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Carbon allocation and partitioning
in Vigna radiata (L) Wilczek
as affected by additional carbon gain
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Abstract

Carbon allocation to the source leaf, export and partitioning to the sink were studied
in mungbean supplied by additional carbon from the source lcaves subjected to high
CO,, concentrations (600 and 900 cm? wr?) in three metabolic and functional source-
sink combinations. The plants were pruned to a source-path-sink system. With CO,
cnrichment there was an appreciable increase in net photosynthetic CO, uptake in
carlier formed and physiologically younger leaves. Most of the carbon fixed as a
result of enrichment was translocated out of the source leaf within one diurnal cycle.
The carbun remaining in the source leal was unchanged. Partitioning of extra carbon
into starch or sugar depended upon the amount of extra carbon synthesized. The
unloading of the extra carbon into sinks depended on whether it was used for growth
or stored. Under increased carbon conient, the leaf as a sink was abie to reorganize its
metabolic reactions more rapidly to maintain the required gradient for unloading than
the pod acting as the sink,

Additional key words: CO, enrichment; leal’ age; mungbean; net photosynthetic rate; 4C
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Introduction

Conversion of atmospheric CO; to organic compounds increases the amount ol
carbon available for transport to places of various processes such as growth and
storage. The amount of CO, fixed gives the upper limit of the carbon available for
use in the source organ, and [or export and partitioning among various sinks. CO,
enrichment raises the amount of available carbon by enhancing CO, fixation (Bishop
and Whittingham 1968, Aoki and Yabuki 1977). As a result, the saccharide pool of
the source leaf increases, e.g., the starch content (Madsen 1968, Cave ef
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al. 1981). However, there are conflicting reports as to the share of the exira carbon
fixed that is exported to growing and storage organs or stored as starch in leaves.
Iuber et af. (1984) did not find any increase in varbon exporl from leaves under CO,
enrichment while Ho (1977) reported increased rate of CO, fixation as well as of
transport in tomato. The present study deals with the allocation of extra carbon
synthesized as a 1esult ol CO; enrichment o the source leaf, and with its transport to
the sink in metabolically and functionally distinct source-sink combinations in mung
bean within one diurnal cycle.

Materials and methods

Plants of Vigna radiara (L) Wilezek cv. PS-16 were grown in earthen pots (40 cm
diameter) filled with farmyard manure and sandy loam soil {1:1) under natural
cnvironment. Plants were pruned to a source-path-sink system 24 h prior to high CO,
[eeding at following three stages of plant growth:

Stage I: Plants were 25 d-old, had a pair of cotyledonary leaves, first and second
mature leaves, and third developing leaf. 12 d-old 2nd leaf was used as source leaf,
and developing 31 leaf (3-4 d-old) as the sink.

Stage II: Plants were 44-45 d-old, and pod filling had started. 12 d-old 5% leaf and 4
d-old pod were used as source and sink, respectively. First flower of the 1% flush of
flowering was tagged to ascertain pod age.

Stage III: Plants were 55-57 d-old. 18 d-old 5t leaf and almost mature pod (10 d-old)
werc taken as source and sink, respectively.

€O, treatment: Source leaf in each case was subjected to 350, 600, and 900 ¢m3 m-3
CO; (treatments e55, cey. and cygp, respectively). A steady-state open system for
feeding CO; enriched air was used. CO, air mixture of desired concentration was
generated by mixing pure CO, gas (obtained from commercial source) with ambient
air in a 0.04 m? glass container. Approximately 10 and 22 ¢m? of pure CO, was
added to the jar to raise its concentration to 600 and 900 em3 m-3, respectively. The
mixture was thoroughly shaken, and the final CO, concentration was adjusted by
diluting the enriched air by ambient air using a vacuum pump. One of the outlets
from the jar was attached to an infra-red gas analyser (4DC, England) that
continuously displayed the CO, concentration in the jar during dilution. The mixture
so generated maintained the CO, concentration within 5 cm® m-3 of the target
concentration.

The source leaf was enclosed in a plexiglass chamber, and CO, was fed with flow
rate of 400 em® m-3 for 6 h under halogen quartz lamp yielding a photon flux density
of 1000 pmol m-2 s-1. Leaf temperature was maintained at 30 °C. Net photosynthetic
rate (Py) was determined by the infra-red gas analyser (ADC, England) in the
absolute mode according to Palta (1983). Py was corrected for expansion of air at
different temperatures. CO, depletion was obtained from the differences in the CO,
concentration of enriched air present in the jar and that of the enriched air passing
through the leaf chamber.
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Carbon distribution: 14C-labelied CO, was fed to the source leaves (for 1 h) after the
leaves were exposed to ambient or high CO, for a period of 2 h. Labelled CO, was
generated by adding 1 M HCl to 0.2 ecm? of NaH!CO3 (92.5 kBBq) placed in the jar
containing high CO, air mixturc. The source leaves were then allowed to
photosynthesize in ambient or enriched air without tracer for 3 h, and returned to
natural environment. After a pulse-chase period of 24 h the plants were scparated
into source leaf, path, sink organ, and the rest of the pruned shoot. Each plant part
was chopped finely, and extracted in 80 % ethanol. The pooled extract in scintillation
vials was evaporated to dryness at 60 °C. Samples were bleached in hydrogen
peroxide. Radioactivity was measured with a Philips scintillation counter.
Simultaneously. standards under identical matrix conditions using plant materials
were used for self-absorption correction (Chase and Rabinowitz 1967).

Starch and sucrose contents were estimated at the end of feeding with CO,. Sucrose
was extracied in 93 % ethanol, the solution was clarified, and hydrolysed (McCready
el al. 1950). The resulting reducing sugars were detcrmined by the arsenomolybdate
method of Nelson (1944) using the improved copper reagent of Somogyi (1952). The
amounts of sucrose were obtained by the differences in valucs of reducing sugars in
the extracts before and after hydrolysis. The dried residue was hydrolysed in a
slycering bath, and starch content was determined by the anthrone method
(McCready et al. 1950). The starch content was calculated by multiplying glucose
valucs with 0.9 (Pucher et g/, 1948). The values presented are means from at least
four replicates.

Results

Py: An appreciable increase in CO, uptake rate was observed in cggo and cgpg leaves
of all ages at various positions (Table 1), Compared with ambient air treatment,
second leaf at stage | showed a 2.5-fold increase in ¢gpq, and 4.5-fold increase in cogg.
Fifth leaf of the same physiological age (12 d) showed poorer increase (1.8 and 2.7
times in Cgop and Cogo. respectively), and the 18 d-old 5th leaf showed the least
response to CO, enrichment.

Table 1. Changes in net photosynthetic rate (Py) [mg(CO;) m2 s71] at various CO, concentrations
(350, Co00» Cooo) [om? m3] at three stages of growth in mungbean.

Pu
stage [ stage 11 stage 111
¢330 11.80 9.80 7.80
Coon 3410 22.09 17.73
Copo 40.03 29.03 22.10
CD. stage concentration  stage x cone.
1.92 .83 2,89
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Carbon distribution: At ¢35 the 12 d-old 5t leaf exported 54 % of the total label
found in the plant as against 32 % exported by the 2nd leaf of the same physiological
age, while the 18 d-old leaf at the same position on the main shoot exported 4¥.4 %
of the total plant radioactivity. At stage [, 59.9 and 67.4 % of the total radioactivity
was transported out of the 20d leaf at ¢4y and cqqq, respectively (Fig. 1). Since the
incorporation of label in enriched leaves was higher, it was necessary to examine the
actual radioactive counts found in each plant part rather than consider their
proportion as the only basis. The amount of label in the COy-enriched leaves was
nearly equal to that found in ¢35 leaves in all the source-sink combinations. Most of
the extra carbon [ixed as a result of enrichment was translocated out of the source
leaf within one diurnal cycle,

3000

M RETAINED IN FED LEAF
L TRANSLOCATED

2000

1000

COUNTS PER PLANT PART[s ]

Fig. 1. Translocation of 14C
350 600 900 350 600 900 350 600 900 assimilates from the source leaf
STAGE! STAGE I STAGE exposed 10 high CO, al three stages of

[em®mi?) growth in mungbean.

Values of carbon distributien to the sink (Table 2) revealed that lcaf as a sink got
56.7 % of the total radioactivity exported out of the source leaf as against 38 %
received by the pod. Near-mature pod was able to unload 56 % of the total
radioactive carbon compared to 38 % unloaded into the immature pod. Under cgp
and copg, the 20 leaf took 91.0 and 76.2 % of the labelled carbon exported out of the
source leal” whilst the amount retained in the rest of the shoot decreased to 8.9 and
23.8 %, respectively. Even though the propurtion of HC-labelled CO, in the leaf sink
was smaller in cgqg than in cgg, the amount of carbon unloaded was greater because
the source leaf in cgg had a higher Py than in cgg. At stage I, the developing pods
showed a progressive increase in the proportion of labelled assimilates unloaded in
€350, Cgo0- and Copp treatments. The proportion of the label in the path remained the
same while that in the rest of the pruned shoot decreased. At stage IlII, the near
mature pod showed a decrease in the proportion of assimilates unjoaded into it in cgqq
though the actual counts in the pod were greater than in the cgp treatment.

Starch and non-reducing sugar contents: 10 ascertain whether the extra carbon
synthesized was used immediately for export or was stored as starch, the contents of
starch and non-reducing sugars were estimated after exposure to CO, enriched air. In
all three source leaves in ¢g the concentration of non-reducing sugars (primarily
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Table 2. Allocation of translocated *C to various sinks at three stages of growth in mungbean and
at three €O, concentrations {¢ssg, Ceoor Copo) [cm® mr3]. Means + S.E. Figures in parentheses
represent the percentage of translocated 1%C present in each plant part.

Stage Total '4C translocated 4C in the sink '#C inthe path '#C in the rest of shoot
[s]

I cis0 524 £ 12 297 £ 16 - 226 + 36
Cepp 1673 £ 36 1523 £ 39 - 1489 = 21
Copp 2351 % 144 1791 + 134 - 59318

It €150 833+ 17 316 £ 12 21736 292+ 11
Ceoo 1907 £ 105 804 £ 27 499 + 37 443+ 13
Copg 2673 £132 1336 + 391 719+ 15 617+ 13

1 C350 597+ 18 3490 + 391 11013 139£5
Ceon 1449 £ 17 696 + 18 399+ 8 4679
Cogp 1414 £ 39 747 % 36 431+ 6 233 +7

sucruse) increased (40 %) but there was little increase in the starch content, while in
Cogo the concentration of non-reducing sugars was comparable to that found in ¢ggo
but the starch content was appreciably higher than that in cgqgq (Fig. 2).
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e or ® STAGE I 4 g1
Y] / A STAGE Ii c
=2 3 e
ot / 27 5
o | i
z:® E
22T BE LR
E 4
# 6 < .
> Jis h Fig. 2. Starch and total
2 - sugar contents of source
4 L L Ll ! 15 leaves exposed to high
350 600 900 350 600 400 CO, at three stages of
CO, CONCENTRATION fem® mi®] growth in mungbean.
Discussion

Four-fold increase in photosynthetic rate due to CO, enrichment has been reported in
several Cy species (Hesketh ef al. 1984, Campbell and Young 1986; for review sce
Saralabai ef a/. 1997, for models see Yamaguchi 1996). Our resulis showed that
physiological age did affect the response of leaf Py to increased CO, concentration.
Leaves at different positions on the main stem showed variation even when they were
of the same physiological age. Hicklenton and Jolliffe (1980) found in tomato leaves
a larger increase in net CO, exchange up to 0.1 % CO, concentration at LPI-5 than at
I.PI-10.5. Leaves of the same age but at different positions on the main shoot
(12 d-old 2nd and 5th leaves) exported different amounts of radioactive label. This
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difference may be due to the nature of the sink. On CO, enrichment, incorporation of
radioactive label was higher due to increased Py. The amount of radioactivily in
(0O, -enriched leaves was nearly equal after 24 h. This indicates that the amount of
extra carbon fixed as a result of CO, enrichment was translocated out of the source
leaf within one diurnal cycle,

To find out whether the extra carbon was exported out immediately as current
photosynthate or stored as starch and then mobilised in the dark period, starch and
sugar contents were estimated. In general, the concentration of non-reducing sugars
increased at ¢y with little increase in starch content. The ey treatment resulted in
larger partitioning of carbon into starch while the non-reducing sugar content was
comparable to that in ¢ggq leaves. These results show that the pool of saccharides
increascs up to a poimt, after which carbon (probably as triose phosphate) gets
diverted towards starch synthesis. Changes in sucrose-starch partitioning on CO,
enrichement have been reported in soybean (Huber ef al. 1984). Wardlaw (1982)
reported that high COy concentralion over a period of 6 h resulied in relatively more
of the additional leaf photosynthate being partitioned into storage than exported to
other organs. Larger sucrose synthesis on enrichment has been reported in tomato
(Ho 1977). Our study shows that allocation of extra carbon towards starch synthesis
or towards current export depends on the amount of extra carbon fixed. At cgqy, the
export of current photosyhthates increased, and then rcached saturation. At coq,
carbon was probably diverted towards starch synthesis after sucrose synthesis was
saturated. However, extra carbon fixed either as sucrose or as starch was exported out
of the leaf within one diurnal cycle, and the carbon allocated to leaf remained
unchanged.

The distribution of exported carbon reveals that under cysq, the growing
meristimatic leaf in stage [ was a much more efficient sink for assimilates, than the
pod as a storage sink at stage I1I. The rate of import by a sink would be mainly
governed by the allocation processes which may be different in different sinks. In a
utilization sink like importing leaf, which consumes carbon, the main metabolic
aclivity is respiration; there is therefore a rapid depletion of sucrose in the consumer
cells, and the necessary gradient at the point of unloading from the supply system is
always maintained. The leaf as sink was able to unload more of the total label
exported out of the source leaf than the pod (Table 2). At stage I, the source leaf and
the sink leaf did not have petioles, and there were less anatomical barricrs present.
Pods near maturity were better at unloading than the young immature pods, even
though the nature of the sink was the same (storage) becavse the biochemical
reactions governing actual unloading were different at different stages of pod
development. Under cgpq, the proportion of radioactive label as well as the amount of
label in the sink increased whereas al cgqq, though the amount of label was larger, the
proportion of label in the sink was either similar or little less than that found for cgg.
This indicates that biochemical reactions governing the octual unloading can be
changed only to a limited extent under increased availability of current
photosynthates. The rate of import may be limited more by the sucrose gradient at the
point of unloading than by the rate of unloading per se. Wyse and Sallner (1982)
reported that rate of sucrose uptake, exhibited by excised tap root tissue, was
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inversely related to the supply of photosynthate during preceding light period. CO,
cnrichment reduced the uptake capacity compared to control. Thus the exposure of
lcaves to large concentrations of CO, results in increased net carbon exchange
leading to increased synthesis of saccharides. A greater part of the current
photosynthate was exported out of the source leaf at CO, enrichment but the amount
of carbon allocated to the source leaf remained unchanged. The amount and
proportion of the extra carbon going towards starch synthesis was dependent upon
the amount of extra carbon synthesized. Fven with more available carbon, sinks were
uot able to unload carbon duc to limitations in the rate at which metabolic
adjustments in utilization, transformation or compartmentation of metabolites will be
made; these are nccessary to maintain the gradient required for unloading. This
suggests that potential sink strength is genetically determined; but the actual sink
strength is determined by factors which affect the rate limiting processes within the
sink (Ho 1988). Improving or manipulating the growing condition to obtain
maximum capacity would be ways ol increasing yield.
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