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Individuals of Arabidopsis thaliana, collected in different natural populations, were grown in controlled and elevated
CO

#
in a glasshouse. Following germination, root growth of progeny of different lines of these populations was

studied in control and elevated atmospheric CO
#
. No significant direct effect of atmospheric CO

#
concentration could

be demonstrated on root growth. An important parental effect was apparent, namely that root length and branching
were decreased in seeds collected from a mother plant which had been grown in elevated CO

#
. This was correlated

with smaller seeds, containing less nitrogen. These parental effects were genetically variable. We conclude that CO
#

may affect plant fitness via parental effects on seed size and early root growth and that the genetic variability shown
in our study demonstrates that Arabidopsis populations will evolve in the face of this new selective pressure.
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INTRODUCTION

Among the effects of elevated atmospheric CO
#

on plant
growth, there is increasing recognition that a greater root
biomass is produced (Rogers, Runion and Krupa, 1993;
Day et al., 1996). Changes in the distribution of roots may
also be a critical component of a plant’s response to elevated
CO

#
, changing the volume of soil explored by roots and the

density of roots within a given volume of soil (Berntson,
McConnaughay and Bazzaz, 1993). In natural situations, it
may lead to greater competition between root systems by
increasing the overlap of root foraging zones between
individuals (Bazzaz, 1990).

Many studies have shown that elevated CO
#
results in the

production of more, and longer, roots due to an increase in
both root branching and root length of plants grown in
elevated CO

#
(Del Castillo et al., 1989; Rogers, Prior and

O’Neill, 1992a ; Rogers et al., 1992b). Elevated CO
#

sub-
stantially affects elongation rates of root systems (Kaushal,
Guehl and Aussenac, 1989; Jongen et al., 1995) and root
density (both biomass and length per unit volume of soil)
especially in the upper layers of soil (Chaudhuri, Kirkham
and Kanemasu, 1990; Curtis et al., 1990; Day et al.,
1996). The overall morphology of root architecture is
thus changed by the aerial environment (Bernston and
Woodward, 1992).

At the seedling stage, it is difficult to make predictions of
plant establishment and how seedlings will forage for
minerals and water without prior knowledge of how root
morphogenesis responds to elevated CO

#
. There have been

few systematic investigations into the effects of CO
#

concentration at early stages of root growth. Although it is
generally recognized that increased temperature results in a
greater rate of germination and a faster initial growth rate
than cool temperatures, the influence of elevated CO

#
on

this critical developmental stage is poorly understood.
Conflicting results can be found in the literature regarding
the role played by CO

#
concentration on germination: from

an inhibition which was species-dependent (Bibey, 1948;
Popay and Roberts, 1970), to no effect (Radoglou and
Jarvis, 1993) but effective in combination with ethylene
(Jones and Hall, 1979) or even enhancement (Ziska and
Bunce, 1993; Yoshiokai et al., 1995).

The physiological response of root growth is an important
component of the response to rising CO

#
. However, as the

total number of seeds produced by a plant and their
germination potential are life history traits closely related to
plant fitness, they could also mediate an evolutionary
response. Therefore, these characteristics have been studied
to assess the potential selective effect of elevated CO

#
. Some

studies have reported variation in the response to elevated
CO

#
among species, others among individuals of the same

species. In a study on Plantago lanceolata, Wulff and
Alexander (1985) found that high CO

#
increased ger-

mination rate and seed size of progeny. They suggested the
existence of genetic variability in these characteristics. On
the other hand, it has recently been found that the effect of
elevated CO

#
during the maturation of seeds of Arabidopsis

thaliana on the mother plant slowed germination and was
genotypically variable (Andalo et al., 1996).

The present work studied the effect of elevated CO
#

on
early germination and root growth of Arabidopsis thaliana,
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with special attention to the morphogenesis of root
architecture, in order to see if the effect depends on the CO

#

treatment itself and}or on the CO
#

conditions during
growth of the mother plant. Specifically, the questions we
addressed were: (1) is the atmospheric CO

#
concentration

acting directly on the early germination of Arabidopsis? ; (2)
is there a detectable effect of CO

#
during growth and seed

production of the parent plant on subsequent germination
of the seed and growth of the seedling?; and (3) is there
genetic variation in these CO

#
responses?

MATERIALS AND METHODS

Plant material

Arabidopsis thaliana Heynh. (Brassicaceae) is a small, annual
herb that lives in disturbed habitats (Meyerowitz, 1987).
Three natural populations, one from England (Oxford
Botanical Garden, B) and two from Loiret, France (C,
shady area; D, sunny area) were chosen. In each population,
five lines were used. Each line corresponds to the progeny
(obtained in a glasshouse) of one plant sampled in the field
and is considered to be genetically homogenous because of
the large proportion of self-fertilization in this species (less
than 1% outcrossing: M. Lefranc, Orsay, pers. comm.).
Seeds were collected at maturity in the glasshouse in March
1993 for population B and in July 1993 for populations C
and D, and stored in a seed cabinet at 5 °C and 35%
humidity.

Three individual plants of the five maternal lines for each
of the three populations were previously grown simul-
taneously in control (C) and in elevated (E) CO

#
conditions

and the seeds of these individual plants were harvested at
maturity in June 1994 and stored in the seed cabinet. This
first treatment was termed the parental CO

#
treatment (Fig.

1A).

Seedling growth

Seeds were surface sterilized by soaking for 15 min in a
mixture containing 90% (v}v) ethanol 95° and a 10% (w}v)
aqueous solution of sodium dichloroisocyanurate and rinsed
twice in 95° ethanol (C. Bellini, pers. comm.). After
sterilization, seeds were sown in 12¬12 cm square Petri
dishes on a medium described by Estelle and Sommerville
(1987) with three slight modifications: 2±5 mol m−$ KH

#
PO

%

was replaced by 2 mol m−$ KH
#
PO

%
and 0±5 mol m−$ 

KH
#
PO

%
; sucrose was reduced to 29 mol m−$ ; and Phytagel

0±5% (w}v, Sigma) was used as gelling agent instead of agar
so that the medium was directly buffered to pH 6±1 before
autoclaving (20 min at 18 °C). Plates sealed with a surgical
tape (Urgopore, Fournier, Chenove, France) permeable to
gas could be cultivated vertically without sweating. They
were then pre-incubated in a cold chamber in the dark at
4 °C for 7 d to break seed dormancy. This treatment is
usually sufficient to induce germination of most of the seeds
(M. Lefranc, unpubl. res.).

Experimental design

For each combination of genotype (five lines¬three
populations) and parental CO

#
treatment, 20 seeds (of one

individual) were sown into each of two Petri dishes in each
growth chamber, as indicated in Fig. 1B, ten seeds of one
individual being randomly associated with ten seeds of
another one. In total, 1200 seeds were used for each
experiment. Seeds were sown with their root pole orientated
so that roots would grow down the surface of the nutrient
medium (Fig. 1C). The plates were distributed between the
chambers as shown in Fig. 1B. Plates were then placed in
large CO

#
chambers (1 m¬1±20 m), made of an aluminium

frame covered with transparent polypropylene film, located
in a controlled environment room (phytotron chambers of
Paris-Sud University). In order to avoid a progressive
increase in CO

#
concentration in the phytotron, the

chambers were continuously flushed with outside air
(‘Control ’) or with outside air350 µl l−" industrial CO

#

(‘Elevated’) at a constant rate. The light regime was 16 h
d−" (PAR: 600 µmol m−# s−"). Temperature was approxi-
mately regulated to 15 °C night}21 °C day, but the two
chambers differed slightly. Therefore, the CO

#
conditions

were permutated between two successive experiments to
reduce any chamber effect and data from these two experi-
ments were pooled (see ‘Statistical analysis ’ below).

Measurements

The length of each primary root was measured from
hypocotyl to the root tip on day 6 and 9. Day 1 was the
day on which the seeds were taken out of the cold chamber
and placed in the growth chambers. On day 9, all the plants
were killed with glutaraldehyde (250 mg per plate) and the
number of roots greater than 1 mm in length was counted
for each individual.

Before germination, length (L) and width (W) of a
minimum of five seeds for three individuals of each line were
measured under the microscope and the volume (V) was
then calculated assuming that they were cylindrical using
the formula

V¯π(W}2)#L

Carbonandnitrogen contents of seeds from three individuals
of the different lines of population B were determined from
the combustion of seed samples (about 4 mg) in a Carlo
Erba elemental analyser (type NA1500NCS, Thermoquest,
Courtaboeuf, France).

Statistical analysis

Growth and branching of the early roots. Analysis of
variance was performed using the SAS software (SAS
Institute Inc. 1990). Data from the two successive experi-
ments were pooled. To take account of the different en-
vironmental conditions (other than CO

#
concentration)

created by these two successive experiments and by the two
chambers, a variable called environment (Env) was created
with environments 1 and 2 corresponding to expts I and II
in elevated and controlled CO

#
chambers, respectively, and

environments 3 and 4 corresponding to expts I and II in
control and elevated CO

#
, respectively. We tested the effect

of environment (within the CO
#

treatment of the seeds),
lines (within populations), CO

#
treatment of the seeds,
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Natural populations

B C D

A

CONTROL CO2 ELEVATED CO2

5 lines * 3 populations

20 seeds

20 seeds

CONTROL CO2 ELEVATED CO2

Root length

B

C

3 individuals

× 5 lines

× 3 populations

× 2 CO2 treatments

20 seeds

× 1 individual

× 5 lines

× 3 populations

× 2 parental CO2

treatments

× 2 CO2 treatments

F. 1. Schematic design of the experiment (see text for details) showing the parental treatments (A), the CO
#
treatments during seed germination

(B) and the seeds displayed in vertical Petri dishes (C). Black and white dots represent seeds from different origins (genotypes¬parental CO
#

treatment).

parental CO
#
treatment, populations, and their interactions.

The first two main effects were considered as random effects,
the three last were considered as fixed. For all the measured
traits, normality was approximate and the usual trans-
formations did not improve normality and did not change
the results of the analysis of variance.

Seed �olume. For this trait, the analysis tested the effects

of individual (within lines and populations), parental CO
#

treatment, population, lines (within populations) and their
interactions. Lines were considered a random effect.

Carbon and nitrogen content of seeds from population B.
The model considered three effects : parental CO

#
treatment ;

lines ; and their interaction. Lines were considered a random
effect.
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RESULTS

Direct effect of ele�ated CO
#

on radicle growth

Atmospheric CO
#
concentration had no significant effect on

the length of the root axis on day 6 or 9. Elevated CO
#

increased the number of lateral roots in the first experiment,
but slightly decreased it in the second. The global statistical
analysis of the pooled data using the ANOVA model
described above did not show a significant effect of CO

#
. On

the other hand, this analysis shows that environmental
factors, other than CO

#
have a highly significant influence

on root growth.

Effect of CO
#

concentration during growth on seed
characteristics of progenies

Measurement of length and width of seeds from all
populations and lines allowed us to compare the average
seed volume of progenies. Table 1 shows a comparison for
parents grown in control or elevated CO

#
. In all populations,

parents grown in elevated CO
#
produced smaller seeds than

those grown in control CO
#
, but this CO

#
effect depended

on the line, as shown by the significant interaction between
lines and CO

#
treatment (P¯ 0±0471).

The N and C content of seeds was measured in population
B. Elevated CO

#
during growth of the parents decreased the

nitrogen content of the seeds (Table 1). As a consequence,
the C}N ratio increased. There was no significant interaction
between lines and CO

#
treatment.

Effect of CO
#

treatment during parental growth on early
root growth of progeny

There was a very significant parental effect both on main
root growth of the seedling and on branching of these roots
(Table 2). On the whole, progenies of parents grown in
elevated CO

#
had smaller roots (both on day 6 and 9) and

fewer laterals than the progenies of parents grown in control
conditions. However, this effect of parental CO

#
treatment

also depended on lines (Fig. 2), as the interaction lines¬
parental CO

#
treatment was significant for root growth and

branching (P! 0±01).
A Pearson correlation coefficient (between lines) was

calculated between the response of root growth to the CO
#

T 1. A�erage �olume (mm$) of a seed produced by Arabidopsis culti�ated under contrasted CO
#
treatments (control and

ele�ated ) and carbon and nitrogen content (% dry matter) of seeds produced by plants from one population (B)

Parental treatment
Volume
of seed

Carbon content
(Population B)

Nitrogen
content

(Population B)
C}N ratio

(Population B)

Control 0±033 53±4 3±48 15±45
(0±008) (2±85) (0±27) (1±74)

Elevated 0±030 54±68 2±97 18±6
(0±008) (3±57) (0±32) (2±51)

†Significance * ns * *

Standard deviation is given in parentheses.
† Significance of difference in means: *P! 0±05; ns, non significant.

T 2. Mean root length (in mm) at day 6 and 9 and
a�erage number of lateral roots (" 1 mm) for seeds from two

parental treatments (control vs. ele�ated )

Parental treatment
Root length

day 6
Root length

day 9
Number of
lateral roots

Control 28±2 71±5 10±4
(6±2) (11±5) (3±6)

Elevated 24±2 64±4 8±6
(6±9) (14±0) (4±0)

†Significance ** ** **

Standard deviation is given in parentheses.
† Significance of difference in means: **P! 0±01.

concentration for growth of parents (either the length of the
primary root or the number of lateral roots) and the seed
volume (Fig. 3). The correlation was always significant
(P! 0±05).

DISCUSSION

Elevated CO
#

during germination did not influence early
root length either directly or in interaction with the
genotypes. This result contradicts the overall finding that
CO

#
enrichment generally increases root growth (see Rogers

et al., 1992a, b), which was always related to increased
photosynthesis of the aerial green parts. It must be
remembered that the process we have studied here is less
dependent on photosynthesis than classical growth experi-
ments : the emergence of the first leaves occurred between
day 6–9 in our experiment.

One may argue that looking for an effect of a doubled
ambient CO

#
concentration on germination is unrealistic,

since seeds are very often buried in the soil where the CO
#

concentration is about ten times greater than in the air
above. This may not be the case for Arabidopsis seeds which,
once dispersed, remain on the soil surface, and more
generally for all seeds which need light to germinate. When
germination has been observed specifically, either from
radicle growth or from seed emergence, some authors have
observed similar reuslts, i.e. no detectable effect of elevated
CO

#
(Garbutt, Williams & Bazzaz, 1990; Radoglou and

Jarvis, 1993). In Rumex palustris, for example, CO
#

con-
centrations as high as 10% did not greatly influence root
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F. 2. Intrapopulation variation in the CO
#
response of radicle growth

of different lines (a, b, c, d) of Arabidopsis thaliana issued from the same
natural population B. A, Root length 9 d after sowing; B, branching
9 d after sowing. Parental growth conditions: C, control CO

#
; E,

elevated CO
#
.

elongation and a complete absence of CO
#
hardly affected it

(Visser et al., 1997). In contrast, Ferris and Taylor (1994)
found that fine root extension rate and cell elongation were
sensitive to elevated CO

#
. In all the species they tested, the

plasticity of the cell wall increased.
We did not find any significant direct effect of atmospheric

CO
#

on root length and branching. The mechanisms by
which elevated CO

#
could affect germination and early

growth are still poorly understood. Contrasting effects of
CO

#
have been found in different species (Yoshioka et al.,

1995) and different mechanisms have been suggested: CO
#

enrichment may indirectly regulate primary carbon metab-
olism via ethylene production, which is enhanced under
elevated CO

#
and is an internal growth regulator

(Grodzinski, 1992). Sangwan, Singh and Plaxton (1992)
suggested that during the early phase of seed germination,
PEPcarboxylase has a critical function in building up the
metabolic pools required to initiate significant growth. Thus
it could be possible that elevated CO

#
could increase activity

of this enzyme in the radicle.
One of the striking effects of elevated CO

#
found in this

study is the parental effect on early seed germination. This
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F. 3. Correlation between the effect of elevated CO
#
on seed volume

and its relative effect between lines (3¬5 lines) on root length at day 6
and 9 and on the number of lateral roots. Plant growth conditions: C,

control CO
#
; E, elevated CO

#
.

effect had already been noted by Andalo et al. (1996), but it
is documented here in more detail : growth of the root both
in length and number of branches was decreased when seeds
were collected from a mother plant which was grown in
elevated CO

#
.

The slower root growth rate of seedling progenies of
mother plants from populations grown in elevated CO

#
is,

very probably, related to the seed size, as shown by
comparison of Tables 1 and 2. Even in very small seeds, such
as those of Arabidopsis, the quantity of metabolic reserves is
very likely to be related to seed size. In the only population
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tested (population B, Table 1), composition of the seed
reserves was correlated with root growth: analysis shows an
increase in the C}N ratio of the seeds produced by parents
grown in elevated CO

#
, which indicates that their protein

content should be smaller than in seeds from control
parents. The increased C}N ratio of plant tissue under CO

#

enrichment is a classical result, but it has not often been
described in seeds. Wheat grown in elevated CO

#
showed

differences in seed quality, namely alteration in lipid
composition (Williams et al., 1995) and decreased protein
content (Blumenthal et al., 1996; Sanhewe et al., 1996) but
these were not related to a subsequent change in germination
capacity and potential survival.

The effect of parental CO
#

treatment on root growth
depends on the line but, as shown by correlation coefficients
(Fig. 3), the genetic variability in root growth response may
be explained by the genetic variability in seed volume. In
other words, elevated CO

#
affects the seed volume and,

consequently, root growth of the seedling produced.
However, all genotypes do not respond in the same way.
Krannitz, Aarssen and Dow (1991) have shown that,
independent of root growth, seedlings from genotypes of
Arabidopsis thaliana with larger seeds survived longer than
seedlings from genotypes with smaller seeds when nutrient
supply was deficient. Indeed, the variation in seed size may
be an important adaptive factor in the future changing
environment (Westoby, Jurado and Leishman, 1992).

In conclusion, the increasing CO
#

concentration will
probably have a large influence on fitness via its impact on
the parent plant, and the genetic variability shown in our
study demonstrates that populations will evolve in the face
of this new selective pressure.
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