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Several studies have been made which show some
of the influences of photosynthesis in the green layers
of fruits upon the development of that fruit (1, 2, 3,
4, 6). During the major part of growth in oranges,
lemons, and avocados, chlorophyll does not limit
photosynthesis at constant light intensities (5). as
might be expected. However, during the period of
color change in fruits it would be possible that chloro-
phyll. or chlorophyll containing cells might become
a limiting factor and this phase of growth has not
been studlied previously. Citrus fruits are admirably
suited for a study of photosynthetic changes during
de-greening since the transition in these fruits (loes
not necessaril) coincide with the other abrupt changes
frequently associated with ripening and color change
in other fruits. Changes of composition during this
period nmay be very slight. In addition, the peel
structure of the citrus fruit makes it possible to obtain
relatively small samiiples of external tissue with a
mlinimiium of (lamiiage for use in tracer studies.

Materials & Methods
As in previous work, a Liston-Becker Infrared

Carboll Dioxide Analyzer was used for rate meas-
urements in photosynthesis and respiration (5).
Flowing air measurements were made with samlples
contained in tubular glass chambers or with a small
methacrylate plastic compartment attached to the
side of the fruit sample. During photosynthesis. the
light source was a 150 w projector flood lamp.
Light intensity wvas controlled by varying the dis-
tance of the lamp from the sample (8-46 cm) or by
inserting papers in the light path. Measurements of
light at the sample were made with a previously
calibrated incident light meter. Heat absorbing
glass in a bath cooled with circulating water was in-
serted in the light path to absorb the infrared radi-
ation. Temperature measurements in the compart-
ments indicated that samples did not undergo detect-
able heating even when no water bath was used to
cool the sample chamber. On the other hand, it
was found that simple cooling of the sample com-
partments without the heat absorbing glass system
could not prevent rapid rises in sample temperatures.
Samples were normally immersed in a constant
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temiiperature bath to maintain uniformity of measure-
ments.

The water-saturated air which was passed over
the sanmples was led directly to the CO., analyzer cell
w-ithout prior drying. The constant amount of
moisture in the air going through the cell only a(ld-
ed slightly to the background reading. Elimination
of the large volume of the drying tube allowed rapid
measurement of transient effects, using lower flow
rates than would otherwise be possible. The lower
flow rates, in turn, increased the sensitivity of
measurements.

Labelinlg experimients with C1402 were performed
with peel (lisks prepared as outlined below on the
specific experiments. To obtain simultaneous ex-
posure of peel samples in the light and in the (lark
to identical atmospheres, all the disks were mounted
on wire needles in an inverted microbell jar. The
samlples to be maintained in the dark were attached
to the lower part of the support with a black paper
light baffle mounted above them. The photosyn-
thesis samples were placed above this light baffle.
The sides of the bell jar were covered with black
tape. The samiiples were illuminated fronm above
through the translucent bell jar base. The baffles
and external tape prevented light from reaching the
(lark samples. A heat absorbing unit, as (described
above, was inserted in the light path. Following a
pre-illumination period of 30 minutes. Cl40.. was
a(dmitted into the chamber by drawing a vacuumll on
the system (through the bell jar side tube) and then
flushing the externally generated C1402 into the sys-
tem through the neck of the jar. After a 30 minute
exposure, the samples were inactivated in boiling
ethanol, extracted, and the activities in the various
fractions and alcohol soluble components (leternmined.
Extraction, chromatographic analysis, an(d activity
counting procedures have been described (2).
Chlorophyll was determined by the methodl of Koski
(3).

Results
Chaniges in Photosynthesis by Intact Fruitit dutr-

ing Loss of ChlorophyU. Measurements were made
initially on three intact oranges varying in (legree of
loss of chlorophyll from the full green (but full-
grown) through 40 % loss to 95 % or greater loss.
The curves obtained for respiration and photosyn-
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j(Q,1. 1 (Ilft). Photosynthesis and respirationi of intact citrus fruits in three stages of color change. A. Oranges.

Solid line, full green fruit, 25 ,ug chlorophyllcm" surface; dashed line, part green fruit, 16 Ag- chlorophyll cm
dotted line, full orange fruit, ca 1 ,g chlorophyll,/cmn2 B. Lemonis. Solid line, full green., 19 ,ug chlorophyll/cllm2
surface; daslle(1 line, part green, 12 jg chlorophyll, cm2; dotted line, full yellow fruit, < 1 ig chlorophyll cm2. The
curves shown are tracings of the CO., analyzer recordings made with a flow compartment attached to the side of the
fruit so that an area of peel 20 mim in diameter was exposed to the flowing air stream. The dashed and dotted line
at zero indicates the point at which respiratory loss and photosynthetic uptake of CO.) are equal ('compensation level)
an(I nio net change occurs ini the flowing air stream. Shaded bars indicate dark periods. Light at 1700 ft.-c.

FIG. 2. rightt. Variation in photosynthesis in citrus fruits with light intensity. A. Oranges. O-full green fruit,
25 ,ug chloroplwll cm2 surface. *-part green, 16 ,ug chlorophyll 'cm12. Full orange fruit showed no photosynthesis.
The dashed line shows the compensation level for the full green fruit, the dashed and dotted line for the I)art green
fruit. B. Lemons O-full green, 19 jAg Clhlorophyll cm112. *-part green, 12 gg chlorophyll, cm112. Compensation lines
as indicated in part A.

thesis in these fruits, using a side comlpartment for

flow measurements -with the infrared analyzer, are

given in figure 1 A. Similar curves are given for
lemons in figure 1 B. It may be seen here that res-

pirati on decreasedd somewhat and that photosynthesis
also decrease(l. roughlN in proportion to the loss in
chlorophyll. The full orange-colored or full yellow-
colored fruits didl not carry on sufficient photosyn-
thesis to be detected by the infrared procedure but,
as shown in a later section. disks from the peel of
these same fruits were capable of fixing C140., near-

lv in )roportion to the amount of residual] chlorophyll
in the samples. It should be noted, how ever, that
the photosynthetic rate relation to chlorophyll only

holds true within a given fruit. The lemon, despitee
having a substantially lower chlorophyll content at
the full green stage still maintained a higher rate of

photosynthesis than the orange.
IUaria tioon in Photoswnthlesis -1titlh Liglht Initensitv.

Lemons and oranges at three differentt stages of color
development were tested as intact fruits to (letermine

the optimal light levels for photosynthesis. Figure
2 illustrates the typical curves obtained for variation
in photosynthesis with light intensity for oranges anId
lemons at two stages of color. The third stage. full
orange or full yellow color with no chlorophyll, gave
no detectable photosynthesis. Similar results were
also obtainedl using intact fruits in a tubular chamber
illuminated only on one side except that somewhat
higher light intensities Nwere required to attain lp-
parent maximal photosynthesis.

In both fruits. maximal photosynthesis did no

more than compensate for respiratory loss of CO_.
Increasing the light past 2000 ft-c did not stimulate
CO.. utilization significantly past the compensation
level. There wvas an apparent difference in the
photosynthetic capacity of the fruits with differentt
chlorophyll content here but the true photosy'nthetic
ctlapacities may not be represente(l here as w\-ill be
seen in other experiments.

('-10., Studies (and Effcct of Tissutc Inijury u1ponl
Piotoswuthlcsis. AMany of the tests for photosynthesis
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BEAN ET AL.-PHOTOSYNTHESIS & RESPIRATION IN CITRUS

Table I
Influence of State of Division lupont Photosytnthetic

& Respiratory Rates in Orange Peel
Samples prepared as described in text. Respiration

& photosynthesis were measured in flow tubes with the
infrared CO2 analyzer. Light level was about 2000 ft-c
for all samples. Both respiration & photosynthesis are
given as mg C01/hr/100 cm2 of external surface
(flavedo) for consistent comparisons.

Sample Respiration PhotosynthesisSmple mlg CO.,/hr/100 cm2 mg CO./hr/100 cm2

Intact fruit
Onie-eighth section

(including juice
sacs)

Onie-eighth section,
peel only

Onie-eighth section,
flavedo only

20 mmin peel disk
15 mm peel disk
10 mm peel disk
10 mm flavedo disk

8.4
12.8

7.6
7.0

8.2

8.9

7.5

0.4

8.9
9.4
9.2
7.3

7.9
5.0
2.3
0.0

and respiratioin wvould be facilitatedl by the use of
small sections of peel tissue rather than by the use
of intact fruits. This is particularly true for tracer
studies. Earlier experiments with young, small
fruits (2' had indicated that very small sections of
orange peel were capable of effective photosynthesis
and relatively normal respiration. How,ever, pre-
linminary experinments using carefully prepare(d peel
sections of mature fruits showed the surprising re-
sult that there was no photosynthetic fixation of
C14O. in flavedo samples 10 mm in diameter. This
obviously did not agree with the CO., analyzer re-
sults for the intact fruits. Accordingly, tests were
carried out to determine the effect of subdivision an(l
injury of the peel on respiration and photosynthesis.
The peel in this experiment was carefully treated to
avoi(l injury by bending or pressure. In the prep-
aration of peel disks, a cork borer of appropriate
dianmeter was used to cut a circle in the peel. Then
the peel arouncd the (lesire(I section was removed
with a razor. This enable(d undercutting of the (lisk
wvithout subjecting it to bendling. On some salmlples
a portion of the albedo was left on the section. in
others the albedo wNas completely removed by careful
cutting. As illustrated in table I, a rapid loss of
photosynthesis ability occurred as the peel sections
becamne smaller than 20 nmm in diameter. Comlplete
removal of the albedlo, causing injury to the lower
layers of photosynthetic cells. brought on comlplete
inhibition of photosynthesis. Although respiration
tencde(d to increase somewvhat in 20 mm peel sections.
if a portion of albedlo was retained photosynthetic
function did Inot appear to be significantly affected.
Table II show-s comiiplete lack of photosynthesis fix-
ation of C1402. in small peel sections with albe(lo re-
move(l.

The effectiveness of using peel disks of adequate

size with somiie albedo retentioni to prevent damage to
photosy)nthetic cells is illustrated in figure 3, show-
ing the respiration and photosynthesis of peel sec-
tions from the same fruit used to obtain the curves
for figure 1. These samples were disks 20 mm in
diameter with only a very thin layer of albedo re-
tainedl. The respiratory levels are somewhat higher
than for the corresponding intact surfaces but the
gross apparent photosyntlhesis is not greatly affected.

Sinmilarly prepared disks from oranges and lemons
in varying stages of color change showed efficient
photosynthetic fixation of C14O.2 (table III). Even
the samiiples showing full color change to orange or
yellow seemiied to have a sufficient number of photo-
synthesizing cells to accumulate a substantial activity
above that of the corresponding (lark samples.
Dark exchange or fixation reactions also seemed to
be somiiewhat greater in tlle green fruits than the
orange or y-ellow samples. wvhereas the opposite ef-
fect hadl been noted in the extensively injured sam-
ples.

The (listribution of activity in thle alcolhol soluble
componients, as shown in tables IV and( V. shows
that the CO., fixatioln in these samples was quite
sinmilar to that which might be expecte(l in leaves.
In the light the major activity was in sucrose. Light
also had an extensive effect on the fixation of activity
into the aminio acid and organic acid components.
There were fairly substanitial quantitative differences
in the labeling patterns between the orange and
lenmon (e.g., the higher activity in organic aci(ds in
the lemiion peel) but very little difference in comll-
ponenits found to be labele(l.

Effect of Temitperatur e u0poni Phiotoswnthlesis antd
Respirationz. Disks fronm a green fruit were prepar-
ed as above for (leterminiationl of respirationi and

Table II
Photosyn)ithetic & Dark Fixationt of C'40., int Syllall

Flavzedo Disks Showing Failutre of Photosynthesis
Dute to Injury

Orange peel disks 10 mm. in diameter with albedo
removed were prepared as outlined in the text. Cutting
injuries on periphery & back of the disk inhibit photo-
synithesis completely. All samples were exposed simul-
tanieously in a container (procedure given in text) to
ani atmosphere of air enriched with C' 40. from 2 mg
BaCO, (120 juc/mg). Total volume of the system was
about 700 ml. Figures given represent only the alcohol
soluble activity. Alcohol-insoluble material conitainied
activity roughly in proportion to the soluble extracts.

C14 activity (cpm/mg fr wt)
10 miii liglht 10 min dark

Experiment I
Full green fruit
Intermediate green fruit
Orange fruit

Experiment II
Full green fruit
Intermediate green fruit
Orange fruit

13.8
23.1
35.2

14.3
26.5
30.4

14.7
29.2
31.2

12.8
28.4
28.2

28;7



Table III

LiWht (" I)ark Fixation of C140, in Citrus Peel
Peel disks, 17 milil diam., with part of albedo retained were prepared as described in the text. Chlorophyll conltenlts

for orange & lemon peel as in figure 1 & 2, respectively. Conditions were as described for table I & in text. Samples
were pre-exposed to light ('2000 ft-c) for 30 minutes before admitting C140. to the chambers for a 30 miniute ex-
posure. Alcohol-soluble activity was obtained by extracting the entire disk, both flavedo & albedo, & then the albedo
tissue was separated from the flavedo for separate measuremenits of activity in alcohol-insoluble residues.

C'4 Activities

Sanmp)le Alcohol-soluble Alcohol-insoluble(total cpm X 10- ') (cpm,/mg dry wt)
l,ight Dark; Flave(lo AlbedoLight Dark ~~~~~~~LightDark Liglht Dark

Oranige
Full green 106.0 6.39 1440 72 67 16
Initermediate 71.7 4.66 975 115 59 40
Orange 29.1 2.60 630 28 22 22

I .CltlOfl
Green 101.4 5.34 2970 59 145 118
Intermiiediate 53.1 6.44 2530 95 104 24
Yellow 7.27 4.23 211 76 16.2 24

Table IV
f)istribu/tiol of.f Ic/i'itv in Alcohol-soh/bIl Coin Po)ncts of Orangc Peel after

Lig/ift or- I)Dak Fi.ration of c 140.,

Activities*
(ompodud Light Dark

Oranige Inltermediate Greenl Orange Intermediate Green
Sucrose 12,400 36,900 60,800
Glucose + glvcinie: 150 1,400 4,200 ...

Serinie 62 292 681 34 154 134
Alanine 240 020 2.520 29 70 63
Glutamic acid 100 360 1,020 25 54 69
Aspartic acid 350 950 nd.d. 12 36 30
Asparagine' nd. nd. nd. 108 138 113
Mtalic acid 85 362 725 103 231 2W()
Succinic acicl 142 77 730 32 130 94tumaric acid ni.d. nd.d. 1n.d. 64 230 207

* All activities given as cpmn determined on paper chromatograms. Notationn.d. indicates activitv was not deter-
mined.
Glycine co-chromatogramiis with glucose andwas not measuire(d se)arately except in a fe\% isolate(d cases \hich
indicated that its activity was generally very lov-.

*k* Asparagine co-cbrotliatograms \ith sucrose so it was obscured in thep)hotosyntlletic samples.

Table V
J)ist,ibn(tion (if .lcti.itvin111. lcool-sohbl1c C(iiiipoilcets of Lemiioni Peel afterighJ17t orI)ark Firatilon of(C140.,*

ActiN ities

Comnpollld Dark Light

Yellow Intermediate Green Yellow Intermediate Green
Sucrose 1,900 30,500 55,300
Glucose + glycine 530 3,540 7,800
Serine 280 1,060 825 297 232 103
.\lanine 265 3,300 3,760 134 115 69
(Glutamic acid 260 1,075 785 168 154 103
Aspartic aci(d n.d. n.d. n.d. 171 195 219
Asparagine n.d. n.d. n.d. 86 39 69
Malc acid 157 475 650 171 195 219
Succiniic acid 43 478 1,200 378 503 485
Fumaric aci(d 370 1,440 2,370 433 619 725

See Table IV for explanatory notes.
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Table VI
Effect of Teinperatere on Photosynthesis & Respiration in Citrus Peel & Comparison

weith Photosynthesis of Leaf Tissue.
CO evlto

Sample

Orange peel disk

Citrus leaf disk
* Apparent photosynthesis

Temp
0

110-120

200

300

200

Light
ft-c

1700
6000
1700
6000
1700
6000
1700

is the difference between CO.,

CO, evolution
mg C02/hr/100 cm2

Dark Light

+3.2
+3.2
+9.9
+10.0
+ 18.1
+18.8
+4.4

-1.0
-1.0
+1.4
+0.2
+8.0
+0.6
-8.3

Apparent
photosynthesis*

4.2
4.2
8.5
9.8

10.1
18.2
12.7

evolution in the dark and that in the light.
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FIG. 3. Photosynthesis and respiration of peel sec-

tions from oranges. Peel disks 20 mm in diameter of
the fruits in figure 1A were used. Solid line, full green

fruit; dashed line, part green; dotted line, full orange

fruit.

photosynthesis at three different temperatures. The
first measurements were made in a water bath at 200
then the temperature of the bath was lowered to 12°
and raised to 300. A final determination of rates
was made at 200 once more to determine whether the
sample might have been affected significantly by the
intervening time and treatments. Little difference
was found between the first and last measurement
in any of the samples tested. Table VI shows the
data obtained for a normal temperature variation
series. Respiration rates were affected strongly by
the temperature changes but it was also found that
photosynthesis varied almost as greatly as the res-

piration. Gross apparent photosynthesis at elevated
temperature and 1700 ft-c was greater than the limit-
ing photosynthesis in any of the previously tested
samples. With the higher light intensity of 6000
ft-c, photosynthesis was brought once more almost
to the point of equality with respiration. Increased
light made no significant difference for the cooled

sample but, as usual, allowed the 200 sample to reach
a compensation level.

It is also of interest to compare the photosyn-
thetic rate of the fruit surface with that of a citrus
leaf surface. Although the photosynthetic rate of a
single leaf surface is 50 % greater than that of the
fruit surface at 20° and 1700 ft-c, increasing tempera-
ture and light upon the fruit allows its apparent
photosynthetic rate to exceed that of the leaf.

Discussion
The data show, as would be expected, that photo-

synthesis suffers a substantial decrease in citrus fruits
during the period of color change in which chloro-
phyll is lost and the orange or yellow colors became
prominent. However, although photosynthetic rates
appear to be correlated with chlorophyll content, the
photosynthetic capacities do not necessarily decrease
in proportion to the loss in chlorophyll. Instead, un-
der normal conditions, the photosynthetic capacity
seems to be limited much more by the respiration of
the fruit than by factors concerned with the chloro-
phyll content. As shown by the curves for variation
of photosynthesis with light intensity, the rates for
fruit with different chlorophyll content appear to be
roughly proportional to chlorophyll at low light in-
tensities but at the higher light intensities the CO.)
available from respiration appears to be the limiting
factor. The temperature variation studies indicate
that, at higher light intensities, the fruit may be
capable of a great deal more photosynthesis than
they actually show under normal conditions. Thus,
it appears certain that maximal photosynthesis is
limited by some factor other than the primary light
reaction which would be dependent on the chlorophyll
concentration. It could either be the enzymes and
coenzymes of the dark reactions or limitations of
diffusion of atmospheric CO2 through the thick epi-
dermal layers of the fruit. Experiments with other
fruits (unpublished) indicate that a diffusional bar-
rier may be partially limiting in photosynthesis in
the fruit.

--
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D)espite the seemillg loxw uptake of CO., as inecas-
ure(l b) the CO., analvzer, the tracer stu(Iies intlicate
that exchalinge is rapid enoughi to enable a substantial
lal)eling of plhotosyilthetic pro(lucts. The total
amount of activitv- foudtil ill the photosynthesizing
peel (lisks is actualila (quite comI)arable w-ith thcat
which miight be foun(d in a leaf (lisk of similar size
photosynthesizilng und(ler- siinilal con(litionls. Tlhus,
although it wold appear that the elndogenously forimi-
e(l CO., slhoul(d be plrefereltially utilizedl in photo-
sx nthesis by thils tissuie, the Utilization of external
CO., appears to be (quite efficienit, at least il the (lisks.
'riTe extelit of exchang,e in mature, intact fruits re-
mains to be (letermiine(l althiougil sttu(liesx ith smiiall
fruits, where respiration is a larger factor, in(licate
fixation may l)e efficienit in the ilitact fruilt as well
(2).

Ani interestinog anomaly which appeared in this
x (ork xas the effect upon photosynthesis of (livision
of the peel into simialler- unlits. \Vhile flaxvedo sectionls
fr-onii small fruits, in earlier experimiients (2 ) had
shoxxwn rather efficielnt photosynthesis eveni w\vhen as
small as 2 to ; mm in (liainieter. thle present results,
xitli micature fruilts, (lemonstrate(l that severe inihibi-
tionl of photosynthesis ocCtur-redl wheien full peel sec-
tioIns were prepare(l smaller thian 1 5 to 20 mm in
(liaimieter or xxhen any attempt xxas iia(le to remove
the all)edo layers compl)letely fromii tile photosynthetic
flavedo layers. It may be that the (lifference be-
tween the small and the large fruits is (lue to the
oil glaii(ls in the peel. In tile okler- fruit, an incisionl
into the peel results in a saturation of peel xxith oil
fromil the injured storage glaind areas to a distanice
of several miiillimileters around( the ctit. Such ani effect
is not so appalrent in the small fruits xv-ith very simiall
oil glan(ds and cells. Additionally, closer packing
of the cells of the simialler frluit tissues andl highier
water contenit plroal)ly ten(l.s to resist the moxvement
of the oils. The coml)lete loss of photosvynthesis
wNhen the albedo tissue is remiloved lmav be (lue to
the grealt nlumber of oil glands an( photosv-ithetic
cells ruptured. Thle albedo tissuie m11av also act as
an ai(l in preveniting extenisive damage to the plhoto-
syntiletic cells by absorbing a substanitial amoulnt of
oil -which would otherwise be sl)rea(l thl-ough thle
flaxredo. Surprisingly. despite its dra,stic effect uipon
photosynthesis. injury (loes not seemil to alter resl)ira-
tion greatly, at least in (u.alltitative aspects of CO.,
exolutionm. There is somie evidence, froml tracer ex-
perinlents, that exchanie of CO., ill the (lark reactions
may be affecte(d to somile (legree. Reasons for the
observed (livergenicy of inhibition in photosynthetic
an(l respiratory systems canlot be adlvancedl at this
time.

Summary
The variations in photosynthesis and( respiration

of oranges and( lemilons durilig the period of transition
from green fruit to orange or v-elloxx have been
stu(lie(l. Intact fruit as xxell as peel (lisks w\ere uise(d.
Chang-es in photosynthetic rates at lox light initensi-
ties xxere foulid rougyhly proportionetl to the chiloro-
phyll in both lemilons ani(l or-anges l)ut photosynthetic
caapacities app)earetl to be limilte(d milore by f.actors
which max be associated xx ith carbon (lioxi(le(liffu-

oiOl than by- chlorophyll contenlt. I'llotosx-nitlietic
caplacities coilnci(le(l xxwith the respirator-y compensa-
tion1 le-el in full greeln samlples alin( in samiliples
wxxhich had lost up) to 40 ', of the original chlorophyll1.
The equality of photosynthetic capacity and(l respira-
tory lexvel seemile(d to he retaine(l even wxxhen hirge
chiaigeis were ini(dtice(d bx teil)erature change-..

E,xperimients xithl peel (lisks shoxx edl that photo-
sy-nithesis wvas niot substantiall)- imlaire(l in peel sec-
tiolls ais long as the sectionis xxere of adequate si7e
(15-20 mill diam') an1(d somlle albedo tissuie xvas allow-
e(d to renmain on the l)llotosylnthetic flavxedo laxyer.
Use of smiialler sections coul(l s.eriouslv inlhibit lphoto-
synthesis xxhile removal of the albedo cotul(d hialt it
completely.

Tracer stud(lies in(licate(l that carbon (lioxi(le coul(d
be rapidly absorbed fromli the (atilmospher-e by thle peel
(lisks and that the photosynthetic lpro(liucts wxere (quite
comparal)le Nith those of leaves.

Un(ler selecte(l cond(litiolns, tlle gross lphotosyn-
thesis of or-ange l)eel layx be roughly equivalent to
the plh)otosynthesis of a sinigle surface ofta citrius leaf.
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