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Summary

STULENL, STEG K., VAN SCHALKWIIK L., POsTHUMUS F. & DE KOK L.J. 2000. Effect of
elevated atmospheric CO; on carbohydrate partitioning and plant growth. — Phyton (Horn, Austria)
40 (3): (103) - (110).

The effect of elevated CO; on changes in shoot and root soluble carbohydrate and starch
content, and various growth parameters was investigated in an apoplastic (Bellis perennis) and a
symplastic loader (Epilobium hirsutum). Comparison with data on other plant species, grown under
the same climatic conditions, showed that the way of phloem loading might not be the decisive fac-
tor to explain differences in shoot carbohydrate pool between various plant species. We speculate
that the growth strategy of a plant is the major factor in explaining differences in carbohydrate parti-
tioning and magnitude of growth stimulation by elevated CO,.

Introduction

In the next century a doubling of the current atmospheric CO, concentra-
tion (approximately 350 pl 1) can be expected (HOUGHTON & al. 1990). Growing
plants at double the atmospheric CO, concentration can result in changes in chemi-
cal composition, as a higher soluble carbohydrate and a lower nitrogen concentra-
tion, physiological processes as photosynthesis and nutrient uptake, and dry matter
partitioning between plant organs. However the magnitude and/or the direction of
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the responses is often variable and may be dependent on the developmental stage of
the plant, the experimental set up and the accumulation of nonstructural carbohy-
drates (ref. in STULEN & al. 1998).

Exposure of herbaceous plants to elevated atmospheric CO; usually results
in an increase in biomass production (POORTER 1993, STULEN & al. 1998), which is
often the result of a transient stimulation of the relative growth rate (RGR) at the
beginning of the experiment. The transient nature of the stimulation of the RGR has
been ascribed to a number of factors as accelerated plant development resulting in
increased self-shading (POORTER 1993), earlier depletion of nutrients (ARp 1991),
photosynthetic acclimation, viz. a decrease in photosynthetic rate due to a negative
feedback of carbohydrates on the rate of photosynthesis (BESFORD 1993, VAN Q0s-
TEN & al. 1994) and changes in partitioning of carbohydrates (FONSECA & al.
1997).

Exposure to elevated CO; increased nonstructural carbohydrate content in
the shoot of many plant species (Bazzaz 1990, DEN HERTOG & al. 1996, FONSECA
& al. 1996, 1997, POORTER & al. 1988, VAN DER Kool & DE Kok 1996, WONG
1990, YELLE & al. 1989). It has been postulated that plants with apoplastic phloem
loading might exhibit less accumulation of total nonstructural carbohydrates (TNC)
in the shoot than plants with symplastic phloem loading; the difference might be-
come greater at elevated CO; (KORNER & al. 1995). Shoot nonstructural carbohy-
drate pool shows daily fluctuations (FONSECA & al. 1997) and is dynamic as the
result of changes in input by photosynthesis, and output for structural shoot growth
and export to other parts of the plant. The aim of this paper was to investigate the
effect of elevated CO; on changes in shoot and root TNC content in combination
with growth parameters in an apoplastic and a symplastic loader, grown under the
same climatic conditions.

Materials and Methods

Seeds of the apoplastic loader Bellis perennis and the symplastic loader Epilobium hirsu-
tum were germinated and transferred into nutrient solution (17 days after sowing) as described by
FONSECA & al. 1996, 1997. Seeds of the apoplastic loader Valeriana officinalis and the symplastic
loader Origanum vulgare were transferred into potting soil, 13 and 16 days after sowing, respec-
tively. Ten days thereafter the plants were randomly divided over two climate controlled rooms, kept
at 350 and 700 pl 1" CO,, a temperature of 20° C, a relative humidity of 60-65 %, and a light inten-
sity of 300 - 350 pmol m? s for 12 h.

Sugar and starch contents were determined in dried material as described in FONSECA &
al. 1996, 1997. In the roots of B. perennis inuline was also present, which was determined by ex-
tracting the 80% ethanol insoluble pellet in boiling demineralized water, followed by the assay of
FALES 1951. For B. perennis and E. hirsutum carbohydrates in shoot and root were measured 6 and
12 days after the plants were exposed to elevated CO,. In V. officinalis and O. vulgare shoot carbo-
hydrates were measured 7 days after transfer to elevated CO,. The plants were all harvested at 10.00
h. In another experiment with B. perennis and E. hirsutum carbohydrates were determined 3 days
after transfer to elevated CO,, at the end of the light period (18.00 h), and the beginning of the light
period (6.00 h) the next day. The results were analyzed by Student t-test.

At both atmospheric CO, concentrations a growth analysis was carried out with B. peren-
nis and E. hirsutum, by harvesting 10 plants of each species every 3 days. Fresh and dry weight of
shoot and root were determined separately (FONSECA & al. 1996, 1997). The growth parameters,
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relative growth rate (RGR; after POORTER 1989), and root weight ratio (RWR; after HUNT 1990)
were all determined on a fresh weight basis to avoid interference of accumulation of TNC in the
interpretation of the results (STULEN & al. 1998). The results were analyzed by Student t-test.

Results and Discussion

The analysis of nonstructural carbohydrates showed a difference between
B. perennis and E. hirsutum. At day 6, soluble sugars and starch were increased in
shoot as well as root of the apoplastic loader, B. perennis, while in the symplastic
loader, E. hirsutum, only shoot starch content was increased. At day 12, only shoot
soluble sugar was increased in B. perennis, while in shoot as well as root of £. hir-
sutum both fractions were higher at elevated CO, (Table 1).

Table 1. Soluble sugar and starch' content in shoot (S) and root (R) of B. perennis (B.p)
and E. hirsutum (E.h.), in mg glucose g FW™'. Significant differences between the CO, treatments
are indicated with * (P < 0.001), = (P <0.01) and © (P < 0.05). Inulin is included in the starch fraction
of the root of B. perennis.

Soluble sugar (mg g FW™) Starch]_(mg g FW™)
Day 350 ul I 700 pl 1! 350 ul 1! 700 pul I
Bp. S 6 154+3.4 31.2+£99° 120+ 1.0 20.6 + 4.0°
R 8.5+2.1 14.2 £3.0° 103+ 1.1 13.1£0.8°
S 12 250+1.0 39.1 £5.5° 141+1.6 16.5+4.8
R 19.2+4.1 203+68 17.5+5.6 19.6+2.6
Eh S 6 6.5+04 6.0+18 14.1+1.8 28.6+2.1°
R 28+1.1 23402 3.4+0.8 42403
S 12 7.1£06 8.7+ 0.6° 15340.8 23.9+2.0°
R 23+0.2 3.3+06° 2.8+0.5 45+0.1°

Table 2. Soluble sugar and starch' content in shoot (S) and root (R) of B. perennis (B.p)
and E. hirsutum (E.h.), in mg glucose g FW™, measured at day 3 (18.00 h) and day 4 (6.00 h) after
transfer to elevated CO,. Significant differences between data of 18.00 and 6.00 are indicated with ~
(P < 0.05). ! Inulin is included in the starch fraction of the root of B. perennis.

Soluble sugar (mg g FW™) Starch’ (mg g FW™)
Time 350 pl 1! 700 pl I 350 ul 1! 700 pl 1
Bp. S 18.00 17.5+0.8 352+1.1 18.6+0.3 32.0+1.3
R 11.8+0.2 177403 13.1+1.3 152+1.2
S 6.00 9.7+07" 288+14" 11.9+0.1° 17.7+£1.0°7
R 120405 1334057 14.3+0.4 16.3+0.7
Eh. S 18.00 5.1+0.1 50+0.5 259403 41.6+2.0
R 1.3+0.1 1.1+£02 45403 47+0.2
S 6.00 11.0+0.0 49+0.1 9.1+0.1" 259404
R 22+03° 22+02" 46+01" 45+05"
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Changes in non structural carbohydrates between the end and the beginning
of the light period were also different for B. perennis and E. hirsutum (Table 2).
During the night both soluble sugars and starch were decreased in the shoot of B.
perennis, while in the root no changes were found. This pattern was not changed by
elevated CO,. During the night soluble sugar content was increased, and starch con-
tent was decreased in the shoot of E. Airsutum, while in the root soluble sugar con-
tent was increased. At elevated CO, there was no change in sugar content, while the
increase in starch content was less.

The effect of elevated CO, on carbohydrate contents in the shoot of the
apoplastic loader V. officinalis and the symplastic loader O. vulgare was similar. In
both species the starch fraction was increased most (Table 3).

Table 3. Soluble sugar and starch' content in the shoots of V. officinalis (V.0.) and O. vul-
gare (0.v.), in mg glucose g FW™', measured at day 7 after transfer to elevated CO,. Significant
differences between the CO, treatments are indicated with * (P < 0.001), b (P <0.01)and ° (P <
0.05).

Soluble sugar (mg g FW™) Starch' (mg g FW™)

350 pl I 700 pl 1 350 ul 1! 700 pl I
V.o. 9.6+0.5 13.3+1.2° 15.1+0.7 36.2+2.1°
O.v 8.0+04 10.4 +0.2° 23.8+0.8 51.5+1.0°

Compilation of the data found in the present experiments showed no sig-
nificant difference in TNC content between the apoplastic loaders and the symplas-
tic loaders, grown at 350 or 700 ul I"' CO,. At ambient CO; the average TNC con-
tent on a dry matter basis was19.2 and 19.6% for the apoplastic loaders B. perennis
and V. officinalis resp. and 17 and 19.9 % for E. hirsutum and Origanum vulgare
resp. This is not in agreement with the findings of KORNER & al. 1995, who found
an average TNC content of 19% of dry matter for the apoplastic loaders (n=9), and
41% for the symplastic loaders (n=11). Especially in O. vulgare TNC content was
much lower in the present experiments. At elevated CO; no significant differences
in average TNC content on a dry matter basis were found between the apoplastic
loaders and the symplastic loaders, viz. 31.0 and 33.6% for the apoplastic loaders B.
perennis and V. officinalis resp. and 25.2 and 22.6 % for E. hirsutum and O. vul-
gare resp. These data are not in agreement with the findings of KORNER & al. 1995,
who found that herbaceous symplastic loaders accumulated significantly more TNC
at any given CO, level. Before any general conclusion can be drawn, it should be
kept in mind that in our experiments only two apoplastic- and two symplastic load-
ers were used. However, it should also be noted that the list of symplastic species
used by KORNER & al. 1995 contains a relatively large number of horticultural spe-
cies, which have the highest TNC contents. The absolute increase in TNC content
at elevated CO; was lower under our conditions, viz. 12 and [4% for the apoplastic
B. perennis and V. officinalis resp., and 8 and 3% for the symplastic E. hirsutum



(107)

and O. vulgare resp., compared to the 29% and 14% for the herbaceous apoplastic
and symplastic species in the experiments of KORNER & al. 1995. The difference
between the apoplastic- and symplastic loaders was not significant, which is in
agreement with the findings of KORNER & al. 1995. In conclusion, although the
way of xylem loading is one of the factors influencing shoot TNC pool, without
data on photosynthetic input, and output for structural growth and storage it is not
possible to draw a firm conclusion on the relationship between way of phloem load-
ing and shoot TNC pool.

Plotting RGR versus In FW, to correct for ontogenetic drift (FONSECA & al.
1996, STULEN & al. 1998) showed that elevated CO, caused a transient increase in
RGR, which lasted approximately 9 days in B. perennis, and 18 days in E. hirsutum
(Fig. 1A,B). Experiments performed under the same experimental conditions in our
laboratory showed that stimulation of RGR may last from only a day for Arabidop-
sis thaliana (VAN DER Koo & DE Kok 1996) to 6 and 14 days for Plantago major
ssp. pleiosperma and Urtica dioica resp. (DEN HERTOG & al. 1993, 1996, FONSECA
& al. 1996). Apparently the period of stimulation of RGR lasted longer in the spe
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Fig. 1. Relative growth rate (RWR) on a fresh weight basis of A) B. perennis (B.p.) and
B) E. hirsutum (E.h.), grown at 350 and 700 pl I CO,.
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cies with the more indeterminate growth pattern (U. dioica and E. hirsutum) com-
pared to the species with the more determinate growth pattern (4. thaliana, P. ma-
Jjor and B. perennis).

In neither B. perennis nor E. hirsutum RWR was affected by elevated CO,,
which is in agreement with data from many other species grown at non limiting
nutrient conditions (STULEN & DEN HERTOG 1993). RWR of B. perennis was sig-
nificantly (P < 0.001) higher than RWR of E. hirsutum over the whole experimental
period (Fig. 2).
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Fig. 2. Root weight ratio (RWR) on a fresh weight basis of B. perennis (B.p.) and E. hir-
sutum (E.h.), grown at 350 and 700 pul 1" CO,.

The present experiments showed that period of transient increase in RGR
was longer in the species with the more indeterminate growth pattern. Experiments
with the determinate species P. major showed that the end of the transient increase
in RGR and the simultaneously occurring stimulation of root metabolism coincided
with the formation of secondary shoots (FONSECA & al. 1996, STULEN & al. 1998).
This was interpreted by hypothesizing that the development of secondary shoots
changed the sink:source balance, so that partitioning of the extra carbohydrates to
these new sinks, placed along the transport pathway from shoot to root, took prece-
dence over partitioning to the root. Whether growth at elevated CO, leads to an
accumulation of TNC in the shoot is dependent on the capacity to 1) use the extra
carbohydrates formed for structural growth, and 2) the storage capacity in the leaf
as well as in other parts of the plant (ref. in STULEN & al. 1998). The development
of new sinks can be regarded as a way to increase sink strength for structural
growth.

Between the species used in the present experiments many difference were
found in shoot seluble sugar and starch contents. This is not surprising, given the



(109)

fact that species with different growth patterns were used, with different demands
for use of photosynthetic carbohydrates for structural growth, different RWR and
different storage capacity. Since the key factor that determines the response of a
species to elevated CO, seems to be the ability to make or maintain sufficient sink
strength, plants with a high genotypic plasticity in this respect might profit most
from the expected rise in atmospheric CO,.
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