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Abstract. In experiments with fodder cabbage and sugar beet the influences were tested
which restrict the finding of a uniform linear dependence between the chlorophyll content and
photosynthetic rate. The main factor is most probably the irradiation during the growth of
plants and, the measuring of photosynthetic rate. Changes in the density and length of irradia-
tion with the proceeding spring season are reflected. in the decrease of unit chlorophyll activity
in all leaves of the plant. Such differences were not observed in plants grown in winter months
at a low greenhouse irradiation density. High irradiation density during the measurement of
photosynthesis ensures the finding of high correlation of photosynthetic rate with the chloro-
phyll amount per unit area of leaf. With a low irradiation density, or in thick leaves, the lower
layers of chloroplasts are not saturated with radiation, and hence a higher correlation coefficient
ig found by relating photosynthetic rate to the percentage of chlorophyll in dry weight than to
the quantity of chlorophyll per unit area of leaf blade. In some experiments higher activity
of chlorophylls was found in young leaves before they have reached the state of “photosynthetic
maturity” than after this turning point. This difference diminished by relating the photosyn-
thetic rate to chlorophyll @ content instead of the total amount of chlorophylls (a 4 b). High
activity of chlorophylls in very young leaves and great individual variability within the ex-
perimental plant groups caused by uneven cultivation conditions are the basis of apparent
sigmoid character of average curves for the chlorophyll-photosynthesis relation.

The determination of the relation between the amount of chloroplast pig-
ments, most frequently chlorophylls, and the photosynthetic rate has already
been the subject of a great number of publications (see SEsTAK and CaTsKy
1966). Despite differences in their results, the predominant opinion is that
there is no relationship between the chlorophyll content and the photosyn-
thetic rate or that the amount of chlorophyll has an effect under weak light
only (“Chlorophyll als Schwachlichtfaktor” — GABRIELSEN 1948, 1960). Many
of the older studies have basic shortcomings, such as measuring photosyn-
thesis under unsuitable conditions (mainly at low irradiation density), not
taking into consideration the ontogenetic age of the leaves or stressing extreme
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leaf types (mutants or plants cultivated under abnormal nutrition, the photo-
synthetic system of which works entirely differently).

Our experiments, too (SESTAK and CA?SK? 1962, SEsTAK and BARTOS 1962,
1963, AVRATOVSCUKOVA, BARTOS and SESTAK 1962, SESTAR 1963a, 1963b,
SesTAk and Vicravir 1965) do not as yet make it possible to draw final
conclusions, even though they clearly prove that there is a relationship be-
tween the chlorophyll content and the photosynthetic rate. Its linear expres-
sion, however, is limited by the inherent properties of the plants, as well as
by the selection of experimental procedure. Let us demonstrate on the example
of our further experiments with fodder cabbage and sugar beet some of the
main reasons which make it difficult to find the direct relationship between
the chlorophyll content and the photosynthetic rate.

Materials and Methods

Plants: Fodder cabbage [Brassica oleracea L. convar. acephala (DC.) ALEF.
var. medulloss THELL.] was cultivated throughout the year in pots in
a greenhouse. Sugar beet was grown in field plots under normal agrotechnical
conditions.

Photosynthetic rate was determined from the increase in dry weight in
disks cut out from the leaves (method of BarTo$, Kusix and SETLIK 1960).
The disks were exposed for 6 hours under constant conditions in holes in
foamy polyurethane plates, revolving on a turntable in a special apparatus
(AVRATOVSCUROVA and SESTAK 1966). The following experimental conditions
were maintained: continuous water saturation of the tissue, 0-039, or 49, CO,
in the air (200 1. hour-1), temperature 25° 4 0-2° C, equal irradiation for all
45 exposed samples (each constituted by 12 disks) in two levels: full irradiation
(20 Tungsram Krypton Superba 100 W/220 V lamps above the turntable,
density of photosynthetically active radiation 2. 10% erg.cm2. s™1) or half
irradiation (10 lamps above the turntable). The dried disks were weighed on
a torsion balance with an accuracy of + 0-02 mg.

Chlorophyll content was measured in an 809, acetone extract on a Pulfrich
photometer with Elpho photocell attachment (total chlorophyll) or by a two-
wavelength spectrophotometric method on Optica Milano CF 4 or Beck-
man DB, using a nomogram (SESTAK 1966) calculated on the basis of the
Mackinney-Arnon equations (ARNON 1949).
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Results and Discussion

1. The effect of the advancing vegetation season and the ageing of plants

In experiments with leaves of different age of the same plant or with the
homogeneous plant population in the vegetative stage we usually find a linear
relationship between the chlorophyll content and the photosynthetic rate. If
we start with the leaf which is at the stage of “photosynthetic maturity”
(usually reached before the leaf acquires maximum area and even before
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reaching maximum areal chlorophyll content), further ageing of the leaf is
displayed in a gradual decrease in chlorophyll content and in a still greater
fall in photosynthetic rate. Finally, at a certain chlorophyll amount (0-5 to
2-5 mg . dm~%) we find zero apparent photosynthesis, We denote this amount,
at which the photosynthetic activity of the tissue stops, as the “chlor o-
phyll compensation point” (cy). For one plant or very homogene-
ous plant population, the relationship between the total chlorophyll amount
and the photosynthetic rate under optimum external conditions can thus be
approximately expressed by the simple linear equation

P = (6 — ¢p) 8o, (1)

where P means photosynthetic rate, ¢, total chlorophyll content and a, the
trend of the line which determines the relationship.

With the ageing of the plant, ¢, increases slightly and a, falls markedly.
Thus, with the ageing of the leaf and the entire plant, the photosynthetic
activity of a unit amount of chlorophyll is decreased and the tissue containing
the same amount of chlorophylls forms a smaller amount of assimilates. This
is shown in Fig. 1 representing three succeeding measurement series made in
May or June on a group of fodder cabbage plants sown in February. The
respective regression coefficients indicate a fall in the photosynthetic activity
of the chlorophylls on ageing of the plant. Similar differences were found by
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Fig. 1. The dependence of photosynthetic rate on chlorophyll content in leaves of different age
from fodder cabbage plants sown in February and analysed in May (left — plants
102- to 105-days-old) or June (middle — plants 122- to 125-days-old; right - plants 136-
to 138-days-old). Abscissa — chlorophylls (a + b) in mg . dm"2; ordinate - photosyn-
thesis in mg dry weight dm~2 . h-1, The straight lines represent the regression coeffi-
cients.

Murata, OsaDA, Ivama and YAMADA (1957) in rice sown in 4 periods — early
till late in the season: plant sown late in the season did not attain the same
photosynthetic activity of unit chlorophyll amount in any stage of their de-
velopment as the plants sown early. The reason for these changesare doubt-
lessly external conditions during cultivation, particularly factors of light,
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Fig. 2. The dependence of photosynthetic rate on chlorophyll content in leaves of different age
from fodder cabbage plants analysed together in April 1963, but sown in January (at
the day of analysis 93- to 103-days-old), December (117- to 125-days-old or 131- to
140-days-old) or October (191- to 198-days-old). Abscissa — chlorophylls (@ 4 b) in
mg . dm-%; ordinate — photosynthesis in mg dry weight . dm~2.h-1.

which cause changes in the photosynthetic system of the plant, possibly also
in conjuction with photoperiodicity. Apparently for this reason we find no
expressive differences in experiments carried out in winter on plants of dif-
ferent age, which grew under unfavourable irradiation conditions. We have
verified this on plants of fodder cabbage, sown in different months (October
till January) and analysed together in April (Fig. 2). The photosynthetic
rates in young leaves, most important for the plant, were essentially the same
and the dependence of the photosynthetic rate on the chlorophyll content
was not significantly different.

2. The efiect of the individual variability of plants

The correlation and regression coefficients determining the relationship be-
tween the chlorophyll content and the photosynthetic rate caleulated per leaf
area unit are usually high and statistically confirmed. The fields limited by
the multiple of experimental points, however, are far from an ideal compre-
hension. If we, however, wish to replace the individual experimental points
by an average curve and thus calculate for the various intervals of the chloro-
phyll content mean values of photosynthetic rate, we do not have toobtain
a straight line corresponding to the equation (1) but rather a curve of a sigmoid
nature — see Fig. 3: The first and second curves summate the first and last
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series of measurements presented in Fig. 1. The last two curves summate
results for fodder cabbage plants sown in November and January and analysed
at the same time in May.

Fig. 3. Mean values for chlorophyll content [abscissa — chlorophylls (¢ + b) in mg.dm=*]
and photosynthetic rate (ordinate — dry weight increase in mg .dm=2.h"1) in leaves
from fodder cabbage plants. The 1st and 2nd curve from the left represent the 1st and
3rd geries of measurement from Fig. 1, the last two curves represent the experiments
from Fig. 4. The numbers express the age of plants in days.

Fig. 4 shows the numeric basis of these last two curves — the undistinguished
experimental points on the right, and on the left lines connecting the experi-
mental points for different leaves of each plant separately. We see that the
studied relationships for the individual experimental plants is very close to
linearity. But in the whole plant population not cultivated under standard
phytotronic conditions the rate of development and ageing of various plants
and individual leaves varies greatly. For example, in some plants in the
population we find a low chlorophyll content and unusually low photosyn-
thetic rates. Such plants evidently influence the situation near the chlorophyll
compensation point, partially also because they show increased respiration.

3. The different activity of chlorophyll in very young leaves

The bend in the region of high chlorophyll contents in Fig. 3 is caused by
summing up the data for young leaves and leaves that have already reached
their photosynthetic maturity. In some plants (Nicotiana sanderae — see
Sestix and CaTsrY 1962) the activity of chlorophylls in the youngest leaves
differs only slightly from that in the mature leaves and, therefore, in summa-
tion this curve-bend is not found. On the contrary, in the case of maize
(SEsTAr and VAcravik 1965) and sugar beet the activity of chlorophylls in
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Fig. 4. The relationship of chlorophyll content and photosynthetic rate expressed as experi-
mental points undistinguished for all the analysed, groups of plants (right) or shown as
lines of diferent form, which connect values for different leaves of each individual plant
(left). Plants of fodder cabbage sown in January (131- to 133-days-old) and November
(195- to 197-days-old) were analysed in May. Abscissa — chlorophylls (a 4 b) in mg.
. dm~2; ordinate — photosynthesis in mg dry weight .dm-2.h-1,

the young leaves was higher than in the older leaves. An example of this
different chlorophyll activity in the leaves of one plant of sugar beet is in-
dicated in Fig. 5.

The turning point in the chlorophyll activity apparently takes place in the
period of “photosynthetic maturity”. It seems that the photosynthetic activity
of ehlorophylls would for many plants have to be solved separately for the
leaves before and after reaching their photosynthetic maturity.

4. The importance of chlorophyll a

In every experimental series higher correlation coefficients were found when
relating photosynthetic rate to chlorophyll ¢ content than to the total chloro-
phyll amount. One explanation could be the higher accuracy of chlorophyll
than chlorophyll b estimation by using the two-wave-length spectrophoto-
metric method. But the chlorophyll b forms only about 25 to 309, of the total
chlorophyll quantity and hence the higher experimental error for the estima-
tion of total chlorophyll could not be the main argument. Better explanation
extends the leading role of chlorophyll ¢ forms 4n wivo in photosynthetic
reactions (see, e.g. WITT et al. 1965). The quantity of chlorophyll a by itself
is doubtlessly a more exact characteristic of the photosynthetic activity, as
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the experiments with natural algae associations (Opum, McCoNELL and
ABBorT 1958), with barley mutations (HieHRIN and FRENKEL 1962) ete. have
shown.

Fig. 5. shows how the dispersal of experimental points narrows down when
bringing the photosynthetic rate into dependence with only chlorophyll a
quantity instead of the entire chlorophyll (@ 4 ) content.

An even better characteristic would be obtained by determining the quantity
of different forms of chlorophyll @ in vivo, which would probably also explain
the existence of non-active chlorophyll ¢,; for such an analysis, however, there
is still no expeditious method. Naturally, further research is requested to
show whether more linear relationship cannot be found by relating the photo-
synthetic activity of leaves to the quantity of some important substance in
the photosynthetic electron transfer chain, for example, of ferredoxin or
plastoquinone or some important enzyme [SMILLIE (1962) observed interest-
ing changes in the activities of ribulose-1,5-diphosphate carboxylase, photo-
synthetic pyridine nucleotide reductase, and transketolase with increasing
leaf age].

15

PS

1 2 ?
m

Fig. 5. Photosynthetic rate (ordinate — mg dry weight . dm—2.h-!) is more directly related
to chlorophyll @ . dm~2 content (left curve) than to chlorophylls (¢ + b) content (right
curve). Values for leaves of different age (numbered from the oldest leaf) on one plant
of sugar beet (105-days-old).

5. The influence of leaf thickness and exposure eonditions in measuring the photesynthetic rate

The linear dependence between the chlorophyll content and photosynthetic
rate can obviously be found only under optimum conditions of exposure,
where the entire chlorophyll system of the tissue can be included into the
photosynthetic process. Although sufficient water supply and plentiful access
of CO, into the assimilating tissue are very essential experimental conditions
for obtaining reliable results, the most important exposure factor is the density
of irradiation. We have already shown (SEsTAk 1963b, SEsTAk and BARTOS
1963) that the effect of the amount of chlorophylls per unit area of leaf be-
comes more expressive with greater irradiation than with low radiation
densities. Fig. 6 illustrates the differencs in the dependence of photosynthetic
rate on the chlorophyll ¢ content in sugar beet plants which assimilated in
the atmosphere with 49, CO, under a density of irradiation of 2. 105 erg .
.em~2, 871 (left) or with half a dosage of radiation energy (right).
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Fig. 6. The relationship of chlorophyll a content (abscissa — mg .dm™3) and photosynthetic
rate (ordinate — mg dry weight . dm~2.h!) determined under different experimental
conditions: left 49, CO,, full irradiation (correlation coefficient r = 0-829); right —
4%, CO,, 1/2 irradiation (correlation coefficient r = 0-613). The straight lines represent
the regression coefficients. — Leaves of different age from sugar beet plants ca. 100-
days-old.

A comparison of rank correlation coefficients for sugar beet leaves in Tab. 1
displays the concurrent influence of irradiation density during the determina-
tion of photosynthesis and of the thickness of leaves [expressed as dry weight

Table 1

Rank correlation coefficients rq for experimental series with sugar beet leaf disks assimilating
at 0-03 or 49, CO, and full (2.10%erg . cm-2.87%) or half irradiation density

Characteristics of material used 'Ra,nk correlation coeffi- .
. . . cients rgq for photosynthetic
in each series of experiments rate with
CO, con- | Relative
centra- | irradia- . s ; ]
tion, tion % 204 | = E'E " g chlorophyll o dry
% density | 857 2 C3d % iht
° QT 2.3 2 s8g : 3 per leaf | asper cent welg
28] 283 #2v cE 8 area T, per leaf
g S8 - 2 SR ¢ ry .
5 2 E. L % § %0 E‘:‘; %o :2% —§ unit weight | area unit
|
0-03 50 7-14 2:02 291-1 43 0-373* 0-661** | —0-337*
0-03 100 11-82 2-19 311-1 35 0-917%* | 0-603** 0-037
4-00 50 7-92 1-96 274-2 43 0-545*%* | 0-680** | —0-287
4-00 100 13-59 2-15 288-9 45 0-683** | 0-475%* | —0-229
4-00 100Y) 17-12 2-59 444-2 43 0-423%* | 0-783*%* | —0-537**
|

1) Analysed from October 6 to 13; other series analysed in the second half of July and first

week of August.
** P = (-01; *P = 0-05.
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per leaf area unit — see also ““density thickness” of McCLENDON (1962)] on
the importance of chlorophyll factor. In thinner leaves and at high irradiation
density photosynthesis is saturated with radiation practically in all the tissue
layers and, therefore, we find a higher correlation of photosynthetic rate with
chlorophyll amount per leaf area unit than with the percentage of chlorophyll a
in dry weight (“chlorophyll concentration’). Inverse situation is found in
similar leaves at half irradiation density or at full irradiation in half as thick
leaves: photosynthesis is then correlated better with chlorophyll percentage
in dry weight. At the same time, negative correlation of photosynthetic rate
with the dry weight per unit leaf area is much more expressive and significant.
From the comparison of these values with the correlation coefficients in Tab. 2
representing some of the fodder cabbage experimental series illustrated in
Fig. 1 to 4, the following conclusion may be drawn: At irradiation densities
saturating the whole tissue profile, when certain positive correlation of photo-

Table 2

Rank correlation coefficients rq for experimental series with fodder cabbage leaf disks assimilat-
ing at 0-039, CO, and 2 .10°erg.cm—2 .51

Characteristics of material used  Rank correlation coeffi-
in each series of experiments cients rq for phqtosynthetlc
rate with
Age of
Date of , —
analysis plants, | ¢ N = s E | chlorophyll (a 4 b) q
days € Hoa EI < = ry
e | ELL B k| L2 weight
8L g g B2 o Saa | per leaf as p((iar per leaf
LN S+% - S8 "3 % | area unit | °ont dry p
2ok S 5w Bt w S &3 weight” | area unit
METT | O38E | AYEE | mER
April
1963 93—-103 13-47 344 2085 35 0-825%* | 0-542** | 0-379*
May
14 to 17,
1963 102—-105 12-51 2:52 365-3 45 0-829*% | 0-675%*% | (0-609%*
May
14 to 16,
1964 131—-133 10-55 3-63 259-0 44 0-961*%* | 0-826** | (0-566**
May
20 to 22,
1964 195—197 12-39 3-70 256-4 42 0-912%*% | (-762%% | (-478%*
I | I

**P = 0-01; *P = 0-05.

synthesis and leaf thickness exists, photosynthetic rate is in best correlation
with chlorophyll amount per leaf area unit, which sumes up both chlorophyll
concentration and leaf thickness. If some tissue layers are undersaturated
with radiation and consequently photosynthetic rate is in a significant negative
correlation with leaf thickness, only the validity of chlorophyll concentration
in tissue volume unit is clearly expressed.
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These results clearly show that comparable results can be obtained only
at saturating irradiation density for each type of leaves. From this point of
view many data in the literature should be revised, e.g. GABRIELSEN’s (1948)
results obtained with low irradiation densities (up to 9000 1x). Density of ir-
radiation also designates whether or not photosynthetic rate is in correlation
with the thickness of leaf (McCLENDON 1962) or its mesophyll (P1ETERS 1960).
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Z. SmsTAx, Odd. fysiologie rostlin, Ustav experimentélni botaniky CSAV, Praha: Cinitelé
omezujici nalezenf linedarni zavislosti mezi obsahem chlorofylu a fotosyntetickou aktivitou.
Biol. Plant. 8 : 336—346, 1966.

V pokusech s krmnou kapustou a cukrovkou byly gledovény vlivy, které omezuji nalezent
jednotné linedrni zavislosti mezi obsahem chlorofylu a intenzitou fotosyntézy. Hlavnim &i-
nitelem je pravdépodobné ozéfeni bdhem pé&stovani rcstlin i pii méfeni intenzity fotosyntézy.
Zmény v hustoté a délce ozéieni s postupujicim jarem se odréZeji v poklesu jednotkové aktivity
chlorofylu ve viech listech na rostlind. Takovy pokles rebyl pozorovén u rostlin vypéstovénych
v zimé pii nizké hustotd sklenikového ozdfeni. Vysoké hustota zéfeni b&hem méteni fotosyntézy
zaruduje stanoveni vysoké korelace mezi intenzitou fotosyntézy a mnoZstvim chlorofylu na
plosnou jednotku listu. PFi nizké hustotd ozéfeni neko v tlustych listech nejsou spodni vrstvy
chloroplastit zéfenim nasyceny. V téchto pfipadech nalezneme vy38i korelaéni koeficient p¥i
vztaZeni intenzity fotosyntézy k procentu chlorofylu v susind neZ k mnoZstvi chlorofylu na
plognou jednotku listové &epele. V ndkterych pokusech byla nalezena vy&si aktivita chlorofyla
v mladych listech pfed dosaZenim jejich ,,fotosyntetické dospélosti‘‘ neZ po tomto stavu. Tento
rozdil se sni%il vztaZenim intenzity fotosyntézy k obsahu pouze chlorofylu @ misto k celko-
vému mnoZstvi chlorofylit (@ 4 b). Vysoksd aktivita chlorofylti ve velmi mladych listech a velké
individualni variabilita uvnitf souborti pokusnych rostlin, zpiisobend nejednotnymi kultivad-
nimi podminkami, jsou podkladem zdénlivé sigmoidniho charakteru priimérovych kiivek pro
danou zévislost.

3. Mectak, Otnenenne QuanoMoruy pacteHnil, UHCTATYT SKCNePUMERTANLHONM GOTAHEKA
UYCAH, IIpara: ®axTopsl orpaEmyABaIOHAe JHRCHHYI0 3aBHCHMOCTE MEKAY CORAEPKAHHEM
xnopodrmia u GoToCHHTeTHYECKO aKTaBHOCTEIO. — Biol. Plant. 8 : 336-—346, 1966.

Wsywanues BImAHMA orpaHmumBalomue oGHAapy;keRme JIMHEHHOH BaBUCHMOCTH MEMIY
cofiepKanneM XJI0poQmIa ¥ HHTEHCHBHOCTRIO (POTOCHETE3a Y PACTEHHH KOPMOBOH KALYCTEL
H caxapHOH cBeRJBl. BepoATHO, OCHOBHEM (aKTOPOM BIMIOIVM Ha 3Ty 3aBACHMOCTH
ABJIAETCA WHTEHCHBHOCTH OCBEIeHHA BO BpeMsA PNPAMMBAHAA PacTeHHH ¥ BO BpeMA W3-
mepernit gorocuHTeda. V3MeHeHHs B WHTEHCHBHOUTH U JJIHTEIBHOCTH OCBEINCHWS B 3aBH-
CEMOCTH OT BpeMeHZ Tofia OTPaKaloTCA B NOHWKEHUN eJWAMYHOH aKTHMBHOCTH XJopodmiuia
Y BceX JIHCTbeB pacTeHmsA. Tawas 3aKOHOMePHOCTh He Ohila oGHApysKeHa Y PacTeHHH BhHI-
pamuBaeMhIX B TEIUINIe NPK HUBKOA 3WMHe#l MHTEHCMBHOCTH OCBENIeHWS. BEICOKAag MHTEH-
CHBHOCTD OCBEeUIeHNA BO BpeMs maMmepexmii oTocuHTesa o0ecneanBaeTr MOJNYICHNE BRICOKHX
3HaYeHMmHE Ko3PPANIeHTa KOPPEIANNY MEKIY NHTEHCUBHOCTBIO (JOTOCHHTE3a U KOJIUIECTBOM
xy0podmiLIa B pacdeTe Ha eIHHUNY NOBEPXHOCTH jucta. IIpy HHB3KOH MHTEHCMBHOCTH OCBE-
MeEns WI¥ y JIACTBEB ¢ TOJCTON JIMCTOROH IIACTUHKOR HIDKHFE CJIOM XJIOPOINIACTOB He
HACHIIEHE! cBeToM. Bosee mhcormit wosddunmenr woppensmmu Gmt Torga oGHApyHKeH
B cjlydae nepecyeTa HHTeHCHBHOCTH (OTOCHHTE3a Ha IIPOLEHTHOE COJEPRaHMe XJopodmiia
B CyXOM Bece YeM Ha e[MHUIy JUCTOBOH IOBepXHOCTH. B Hexoropuix ommrtax Omuta oGma-
PyskeHa Go.iee BEICOKAs aKTHBHOCTD XJI0POQRIIIA Y MOJIOAKIX JIACTHEB A0 HAYAJA JOCTHKEHNS
X «poTOCHHTETHIECKOR 3pesocTmy UeM IOcjle 9TOro. PasHuma yMeHbIIaZiach B cirydae
OTHOIIEHWS WHTEHCHBHOCTH (OTOCHHTe3a TOJBLKO K XJIOPOQMINLY a BMecTO K obmeMy co-
mepsanmio xjopodmiios (a + b). BEcoKan aKTHBHOCTH XJIOPOPMIIOB ¥ OYEHb MOJOMHIX
aucTheB H 0oJIpNIAs HHANBHAYAJIbHAA U3MEHYUBOCTh PACTEHUHN, BRI3BAHHLE HEOMMHAKOBRIMA
YCIIOBUSAMA BRIPAIMBAHUSA, ABJAIOTCA OCHOBOH NJA NOJYYeHWA KAMKYIErocs CHACMOATHOIO
XapaKTepa cpeJHMX KDHBHX y NaHHOM 3aBHCHMOCTH.



