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Hoees, s. L. A. 1986. Relationships between carbon dioxide exchange rate,
photosynthetic area and biomass in pea. Can. J. plant Sci. 66: 4654-:2.

Compensation between carbon dioxide exchange rate per unit photosynthetic area
(CER) and total photosynthetic area (TPA) of a plant was examined in field-grown
pea (Pisum sativum L.). Eight near-isogenic lines of cv. Alaska, representing all
possible phenotypes of the genes a/(leaflets transformed to tendrils), ,r/ (reduced
stipule area) and rl (tendrils transformed to leaflets), were examined. The CER was
measured on the leaflets (AfAfl, tendrils (afaff lrl) or minure leaflets (afaftttl) . The
TPA was significantly reduced by the sr gene in AfAf types (normal leaflets; with
an apparently associated increase in CER. The sl gene also significantly reduced
the TPA in afaf types but there was no associated increase in C-ER. Tendrils had a
lower CER than normal leaflets and comprised 22Vo of the TPA of the semi-leafless
(afafststTlTl) type. Crosses were made between a semi-leafless pea and four nor-
mal-leafed types previously selected for high or low cER. The cER means (normal
leaflets) of the F, progeny showed variability which was related to parental values.
This was also true for the CER means (tendrils) of the populations bf semi-leafless
F, segregants showing that genetic variability for CER cin exist in tendrils. In the
Fr, tendril CER was correlated negatively to stomatal resistance and positively to
chlorophyll content and final shoot dry weight (biomass). Genetic improvement in
CER may be important when a plant ideotype requires substantial reduction in TPA.

Key words: Photosynthesis, pea, chlorophyll content, stomatal resistance, pjszn
sattvum

[Rapports entre le rythme d'6change du co,, la surface photosynth6tisante et la
biomass du pois.l
Titre abr6g6: Rythme d'6change du CO., surface photosynth6tisante et biomasse du
pols.
I ''effet compensatoire entre le rythme d'6changes du co, (cER) par unit€ de surface
photosynth6tisante et la surface photosynth6tisante totale (TPAj d'une plante a 6t6
examin6 dans une culture depois (Pisum sativuml.). Huit lign6es quasi-isog6niques
du cv. Alaska, recouvrant tous les ph6notypes possibles aes genes illfolioGs trins-
form6es en vrilles), s/ (surface stipulaire r6duite) et t/ (vrilies transform6es en fb-
lioles) ont 6t6 6tudi6es. La CER 6tait mesurde sur les folioles (AfAf), les vrilles
(afafTlTl) ou les mini-folioles (afafrltt). La TpA a 6t6 significativemenr rdduite par
la pr6sence du gdne sr chez les types A,fArf(folioles normales), avec un accroissement
apparemment reli6 de la CER. Le gdne sl a 6galement r6duit de faEon significative
la TPA chez les types afaf , mais li sans accroissement de la CER. Les vrilles d6-
montraient une CER moindre que les folioles normales et formaient 22Vo de la TpA
chez les plantes de type semi-aphylle (afafststTlTt) . Des croissements on t 6t6 ob-
tenus entre un pois semi-aphylle et quatre types e folioles normales auparavenr
s6lectionn6s sur la CER (basse ou 6lev6e). Les CER moyennes (folioles normales)
de la descendance F' ont rdv6l6 une variabilit6 qu'on i pu rattacher aux valeurs
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466 cANADIAN JoURNAL oF PLANT scIENcE

parentales. Il en 6tait de mdme pour les CER moyennes (vrilles) des populations de

s6gr6gants F, semi-aphylles, ce qui montre que la variabilit6 g6n6tique pour la CER
peut exister dans les vrilles. Dans la Fr, la CER des vrilles fournissait une corr6lation
n6gative d la r6sistance stomatique et une corr6lation positive d la teneur en chlo-
rophylle et au poids sec final des pousses (biomasse). Un gain g6n6tique en CER
peut avoir son importance lorsqu'une plante requiert une baisse substantielle de la

TPA.

Mots c16s: Photosynthbse, pois, teneur en chlorophylle, r6sistance stomatique,
Pisum salivum

Carbon dioxide exchange rate per unit leaf
area (CER) is genetically variable in many
crop plants, for example: pea, Pisum sati-
vumL. (Mahon and Hobbs 198 1 ; Hobbs and
Mahon 1982); soybean, Glycine max L.
(Merr.) (Buttery et al. 1981; Curtis et al.
1969); wheat, Triticum aestivum L. and re-
lated species (Evans and Dunstone l97O:'
Austin et al. 1982); alfalfa, Medicago sa'
tivaL. (Pearce et al. 1969); and corn, Zea
mays L. (Crosbie et al. 1978). However,
although photosynthesis is one of the pri-
mary processes of plant growth, Evans
( 1 983) points out that there is little evidence
of a correlation between genetic improve-
ment of CER and increased yield. This may
be caused in part by a negative relationship
between total leaf area and CER in some
crop plants, due to compensation between
them.

In crop ideotypes, reduced leaf area is
often considered desirable, for example, to
allow for increased planting densities or a

higher harvest index. This would lead to a

compensatory increase in CER. However,
if the genetic maximum for CER is not suf-
ficient to compensate for the leaf area loss,
total photosynthate production would be re-
duced. Under such circumstances it may be

expected that genetic improvement in CER
could be of great importance (Evans 1983).

In pea, attempts have been made to rede-
sign the crop, to reduce lodging and vege-
tative structures, using genes that affect the
total leaf area of a plant (Harvey l9'72;Hed-
ley et al. 1983). The af gene converts leaf-
lets into tendrils, the sr gene reduces the size
of the stipules and the t/ gene produces no

tendrils but five or six pairs of leaflets per
leaf. However, crop growth rates and early
relative growth rates appear lower in leaf-
less (afafstsf) than in normal peas which
may result in low plant biomass and eco-
nomic yield (Hedley et al. 1983). This re-
duced dry matter accumulation may be due

to decreased total photosynthate per plant
(Harvey and Goodwin 1978; Hedley et al.
1983; Pyke and Hedley 1983) and it has

been shown that photosynthesis at each
node (stipule * leaflets or stipule + ten-
drils) is lower in afaf than in AfAf types
(Guillon et al. 1 982). Increasing the area of
photosynthetic tissue in afaf types by in-
creasing stipule size might lead to an in-
crease in the amount of total photosynthate
but may not produce a crop with the re-
quired improvement in standing ability
(Hedley et al. 1983). Increasing CER might
be an alternative method of increasing total
available photosynthate (Hobbs and Mahon
1985b). CER is genetically variable in nor-
mal leaf tissue in peas and is simply inher-
ited (Mahon and Hobbs 1981; Hobbs and
Mahon 1982). However, such genetic var-
iability has not been demonstrated in ten-
drils nor has it been shown that variable
CER under circumstances of reduced pho-
tosynthetic area is associated with differ-
ences in plant yield.

Using genetic variability for leaf area and

CER in peas, the purpose of this research
was: (1) to investigate CER in the field in
near-isogenic lines that differ in leaf area;
(2) to determine whether tendrils could
show genetic variability in CER, as do nor-
mal leaflets; and (3) to determine whether
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genetic variability in CER was related to
biomass in plants with reduced photosyn-
thetic area.

MATERIALS AND METHODS
Plant Material
ExpenrlaeNr 1. Eight genotypes were used,
displaying all possible phenotypes of the af, st
and r/ genes backcrossed into cv. Alaska. These
were obtained from Dr. F. Muehlbauer, USDA-
ARS, Washington State University, pullman,
Wash. 99164. The eight leaflet and stipule phen-
otypes are shown in Fig. 1.

Expenruexr 2. Single seed descent material
trom genotypes selected for high (pI 2698 I 0 and
Trapper) and low (PI 244253 and pl 269'770)
CER (Hobbs and Mahon 1985b) were crossed
with a semileafless genotype, afafStStTlTt, ob-
tained from Dr. S. Ali-Khan, Agriculture
Canada. Morden, Man. ROG lJ0. The F, was
grown in the field in 1984 to produce F, seed.

Experimental Design
Expr,nruaNr 1. Material was grown in the field
at Saskatoon during the summer of 1984. For
each genotype, eight seeds were planted in a row
with 15 cm between seeds. There was 1 m be-
tween genotypes in a row and 1 m between rows.
Each genotype was represented in a complete
row and the experimental design was a random-
ized complete block with four replications.

When the planrs were well eitablished, one
plant in each genotype in each block was marked
and all CER measurements were made on these
plants. The CER was measured once a week for
3 wk starting 40 d after planting.

ExpenrueNr 2. F, hybrids and the nonrecur-
rent parents were grown in the field at Saskatoon
in 1984 and F. material in 1985. Three seeds of
each F, and parent were sown in a row 60 cm
apart with I m between different F, or parents.
The experimental design was a randomized
complete block with four replications. After es-
tablishment, one plant of each F, or parent in
each block was marked. The CER was measured
on these marked plants once a week for 6 wk
beginning 29 d after plantrng.

In 1985, each F, population was planted as a
10-m row with 0.25 m between seeds in the row
and I m between rows. After establishment. four

plants within a row that were afaf werc marked
for measurement of CER. The experimental de-
sign was a complere randomized block with four
replications. The CER was measured once a
week for 6 wk beginning 33 d from planting.

Measurements
Leaf, stipule and tendril area measurements were
made using a Li-Cor model LI-3000 portable
area meter. The CER measurements for exo. I
and for the F, and parental types in exp. 2 were
made using a portable infra-red gas analyzer
(Mahon and Hobbs 1981). The CER and sto-
matal resistance were measured simultaneously
on the F, of exp. 2 using a Li-Cor model 6000
Portable Photosynthesis System. The tissue
measured depended on the phenotype of the
plant. In exp. 1, individual leaflets were meas-
tlred in AfAf types, tendrils in afafTlTl types and
multiple minute leaflets in afaftltl types. In exp.
2, individual leaflets were measured in the oar-
ents and F, and rendrils in the F,. Photosynthetic
areas of tendrils were corrected by nl2 (Harvey
and Goodwin 1978). The material measured for
CER was also dried and weighed so that data
could be expressed on a dry weight basis. In
1984, however, dry weights from I wk were lost
due to a fire and so only two sets of data were
available for analysis on this basis. Chlorophyll
measurements were made on the stipules of the
F, plants and assayed by the method outlined in
Hobbs and Mahon (1985a).

In exp. l, one plant from each genotype in
each block was harvested each week and total
photosynthetic area was measured. In exp. 2, the
marked F. plants were collected at the end of the
season and air dried for total shoot weisht
(biomass) determination.

Statistical Analysis
Nested analyses of variance were used with time
as subtreatments. Homogeneity of variances was
tested using Bartlett's test and data were trans-
formed to natural log before analysis when nec-
essary. Duncan's multiple range test was used
to compare means. For the F, material in exp.
2, correlations between characters were calcu-
lated on population means (r; df :2) and means
for individual plants (r,; df : 62) . Combined cor-
relations (r.; df :52) were calculated by testing
the correlation coefficients from within F. pop-
ulations for homogeneity, and then pooling them
(Steel and Torrie 1960).
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ofofStStTlTl

Af Af ststt lt I

AfAfststTlTl
of of StStt lt I

AfAfststtlfl
ofofststtltl

Fig. l. Leaf and stipule phenotypes of af, st and t/ combinations.
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RESULTS AND DISCUSSION
Results from exp. 1 are given in Table 1.
In plant types with normal leaflets, the
homozygous .r/ gene reduced total photo_
synthetic area and there was an apparently
associated increase in CER cm 2 in the
leaflets. In those plant types with either ten-
drils only or with minute leaflets, the
homozygous s/ gene also reduced total pho-
tosynthetic area but there was no associated
increase in CER cm-2 in either tvoe of tis-
sue. The homozygous af gene signlficantly
reduced total photosynthetic area in all
types (except afafStStTlTl); however, this
reduction was not accompanied by tendril
CER being higher than corresponding leaf-
let CER. The homozygous // gene did not
lead to a significant increase in total pho-
tosynthetic area.

The increase in CER of normal leaflets
which accompanies the reduction in total
photosynthetic area by the s/ gene (Table l)
supports the theory that there is some com-
pensation between CER and leaf area
(Evans 1983). This is also supported by the
CER of stipules being higher in afafplants
thaninAfAf ones (Guillon et al. 1982). That
tendril CER was not similarly affected bv
total photosynthetic area variation i;
afafflTl plants (Table 1) indicates eirher
that the tendrils cannot vary in CER or that

the tendril CER was already at its maximum
rate in the StSr type. Such would also be the
case in plants with minute leaflets (Table
l).

There was no increase in CER cm-2 when
total photosynthetic area was reduced by the
homozygous af gene (Table 1) which is in
contrast to the results of Harvey and Good-
win (1978) who found rhat tendrils in
afafstst types had a higher CER cm-2 than
corresponding normal leaflets. However, in
that report a different genotype was used
whiqh was grown under controlled, well-
watered conditions. CER comparisons be-
tween the different types of photosynthetic
tissue measured are difficult to make due to
the very different architecture of the tissue
(Lafond and Evans 1981) and the difficul-
ties inherent in calculating photosynthetic
area in tendrils (Harvey and Goodwin
1978). However, in this experiment, the
differences between types were similar
when expressed on a per gram weight basis
(Table l), despite the reduced precision of
these calculations due to accidental loss of
material. Similar difficulties arise when
comparing CER in minute leaflets and so
this material cannot be directly compared
to either normal leaflet or tendril measure-
ments.

In the field-grown Alaska genotype,

Table 1. CER and photosynthetic area means for Alaska peas with af, st and // genes in different combinations

CER
nmoles sec I

Total Total
photosynthetic photosynthetic

area area as tendrils
(cm') (g-', (cm') (8")

Normal leaflets
AfAJStStTlTl
AfAJStSultl
AJAfststTlTl
AfAfststtltl
Tendrils only
afalstStTlTl
aJafststTlTI

Minute leaflets
afafStSttltl
aJafstsnltl

1.32b
1.32b
1.18a
l.50ab

0.87c
0.80c

1.29b
r.35b

302ab
265ab
352a
355a

88d
102d

156cd
l78bc

895a
91 5a
575bc
606bc

'l53ab

138d

438c
t90d

3

0

6

0

22
74

0

0

a-d Means within a column followed by the same letter are not different at the sEa level according to Duncan,s
multiple range test.
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however. tendrils have a lower CER than
normal leaflets, either per unit photosyn-
thetic area or per gram (Table l). As the
tendrils account for 22Vo of the total pho-
tosynthetic area in afafStStTlTl but only 3%
in AfAfStStTlTl (Table 1) it is possible that
the former type has a reduced total photo-
synthate availability despite its total pho-
tosynthetic area not being significantly
lower (Table 1). Experiment 2 was there-
fore concerned with the genetic manipula-
tion of CER in this type and any resulting
effect on biomass.

The CER means of genotypes selected for
high or low expression of this character and

of the F, progeny from crosses between
these genotypes and semileafless material
are given in Table 2. These show that the
parental genotypes differed as expected and
also that the F, from crosses involving the
high parents had higher CER means than
those from crosses involving the low ones.
As this parental and F, material had normal
leaflets, it was not possible to compare CER
values with the semileafless parent where
only tendrils could be measured. However,
assuming a simple additive model for the
inheritance of CER (Mahon and Hobbs
1981; Hobbs and Mahon 1982) the semi-
leafless parent should have a CER equal to
(F, - P)2 * P (where P is the mean parental
CER and F, the mean Fr CER). These cal-
culations for each cross are given in Table
2 and have a mean of 1.55 nmol cm 2 s-r,
which is not high when compared with the
highest parents.

Measurements on F, plants were made
only on the tendrils of semileafless (afaf)
types. The F, populations differed in tendril
CER whether expressed per square centi-
metre or per gram (Table 3). The Ft prog-
eny from high CER parents (PI 269810 and

Trapper) exhibited a higher mean CER than
those from low parents (PI 244253 and PI
269110). Stomatal resistance and chloro-
phyll content also differed among popula-
tions (Table 3).

Correlations between characters were
fairly constant no matter how calculated

Table 2. CER means for nonrecurrent parents and Fr

populations from crosses with a semileafless type and

the calculated mean CER of recurrent parent

Nonrecurrent Parent (P) Fr (Fr-P)2+P
Darent (nmoles cm-r sec I) 

-
Pr 244253
Pt 269770
PI 2698 I 0
Trapper

1.43bc |.45b 1.48
0.94d 1.19c 1.44
1.81a 1.834 1.77
| .92a 1 .'7 la I .50

a d Means followed by the same letter are not differ-
ent at the 5% level according to Duncan's multiple
range test.

Table 3. Means of CER, stomatal resistance and chlo-
rophyll content for semileafless F, populations

CER
nmoles sec - I Stomatal Chlorophyll

resistance content
Parent (cm t) (g r) (s cm t; 1P.g cm-'?)

Pr244253 0.63b 19b
PL269770 0.s9b l2b
PI 269810 0.'72a 99a
Trapper O.'l8a lo4a

a, b Means within a column followed by the same letter
are not different atrhe 5Vo level according to Duncan's
multiple range test.

(Table 4). Shoot dry weight at the end of
the season was positively correlated with
CER whether calculated on a per unit pho-
tosynthetic area or on a per gram basis. CER
was also positively correlated with chloro-
phyll content and negatively with stomatal
resistance.

There are two indications that the semi-
leafless types may be restricted by total
photosynthate availability. First, tendrils
can vary in CER (Table 3). Therefore, the

absence of an increase in CER between
efafs t S tT lT I and afafs t stT lT I (T able I ), even

though the latter had only about 20Vo of the
total photosynthetic area, indicates that the
tendrils must have been at their maximum
genetic potential for CER in the StSt type.
There was no compensation between pho-
tosynthetic area and CER in this case. Sec-

ond, although the semileafless tYPe

(afafStStTlTl) had a total photosynthetic
area that was not significantly less than the

3.jla 36.8a
3 .36a 33.6b
2.51b 32.'7b
2.22b 37.4a
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Table 4. Correlations between CER and other
characters in semileafless F, DoDulations

rl f;i /'. !
CER cm 2:

shoot dry weight 0.525
CER g-''
shoot dry weight
CER cm-r:
chlorophyll content 0.338 0.294*
CER cm 2:

stomatal resistance - 0.998** - 0.756**

0.268 *

- 0.7 l2**
iCalculated on population means; df : 2.
iCalculated on individual plants; df : 62.
$Calculated by pooling correlation coefficients from
individual plants within populations (df : 52).
*,*8 Significant at the 0.05 and 0.01 levels of prob-
abi lity, respectively.

normal-leafed type (AfAfStS tTlTl), 22Vo of
this area was made up of tendrils, which
were apparently photosynthetically inferior
to leaflets (Table l). It may be expected,
therefore, that variability in CER would be
associated with variability in total plant
biomass and this was found in exp. 2 (Table
4).

The frequency of stomates on tendrils is
only 50Vo of the mean values of stomates
on the upper and lower surface of leaflets
(Harvey 1972) and the chlorophyll content
of tendrils is often lower than that found in
leaflets (Lafond and Evans l98l). There-
fore, increasing photosynthesis per unit
area of photosynthetic tissue, through in-
creasing chlorophyll content or reducing re-
sistance to gas exchange, might lead to an
increase in CER in the leafless or semileaf-
less pea. Previous work showed that the ge-
netic variability in CER of normal leaflets
was related to variability in chlorophyll
content, and stomatal resistance (Mahon et
al. 1983;Hobbs and Mahon 1985b). In this
work, the chlorophyll was measured on the
stipules and the stomatal resistance was
measured with a different instrument from
that used in previous reports. Nevertheless,
CER variability in the tendrils was corre-
lated with these characters (Table 4).

The data presented here show that ge-
netic variability in CER of normal leaflets

0.413 0.350*x 0.399*x

can be introduced into tendrils in semileaf-
less peas and that such CER variability is
related to total shoot dry weight at the end
of the season. This indicates that there may
be potential for the improvement of CER in
ideotypes that involve a drastic reduction in
photosynthetic area. The use of leafless,
semileafless or rogue (Pyke and Hedley
1984) phenotypes may be examples of such
ideotypes in peas.
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