenit accumulationi in normal and a

mutanit of Gateway barley was investigate(l. All
3 environimenltal factors had a signiificanitlv (Iifferelnt
effect oni the 2 barley lines.

Litt'e difference existed between the chlorophyll
a to b) ratios in either barley line unider any of the
treatmenits except in the mutant at low temperature.
There was no difference in the efficiency of chloro-
phyll accumliulationi by the normal under red an(l
greeni light. The miutanit, however, accumulate(d mlost
chlorophyll unlder green light. The optimum con(li-
tionl of teml)erature an(l light intensity for both
linles was 24.50 anid 1020 ft-c. The mnutanit was verv
senisitive to low temperature. At high temperature
the miiutanit was almost insenisitive to light intenisitv.

The results support the hypothesis that the muita-
tioni has resulted either in a redluce(d rate of svnthe-
sis of a moiety of the holochromle other thani the
chlorophyll, or a reduvce(d rate of assembly of the
moieties inlto graia.
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