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Soil CO, concentration does not affect growth or root

respiration in bean or citrus
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ABSTRACT

Contrasting effects of soil CO, concentration on root res-
piration rates during short-term CO, exposure, and on
plant growth during long-term CO, exposure, have been
reported. Here we examine the effects of both short- and
long-term exposure to soil CO, on the root respiration of
intact plants and on plant growth for bean (Phaseolus vul-
garis L.) and citrus (Citrus volkameriana Tan. & Pasq.).
For rapidly growing bean plants, the growth and mainte-
nance components of root respiration were separated to
determine whether they differ in sensitivity to soil CO,.
Respiration rates of citrus roots were unaffected by the
CO, concentration used during the respiration measure-
ments (200 and 2000 umol mol™), regardless of the soil
CO, concentration during the previous month (600 and
20 000 umol mol™). Bean plants were grown with their
roots exposed to either a natural CO, diffusion gradient,
or to an artificially maintained CO, concentration of 600
or 20 000 ymol mol~". These treatments had no effect on
shoot and root growth. Growth respiration and mainte-
nance respiration of bean roots were also unaffected by
CO, pre-treatment and the CO, concentration used dur-
ing the respiration measurements (200-2000 zmol mol ™).
We conclude that soil CO, concentrations in the range
likely to be encountered in natural soils do not affect root
respiration in citrus or bean.

Key-words: Citrus volkameriana L., Phaseolus vulgaris L.;
citrus; common bean; growth analysis; root respiration; soil

CO, concentration.

INTRODUCTION

A large body of work describes the effects of elevated
atmospheric CO, on shoot photosynthesis, shoot respira-
tion and shoot growth. The amount of research being car-
ried out on the effects of elevated atmospheric CO, on root
growth and root respiration is increasing (e.g. review by
Rogers, Runion & Krupa 1994). However, there is still lit-
tle current research focusing on the effect of soil CO, con-
centrations on root processes, even though soil CO, con-
centrations generally greatly exceed that of the
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atmosphere. Soil CO, concentration is a function of CO,-
producing activity in the soil and soil diffusivity, resulting
in concentrations that vary with depth (Johnson ez al. 1994:
Duenas et al. 1995), soil water content (500 for dry versus
50 000 pmol mol™' for wet conditions; Bouma er al. 1997),
soil type (4000-10 000 umol mol™' CO, at 50 cm depth;
Duenas et al. 1995) and time of year (up to 14 000 pmol
mol " at 15 ¢cm; Johnson ez al. 1994). The high but variable
soil CO, concentrations may affect root physiology, as dis-
cussed in the next two paragraphs.

Reports on the short-term effects of soil CO, on root res-
piration have been contradictory. Root respiration of
seedlings of Douglas fir [Pseudotsuga menziesii (Mirb.)
Franco] decreased by a factor of 4-5 when soil CO, con-
centrations were doubled (Qi, Marshall & Mattson ]_994).
The effect of CO, on root respiration was most prominent
for concentrations between =200 and 2000 umol mol .
However, the same CO, range had no effect on the root
respiration rates of three desert species; their respiration
rates decreased only for CO, concentrations of 3000 umol
mol™" and higher (Nobel & Palta 1989: Palta & Nobel
1989). These contradictory results clearly indicate that the
CO, concentrations used during respiration measurements
may be critical. Qi er al. (1994) hypothesized that root res-
piration rates of Douglas fir showed a stronger CO,
response than those of desert succulents, because, in their
study, the total root respiration rate of Douglas fir could be
ascribed to maintenance, as the seedlings were kept at the
light compensation point. We considered this hypothesis
unlikely, because slow-growing citrus exhibited no CO,
response over a range of 400-25 000 gmol mol ™ (Boum;l
et al. 1997). However, none of the studies discussed above
(Nobel & Palta 1989; Palta & Nobel 1989; Qi er al. 1994:
Bouma er al. 1997) provides the quantitative data on root
growth necessary for adequate testing of the hypothesis of
Qi et al. (1994).

Long-term responses of root respiration to soil CO, con-
centration may differ from the short-term responses dis-
cussed above. Respiratory responses to soil CO, may be
adapted to growth conditions in such a way that the respira-
tory enzymes are most sensitive to CO, concentrations out-
side the concentration range that is normally experienced
by those enzymes (Amthor 1991). Long-term CO, effects
on respiratory losses by the root may be assessed by
growth analysis of plants with roots exposed to different
soil CO, concentrations. Available reports are also contra-
dictory on the effect of high soil CO, concentrations on
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plant growth. For example, increased growth was reported
by Arteca, Poovaiah & Smith (1979), whereas reduced
growth was reported by Stolwijk & Thimann (1957). Thus,
the extent to which roots adapt to long-term exposure to
high soil CO, concentrations is not clear.

In the present study we determined whether long-term
exposure of roots to different soil CO, concentrations (600
versus 20 000 pumol mol™") caused differences in growth
rates and affected the short-term respiratory response of
roots from intact plants to soil CO,. Moreover, by separat-
ing the growth and maintenance costs of a fast-growing
species, we tested the hypothesis of Qi ef al. (1994) that
maintenance respiration is more sensitive to soil CO, con-
centrations than growth respiration. Bean (Phaseolus vul-
garis L. genotype DOR 364) was used as a representative
annual crop with a high relative growth rate. Although
common bean has been studied previously by other investi-
gators, results have been contradictory. Both growth stim-
ulation (Bergquist 1964) and growth inhibition (Stolwijk
& Thimann 1957) by high CO, have been reported. We
included citrus (Citrus volkameriana Tan. & Pasq.) to
allow comparison with our earlier work (Peng et al. 1993;
Bouma et al. 1997) and to obtain measurements in the
lower CO, range where Qi et al. (1994) observed the
largest effect on root respiration. Moreover, citrus is valu-
able as a representative of woody perennials.

MATERIALS AND METHODS
Plant material
Citrus

Scarified seeds of the citrus rootstock Volkamer lemon
(Citrus volkameriana Tan. & Pasq.) were germinated in
flats filled with vermiculite (16 June 1995). Seedlings at
the two-true-leaf stage (28 September 1995) were trans-
planted into respiration cuvettes (45 mm ID PVC tubing;
280 cm”) with sterilized Candler fine sandy soil (Typic
quartzipsamment) collected from the Citrus Research and
Education Centre in Lake Alfred, FL, USA. Nutrients were
supplied to be non-limiting, by increasing the frequency of
addition of Hoagland’s solution [5 mol m~ KNOs,
5 mol m™ Ca(NO,),, 5 mol m™* KH,PO,, 2 mol m™
MgSO,, 1 mol m™ Fe as FeEDTA and micronutrients;
Hoagland & Arnon 1939] with plant size. Greenhouse tem-
perature fluctuated between 20 and 35 °C depending on
external weather conditions. Two months before the start
of the experiment (start 14 May 1996), citrus seedlings
were moved to a greenhouse with better temperature con-
trol, as described below for the bean experiments.

Bean

Seeds of common bean (Phaseolus vulgaris L. CIAT
breeding line DOR 364) were obtained from CIAT in Cali,
Colombia. Seeds were surface-sterilized in 7 mol m™

NaOCl and 0-1% Triton X-100 (Sigma Chemical Co., St.

Louis, MO) for 10 min, and germinated in 0-5 mol m™

CaSO, for 36 h at 25 °C. Seedlings were then planted at a
depth of 3 cm into respiration cuvettes (76 mm ID PVC
tubing; 1400 cm?). In our first experiment, planting, gas-
exchange measurements and destructive harvests were
staggered by 2 d, giving a total of six replicates of a single
age. Plants were grown in solid-phase-buffered silica sand
(Lynch et al. 1990) providing a constant availability of
10 mmol m™ P. Twice daily (0700 and 1400 h), pots were
irrigated with nutrient solution containing (in mol m—) 3.1
NO;, 1-8 K, 1-2 Ca, 1-4 SO,, 1-0 NH,, 0-825 Mg, 0-05 CI,
0-005 Fe-EDTA, 0-002 B, 0-:0015 Mn, 0-0015 Zn,
0-:000143 Mo and 0-0005 Cu. In the first experiment (22
March 1996-26 April 1996) P was added as 10 mmol m™*
KH,PO,. This P concentration appeared to be somewhat
low, so a higher P concentration (50 mmol m ) was used
in the second experiment (29 April 1996-26 May 1996).
All plants were grown in a greenhouse in University Park,
PA, USA (40° 85" N, 77° 83' W). Temperature was mea-
sured using copper-constantan thermocouples located
between the pots (15 cm depth). Temperature ranged from
a maximum of 30 °C (day) to a minimum of 20 °C (night).
Light was supplemented from 0900 to 1100 h and from
1500 to 1700 h, with an average of 65 + 15 umol m * ™',
and from 1100 to 1500 h, with an average of 110 + 10 umol
m > s, by 400 W metal-halide bulbs (General Electric
Multivapor 400, USA). Maximum midday photosyntheti-
cally active photon flux densities reached 1400 yumol m =
s~ on clear days and 500 gmol m > s~ on days with heavy
cloud cover.

Experimental design
Citrus experiment

The respiration cuvettes in which the plants were grown
had a removable lid with a small slot cut out for the stem, a
drain at the bottom which could also be used as an air inlet,
and an air outlet at the side just above the soil surface. One
month before the respiration measurements, we closed the
top of the respiration cuvettes and filled the slot plus the
area around the stem with a flexible sealant (Terostat).
Roots of six plants were exposed to air with a low concen-
tration of CO, (=600 pmol mol™") whereas the roots of the
remaining five plants were exposed to air with
=20 000 umol mol™' CO, (Fig. 1; technical details in leg-
end). A soil CO, concentration of 20 000 gmol mol™" is
typical of potted citrus in this soil (Bouma et al. 1997). To
monitor the effectiveness of our CO, treatments, gas sam-
ples were regularly pulled from the headspace of the respi-
ration cuvettes and CO, concentrations determined by gas
chromatography (5840 A, Hewlett-Packard, Palo Alto,
CA). After I month of exposure to the two CO, treatments,
root respiration was measured on roots exposed for 2 d at
200 pumol mol™" CO,, 2 d at 2000 umol mol ™', 2 d at 200
umol mol™" and 1 d at 2000 umol mol ™", Respiration rates
were estimated with an infrared gas analyser (LI-COR
6252, Lincoln, NE) in differential mode, in an automated
system that sampled between 11 respiration cuvettes, with
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Figure 1. Apparatus to expose roots to different soil CO,
concentrations. Ambient air mixed (high CO,) or not mixed (low
CO,) with pure CO, was pumped into the bottom of a respiration
cuvette (C) filled with sand. The incoming air was bubbled through
water (W) to prevent desiccation and to check the flow. An equal
flow per pot was obtained by using I mm ID tubing (T) from the
main gas source (M) to the Erlenmeyer flask (E). After irrigation,
the CO, perfusion was shut off for an hour to allow drainage
through the water lock (L). Drainage could be enhanced by light
suui(;n on the air inlet tube (I). Shoots were kept at ambient CO,
by sealing holes around the stem with a ﬂcmhk sealdnl (Terostat)
and by keeping the flow rates low (=50 cm” min~'). The air outlet
(O) was on the side of the pots, above the soil surface. Soil CO,
concentrations were measured in gas samples from the head space
or from gas-sampling tubes (GS),

a 4 min time interval (Bouma ez al. 1997). During the res-
piration measurements, irrigation water was equilibrated
with the CO, concentration used for those respiration
measurements by aerating the irrigation water with air
from the 12th outlet of the gas-exchange system. The
range of 200 to 2000 umol mol™' CO, was chosen to
allow direct comparison to the study of Qi et al. (1994),
where root respiration of Douglas fir was most affected
by CO, shifts in this range, with only small responses at
concentrations greater than 2000 ymol mol™'. In addition,
our infrared gas analyser (LI-COR 6252, Lincoln, NE)
was calibrated for CO, concentrations only up to
3000 umol mol ™', preventing continuous respiration mea-
surements at higher CO, concentrations without special
instrumentation (e.g. Qi er al. 1994) or different cuvette
designs (Bouma et al. 1997).

Bean experiment 1

In the first bean experiment we grew 72 plants with their
roots in respiration cuvettes, which were essentially identi-
cal to those used for citrus. Two weeks after germination,
the plants were divided into three groups of 24 plants each.
Roots were exposed to a CO, concentration of =600 or
20 000 pmol mol™" (Fig. 1; technical details in legend) or
were allowed to establish a CO, diffusion gradient. Lids
were placed on all 48 cuvettes with artificially maintained
CO, concentrations. The 24 cuvettes that were given the
CO, diffusion gradient treatment were kept open. The
high-CO, treatment was preconditioned with 1 week of
5000 pmol mol™', before an increase to 20 000 umol
mol ™", Soil CO, in all treatments was monitored m gas
sdmples pulled from small chambers (top 3 cm® of a
10 cm® Nalgene syringe) inserted into the soil at 7, 14 and
21 em depth. CO, concentrations were determined by gas
chromatograph (5840 A, Hewlett-Packard. Palo Alto. CA:
details described previously in Bouma ez al. 1997). Six
plants per treatment were harvested weekly, starting at
week 2. Before harvesting at weeks 4 and 5, we measured
root respiration at 500 umol mol™' CO,, and shoot photo-
synthesis plus shoot respiration at ambient CO, (i.e.
between 350 and 400 umol mol™"). Root respiration was
measured as described for citrus (previous section). Shoot
respiration (once a day) and photosynthesis (three times a
day at the natural illumination level) were measured by
briefly sealing the whole shoot in a custom-made 2-5 dm”
cuvette, attached to an infrared gas analyser (LI-COR
6200, Lincoln, NE) in the closed mode.

Bean experiment 2

In the second experiment with bean we grew 36 plants as
desulde for the first bean cxpulmenl Low (c. 600 umol
mol™") and high (¢. 20 000 gmol mol™") CO, treatments of
the roots were started 14 d after germination, and were
monitored using gas samples pulled from small chambers
inserted at 14 cm depth. After 29 d we measured root respi-
ration (methods as for citrus) on five high-CO,-treated and
six low-CO,-treated plants. Respiration was measured for
2 d at 200 umol mol ™', followed by 2 d at 2000 umol mol ™
and ending with 2 d at 200 umol mol™" CO,. Irrigation
water was equilibrated with the CO, concentration used for
the respiration measurement. After 47 d, we repeated the
root respiration measurements, but with the soil CO, con-
centrations in the opposite order (i.e. 2 d each at 2000, 200
and 2000 gmol mol™" CO,). Matched plants were har-
vested at the beginning (1 = 3 per treatment) and end (1 =6
per treatment) of both sets of respiration measurements.
All respiration measurements were made on intact,
undisturbed roots in soil. The inevitable contribution of -
microbial respiration to observed respiration rates was
assumed to be negligible, as we used sterilized sandy soil
which was sieved to remove organic matter (after Bouma
et al. 1997 and references therein). All respiration rates
were expressed per gram root dry weight. For bean, root
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dry weight was corrected for changes over time when res-
piration measurements lasted several days (i.e. bean exper-
iment 2). Actual dry weights were calculated by combining
the relative growth rate based on all root weights with indi-
vidual root dry weights at harvest. Such a correction was
not necessary for citrus, because of its slow growth rate.

Our experiment was designed to maintain similar envi-
ronmental conditions between CO, treatments. For exam-
ple, frequent watering resulted in a similar pH in the
leachate samples of all CO, treatments. The CO, concen-
tration around shoots was regularly tested with a portable
IRGA, and showed no effect of soil CO, treatments on the
shoot environment.

Harvests and chemical analyses

Leaf area, root length, and biomass of leaves, stem, and
roots were determined by destructive harvest. Roots were
excavated by rinsing the sand with de-ionized water. For
bean, the entire root system was cut into fragments up to
3 cm long. After vigorously mixing the root pieces, a ran-
dom subsample of =100 segments was collected and
exposed to 0-16 ¢ dm™ neutral red dye (Sigma Chemical
Co., St. Louis, MO) for 1 h prior to scanning. For citrus,
fine roots were separated from the woody tap root and sub-
sampled as described for bean. Leaves and roots were
scanned using a flat bed scanner (HP ScanJet 11, resolution
= 140 dots mm’z, Hewlett Packard, USA). Leaf area, root
length, and root diameter distribution were calculated using
image analysis software (Delta-T SCAN, Delta-T Devices
Ltd, Cambridge, UK). Plant material was freeze-dried at
—60 °C for 72 h (bean experiment 1) or dried at 70 °C for
48 h (bean experiment 2) to | week (citrus). Drying periods
were chosen to be long enough to obtain a constant dry
weight. Root material harvested at day 28 (bean experiment
1) was analysed for C, H, N and O content (Fison Elemental
Analyser EA1108, Fison Instruments, Italy).

Estimating maintenance respiration

Construction costs of roots [nmol CO, (g DW,,,)"'] were
calculated from elemental composition (after McDermitt &
Loomis 1981). Respiratory costs of growth [nmol CO, (g
DW,.,0 " s7'] were derived by multiplying root construc-
tion costs with the relative growth rate of the root [g DW, ..,
(g DWg9)™" s7']. Net uptake rate of njtrate [mol N (g
DW )" s7'] was estimated as the product of the growth
rate (g DW,.,, s') and the N content of the plant [mol N
(g DW) ™, and divided by the root dry weight (g DW ).
Subsequently, costs for ion uptake were obtained by multi-

plying the net uptake rate of nitrate with the specific costs of

nitrate uptake [1-2 mol CO, (mol N)™' s7!, based on the
range reviewed in tables 2, 3 and 4 of Bouma, Broekhuysen
& Veen 1996, assuming a respiratory coefficient of 1-1 mol
CO, (mol O,)"']. Subtraction of respiratory costs of growth

and ion uptake from overall respiration gave an estimate of

respiratory costs for maintenance [nmol CO, (g DW, )"
s (after Peng et al. 1993).

Statistical analysis

Data were analysed by a general linear model (completely
randomized design) for main effects and first-order inter-
actions (SYSTAT 1992). Correlation coefficients were
tested for significance at the 0-05 level (Rohlf & Sokal
1981).

RESULTS

Soil CO, concentration and root respiration of
citrus

Respiration rates were virtually identical for citrus roots
previously exposed for 1 month to averages of 686 and
21 322 pmol mol™' CO, (Fig. 2a & Table 1). Respiration
rate and temperature had parallel patterns, indicating that
root respiration rates increased with temperature (Figs 2a
& b). Root respiration rates were corrected for diurnal
temperature variation to a temperature of 25 °C (Fig. 2¢),
using a Q¢ of 2:0 (+* = 0-80; n = 462; P < 0-01; tempera-
ture range Qo = 20-40 °C; Fig. 3a). These standardized
data showed that soil CO, had no significant effect on the
root average respiration rates over each period (I = 0-423;
P =0-52).

Soil CO, concentration, growth and root
respiration of bean

Growth rates of roots and shoots were not affected by soil
CO, concentration (i.e. no difference in the increase in dry
weight development over time; Fig. 4; Fi..c = 0-178; P,
> 0-8; Fyom =0248; Pyem > 0:7; Froo = 0:3125 Proo > 0-7).
Soil CO, increased with depth for non-treated bean roots,
presumably due to the diffusion gradient (Table 1). Depth
did not affect soil CO, concentration for high- and low-
CO, treatments, due to air-flow through the pot.
Regardless of these different soil CO, concentrations, all
beans grew with an equal exponential growth rate for the
whole period studied (Fig. 4; note log scale for y-axis).

Growing beans at different soil CO, concentrations had
no effect on root respiration rates determined at 500 pmol
mol ™! CO, or net assimilation rate (NAR) determined at
ambient CO, (bean experiment 1; Fig. 5; F., = 2:504;
Presp > 0:09; Fyar = 0:066; Pyar > 0:90). Construction
costs of bean roots harvested at day 28 were also unaf-
fected by CO, treatment (Table 2). The absence of an
effect of soil CO, concentration on (a) the overall root res-
piration rate, (b) the root growth rate, (c) root construction
costs and (d) the nitrogen content of the plant indicates that
maintenance respiration was also not affected by soil CO,
(Table 2). Although R, inenance for the low-CO,-treated
plants may appear to be higher, this apparent difference
was only due to the non-significant variation in R, that
was carried over in the calculation of R, inenance-

In the second bean experiment, root respiration rates
were measured for several days on single plants, while
alternating soil CO, concentration between 200 and
2000 pmol mol ™. Plotting of respiration over temperature

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 1495-1505
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Figure 2. Respiration rates of citrus roots previously exposed to high (continuous line: n = 5) and low (dashed lines; 1 = 6) CO,, measured at
alternating 200 (light area) and 2000 (dark area) gmol mol™ i CO, (a & ¢). Root respiration was standardized to a temperature of 25 °C (¢), to
remove effects of temperature fluctuations (b, continuous line). Effects of watering (b, arrows) might explain remaining variation (c).

Standard errors were not shown to enhance visibility, but averaged 1-19 (SD=0-52; n =

231)and 1-26 (SD = 0-63; n =231) for respiration

measured on citrus roots previously exposed to high- and low-CO, concentrations, respectively.

yielded a O, of 1-79 (> =0-79; n = 120; P < 0-01) to 1-69
(*=0-71;n=177; P<0-01), depending on plant age (tem-
perature range Qo = 22-38 °C; Fig. 3b). The time depen-
dence of the Q,, of root respiration was presumably due to
a reduction of the root respiration rate per unit biomass
with increasing root age (Fig. 6; Iy = 27-9; P, < 0-001;
Fy = 6:02; Py < 0:01). This reduction of root respiration

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 1495-1505

rates with increasing root age was independent of the soil
CO, concentration at which the root respiration was deter-
mined. Thus, soil CO, concentration again did not affect
root respiration rates of bean plants (Fig. 6; F, = 0-406;
Pp > 0-52; Fy = 0:090; Py > 0-76), regardless of previous
CO, treatment (Fig. 6; Fy = 0-529; P, > 0-47; Fyg = 0-012;
Py > 0:91). Short-term fluctuations of root respiration
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CO, treatments (tmol mol ")

Table 1. Soil CO, concentrations for plants
with their roots exposed to a natural CO,

diffusion gradient, or an artificially

Species Depth (cm) Diffusion 600 20 000 maintained CO, concentration of
approximately 600 or 20 000 gmol mol ™!
citrus headspace 686 + 30 21322 +1369
bean (experiment 1) 7 1497 + 141 564 +20 20379 = 1011
14 2415+ 124 622 +42 20 144 =938
2] 3227 +250 546 + 34 18 956 + 909
bean (experiment 2) 14 558 +25 25013 = 1276

adjusted for temperature might be due to effects of water-
ing, although we tried to minimize fluctuation in soil water
content.

DISCUSSION
Effects and reliability of CO, treatments

The present data clearly show that soil CO, concentration
had negligible effects on (i) growth of bean plants (600
versus 20 000 umol mol™'; Fig. 4), (ii) root respiration rate
of either citrus (200 versus 2000 umol mol™'; Fig. 2) or
bean (200 versus 2000 umol mol™'; Fig. 6) regardless of
the pre-treatment (600 versus 20 000 gmol mol ™), and (iii)
respiratory costs for growth and maintenance of bean (600
versus 20 000 umol mol™"; Table 2). These results are in
contrast to those of some other studies (Table 3), as dis-
cussed in the following sections. However, it is obvious
that the absence of any effect of soil CO, in this study was
not caused by inaccurate CO, treatment of the roots. Our
apparatus (Fig. 1) was found to maintain atmospheric soil
CO, concentrations effectively over prolonged periods of
time, as shown by gas samples from different locations in
various pots (Table 1). Moreover, our high- (20 000 pmol
mol ") and low- (600 umol mol™") CO, treatments repre-
sent relatively extreme concentrations for most natural
soils (see references in ‘Introduction’).

Good (1985) observed that blowing gas through the bot-
tom of acrylic tubes filled with sandy loam soil (after
Williamson 1970) may result in gas channels along the
walls of the containers and along large roots. This was not
aproblem in the present study, as illustrated by the uniform
CO, concentrations throughout our pots (Table 1). Hence,
we did not use the method of Good (1985), in which ini-
tially all air is displaced with water, whereafter the water is
displaced by the desired gas mixture.

Soil CO, concentrations and plant growth

Effects of high CO, concentrations in the soil on plant
growth have been studied since the beginning of this century
(for an early review see Livingston & Beall 1934). Soil CO,
was expected to be utilized as a source of inorganic carbon
for photosynthesis. However, studies of root and shoot
growth as a function of soil CO, concentration yielded
contradictory results (Table 3). Naturally, any CO, fixation
in the roots will always depend on the acquisition of light

energy by the shoot. At the present time, there is some
direct evidence for the uptake of carbon by roots of terres-
trial plants (e.g. Arteca et al. 1979; Arteca & Poovaiah
1982a; Arteca & Poovaiah 1982b). However, except for a
few unusual cases, this process occurs quantitatively on
only a limited basis (reviewed by Farmer & Adams 1996).

30 1 1 1 T
(a) Citrus

25 8 -
20
15

10

Respiration (nmol CO, g™ s™)

50 (b) Bean ; / .
Day 47 -49

Respiration (nmol CO, g™ s™)

16 20 25 30 35 40 45
Temperature (°C)

Figure 3. Relationship of root respiration rate (r; nmol CO, g~
s with temperature (77 °C) for (a) citrus and (b) bean. For citrus,
a 0, value was obtained by exponential regression on all data,
regardless of previous exposure to high (squares) or low (circles)
CO, (r= 14679 \with 12 = 0-80; n = 462; P < 0-01). As
respiration rate of bean roots decreased over time, Q, values were
determined separately for days 47-49 (open symbols; r = 6-48
@O with 1* = 0-79; n = 120; P < 0-01) and days 51-54 (closed
symbols; r=5-39 02D \with )2 = 0-71; n = 177; P < 0:01).
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Figure 4. Dry weight (log scale) of leaves, stem and roots of bean
plants grown with their roots exposed to ¢. 20 000 (diamonds), c.
600 (squares) and a range of 1000-3500 (circles) gmol mol 1 co,
(Table 1). Open and closed symbols represent the plants harvested
during the first (n = 6) and second (n = 3 or 6) experiments,
respectively. Vertical lines indicate the standard errors, unless the
standard error is less than the symbol size.

Therefore, we are able to measure root respiration of intact
plants by their CO, production; such measurements would
be problematic if soil CO, was widely utilized as a source
of inorganic carbon by the plant.

In the present study, soil CO, concentration had no effect
on the growth of bean plants (Fig. 4), and no effect on the res-
piratory costs for growth and maintenance of bean (Table 2).
The reason why these results and those of some of the earlier
studies (Table 3) are contradictory is not clear. Perhaps some
secondary effects occurred in some studies. Soil CO, con-
centration may affect bicarbonate formation and solution
pH, which are known to affect many aspects of soil chem-
istry, notably nutrient availability. In the present study, we
tried to maintain similar environmental conditions between

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 1495-1505

CO, treatments (details in ‘Materials and methods’). In gen-
eral, as soil CO, concentrations are considerably higher than
those in the atmosphere, it is not particularly surprising that
we do not find inhibition of root respiration and growth by
soil CO,. If growth of certain plants is indeed inhibited by
CO, concentrations as low as 10 000 umol mol™" (e.g.
Stolwijk & Thinmann 1957), then soils with low soil poros-
ity, and thus low CO, diffusivity, may represent an impor-
tant constraint on the growth of such plants.

Soil CO, concentrations and root respiration

The present data clearly show that there was no effect of
soil CO, concentration (200 versus 2000 gmol mol™") on
the root respiration rate of either citrus (Fig. 2) or bean
(Figs 5 & 6), regardless of the soil CO, concentration dur-
ing the previous growth period (600-20 000 umol mol™).
Thus, there was no indication that root respiration was

60 | Day 28 =
3 ugpip a
- 2
?’V L= é Day 34 7
S sl 2 b
E 4
= 20} / i
: %
=5 gl Z
7 _
0 = !
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Figure 5. Shoot photosynthesis and root respiration rates of bean
plants grown with their roots exposed to ¢. 20 000 (dark bar), c.
600 (white bar) and a range of 1000-3500 (intermediate bar) gmol
mol™" CO, (Table 1). Measurements were taken at plant ages of 28
and 34 d. The standard error is indicated at the top of each bar

(n = 6). CO, treatments were not significantly different (P = 0-05).
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Table 2. Measured, literature and calculated parameters used to estimate maintenance respiration of bean plants. The calculations are based
on a plant growth rate of 1-49 ug DW,., s~ and a relative growth rate of 0-649 ug DW .., (g DW,,)”" ™' for the root

Observed parameters (units) Tissue High CO, Low CO, Diffusion
N content (%) leaves 4.87 +0-17 5:02+0-17 478 £0-17
stem 491 +0-67 491 =0-69 4-34 +0-38
root 390 +0-14 410 £0-21 3-67 +0-16
plant 4.65+0-18 477 +0-13 441 +0-14
C content (%) root 39-5+0-11 402 +0-17 40-0 £ 0-26
H content (%) root 5:58 +0-07 5-55+0-16 574 +0-06
O content (%) . root 434 +0-24 427 +0-46 433 £0-15
Riowl [nmol CO, (2 DW, .0 "' s7'] root 378+ 1.7 41422 37-5+2.9
Literature parameter (units) Value Reference
SCii-uptake (mol CO, (mol N) ™' 1-2 after Bouma er al. (1996)
and references therein
Calculated parameter (with equation) High CO, Low CO, Diffusion
NUR o1 [GRpjant X [Npjanc / (1400 X DW 01 13-0 + 1-05 128 +0-79 12:3 +0-90
CCiici (after McDermitt & Loomis 1981) 8:55 +0-30 9:01 +0-70 8-88 +0-27
Rirowth (RGR o % CCroqy) 12.7 +0-44 13-4 +1-03 132 +0-40
Ryprake (NUR 500 X SChiuprake) 156+ 126 15-3 +0-94 14-8 £ 1-08
Rvmxiulcmmcc [leul i (Rgmw(h -+ R\lplukc)] 95 12.7 95

Abbreviations: CC,, construction costs of roots [mmol CO, (g DWm(,,)“I I GRyyjane» growth rate of the plant (ug DW

1. a
new S )’ NURmnl- net

uptake rate of nitrate [nmol N (g DW 4 1000 §'s RGR o, relative growth rate of the root [ug DW, ., (2 DWoa) ' 8715 Ry measured root
respiration rate [nmol CO, (g DW, .0~ s7']; R yiowns TeSpiratory costs of growth [nmol CO, (g DWW, s ' Ry pakes TeSpiratory costs of ion

uptake [nmol CO, (g DW 440 s R
nitrate uptake [mol CO, (mol N)™'].

affected by soil CO, concentration over the short or long
term. The absence of a short-term response is in contrast
with some earlier findings (Table 3), whereas we are not
aware of any studies describing long-term CO, effects on
respiration. Considering the limited amount of literature on
the short-term effects of CO, on root respiration (Table 3),
it is not yet clear whether differences represent method-
ological artifacts or species-specific adaptations. Here we
propose several hypotheses that might explain variable
species-specific responses. Our study was designed to test
the first of these, while the other are still merely specula-
tive and require more research.

(1) Qi et al. (1994) hypothesized that the CO, response
may be related to the relative importance of growth
and maintenance respiration. This hypothesis was
based on earlier reports indicating high CO, sensitivity
of maintenance respiration of shoots (Reuveni & Gale
1985; Wullschleger, Norby & Gunderson 1992).

(2) Part of the highly variable effects of elevated atmo-
spheric CO, on shoot respiration can be explained by
separating the generally inhibiting direct effects from
the variable indirect effects (Amthor 1991; Amthor,
Koch & Bloom 1992). The occurrence of direct versus
indirect effects depends on the CO, transport rate
through the tissue (Amthor 1991). Hence, a species-
specific CO, response of root respiration may be due

3)

(4

~

(6)

; : " M| o b Y
maintenances Fespiratory costs for maintenance [nmol CO, (g DW,,0) 1s7'7; SCyy_uptake» sSpecific costs of

to differences in surface conductance, internal air
space and diameter of the root.

Palet er al. (1991) found that high CO, levels partially
inhibited the cytochrome pathway in callus of carnation,
eliciting a large transient engagement of the alternative
oxidase. Hence, the species-specific CO, response of
root respiration may be due to species-specific variation
in the relative contribution of cytochrome and the
alternative non-phosphorylating pathway.

Amthor (1991) describes several mechanisms that
might enable tissue-specific regulation of the CO, sen-
sitivity of enzymes. Such tissue specificity might vary
among species to enable species to adapt to their native
environments.

The CO, sensitivity of respiration may only occur in
acid soils, since, in soils that are buffered at a relative
high pH, a relatively large portion of soil CO, may be
transformed into HCO; and CO,* (H. Lambers,
University of Utrecht, the Netherlands, private com-
munication). Hence, species-specific differences in
rhizosphere pH modification may be an important
factor in determining the sensitivity of a species to soil
CO, concentrations.

The CO, sensitivity of soil respiration may be propor-
tional to the contribution of microbial activity, if plants
are relatively insensitive to soil CO, concentrations
(present data) and microorganisms are sensitive.

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 1495-1505
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Figure 6. Respiration rates of bean roots previously exposed to high (wnlmuous lines; 7 = 5) and low (dashed lines; 7 = 6) CO,,
measured at alternating 200 (light area) and 2000 (dark area) gmol mol ™! COs. The top and bottom parts of the figure show measurements
started on days 29 and 47, respectively. All respiration rates were standardized for temperature (25 °C), using a Q of 1-74. Irrigations are
indicated by the arrows. Root dry weight during the measurements was calculated by combining individual dly weights at the end of the
experiment with the regression equation for exponential root growth (In DW ., = 0-062 X Time — 2:6978: 1° = 0-86: n = 95). Standard
errors were not shown to enhance visibility, but were on average 2-55 (SD = 0-95; 1 = 175) for high-CO, pre-treatment (a), 2-82

(SD = 1:16; n = 174) for low-CO, pre-treatment (a), 3
n = 180) for low-CO, pre-treatment (b).

Hypothesis 1 is not supported by the present data.
Although we measured relatively large citrus seedlings
with negligible growth compared to the amount of
biomass to be maintained, we did not find a CO, response
of root respiration. This finding is in agreement with our
earlier work on citrus seedlings (Bouma ez al. 1997), but
this time for the CO, range (200 and 2000 umol mol ') in
which Qi et al. (1994) observed the most prominent CO,
effect on root respiration of Douglas fir. The rapid growth
of bean makes this species more suitable and interesting
for testing hypothesis 1. Separation of the components of
root respiration showed that neither growth respiration nor
maintenance respiration was affected by soil CO, concen-
trations (Table 2). Although the pattern in Table 2 may
seem to support hypothesis 1, this apparent pattern was
merely due to the non-significant variation in R, that
was carried over in the calculation of R, nenance:

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 1495-1505

-33 (SD = 0-98; n = 180) for high-CO, pre-treatment (b) and 2-68 (SD = 0-71:

Therefore, we conclude that hypothesis 1 was not sup-
ported by our observations on both a fast- and slow-grow-
ing species.

The average root diameter is one of the factors affecting
the CO, transport rate through the tissue. In the present
study, neither species exhibited a respiratory response to
shifts in soil CO,, regardless of the difference in root diam-
eter (average diameters of bean and citrus are 0-35 and
0-57 mm, respectively). The long CO, exposure periods
preceding (30-50 d) and during (at least 20 h or more) the
respiration measurements should be sufficient to obtain
equilibrium between the CO, concentration in the soil and
the root tissues, especially as Qi et al. (1994) observed a
strong response after only 4 h exposure. This failure to
observe differences between bean and citrus provides no
support for (although cannot disprove) hypothesis 2 or
most of the other hypotheses.
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Conclusions

Although strong effects of soil CO, concentrations on
root respiration and plant growth have been reported, the
present data clearly show that there is no such effect for
either citrus or bean. This was true for both short- and
long-term effects as well as for the growth and mainte-
nance components of root respiration. To prevent arti-
facts when using other species, it is necessary either to
measure root respiration at natural CO, concentrations or
thoroughly to evaluate the sensitivity of root respiration
to soil CO, concentration, as shown in this study.
Erroneous measurements can have a major impact on
models describing carbon budgets of whole plants,
ecosystems, and plant responses to stress.

ACKNOWLEDGMENTS

David Bryla and Marianne Resendes are gratefully acknowl-
edged for their assistance in growing the citrus plants. We
thank Kathleen Brown for the use of the gas chromatograph
and Kristian Borch for chasing away the bugs, using biolog-
ical control. The open gas-exchange system was developed
with advice from R. De Visser, C. S. Pot, P. H. van Leeuwen
(AB-DLO, Wageningen, The Netherlands) and R. Garcia
(LI-COR, Lincoln, NE). This research was made possible by
the financial support of NSF IBN-9596050 and USDA NRI
94-37107-1024 to D.M.E. and USDA NRI 94-37100-0311
and NRI 9700573 to J.P.L.

REFERENCES

Amthor 1.S. (1991) Respiration in a future, higher-CO, world.
Plant, Cell and Environment 14, 13-20.

Amthor 1.S., Koch G.W. & Bloom A.J. (1992) CO, inhibits respira-
tion in leaves of Rumex crispus L. Plant Physiology 98, 757-760.

Arteca R.N. & Poovaiah B.W. (1982a) Absorption of 4CO, by
potato roots and its subsequent translocation. Journal of the
American Society for Horticultural Science 107, 398-401.

Arteca R.N. & Poovaiah B.W. (1982b) Changes in phospho-
enolpyruvate carboxylase and ribulose-1, 5- biphosphate car-
boxylase in Solanum tuberosum L. as affected by root zone
application of CO,. HortScience 17, 396-398.

Arteca R.N.. Poovaiah B.W. & Smith O.E. (1979) Changes in car-
bon fixation, tuberization and growth induced by CO, applica-
tions to the root zone of potato plants. Science 205, 1279-1280.

Bergquist N.O. (1964) Absorption of carbon dioxide by plant roots.
Botanika Notiser 117, 247-261.

Bouma T.J., Broekhuysen A.G.M. & Veen B.W. (1996) Analysis of
root respiration of Solanum tuberosum as related to growth, ion
uptake and maintenance of biomass. Plant Physiology and
Biochemistry 34, 759-806.

Bouma T.J., Nielsen K.L., Eissenstat D.M. & Lynch J.P. (1997)
Estimating respiration of roots in soil: interactions with soil
CO2, soil temperature and soil water. Plant and Soil 195,
221-232.

Duenas C., Fernandez M.C., Carretero J., Liger E. & Perez M. (1995)
Emission of CO, from some soils. Chemosphere 30, 1875-1889.

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 14951505

Farmer A.D. & Adams M.S. (1996) Carbon uptake by roots sys-
tems. In Plant Roots. The Hidden Half (eds Y. Waisel, A. Eshel
& K. Kafkaki), pp. 679-687. Marcel Dekker Inc., New York.

Good B.J. (1985) A method for controlling the within-root CO,
concentration. Plant, Cell and Environment 8, 535-538.

Hoagland D.R. & Arnon D.I. (1939) The water-culture method for
growing plants without soil. In University of California,
Agricultural Experimental Station Circular 347. University of
California, Berkeley, CA, USA.

Johnson D., Geisinger D., Walker R., Newman J., Vose J., Elliot K.
& Ball T. (1994) Soil pCO», soil respiration, and root activity in
CO,-fumigated and nitrogen-fertilized ponderosa pine. Plant
and Soil 165, 129-138.

Livingston B.E. & Beall R. (1934) The soil as direct source of car-
bon dioxide for ordinary plants. Plant Physiology 9, 237-254.
Lynch J., Epstein E., Liuchli A. & Weigt GI. (1990) An automated
greenhouse sand culture system suitable for studies of P nutri-

tion. Plant, Cell and Environment 13, 547-554.

McDermitt D.K. & Loomis R.S. (1981) Elemental composition of
biomass and its relation to energy content, growth efficiency and
growth yield. Annals of Botany 48, 275-290. 5

Nobel P.S. & Palta I.A. (1989) Soil O, and CO, effects on root res-
piration of cacti. Plant and Soil 120, 263-271.

Palet A., Ribas-Carbo M., Argiles J.M. & Azcon-Bieto J. (1991)
Short-term effects of carbon dioxide on carnation callus cell res-
piration. Plant Physiology 96, 467-472.

Palta J.A. & Nobel P.S. (1989) Influence of soil O, and CO, on root
respiration for Agave deserti. Physiologia Plantarum 76, 1_87—1 92.

Peng S., Eissenstat D.M., Graham J.H., Williams K. & Hodge N.C.
(1993) Growth depression in mycorhizal citrus at high—pl;ospho-
rus supply: analysis of carbon costs. Plant Physiology 101,
1063-1071. i

Qi J., Marshall J.D. & Mattson K.G. (1994) High soil carbon diox-
ide concentrations inhibit root respiration of Douglas fir. New
Phytologist 128, 435-442.

Reuveni J. & Gale J. (1985) The effect of high levels of carbon
dioxide on dark respiration and growth of plants. Plant, Cell and
Environment 8, 623-628.

Rogers H.H., Runion G.B. & Krupa S.V. (1994) Plant responses to
atmospheric CO, enrichment with emphasis on roots and the rhi-
zosphere. Environmental Pollution 83, 155-189.

Rohlf F.J. & Sokal R.R. (1981) Statistical Tables, 2nd edn. W.H.
Freeman and Company, New York.

Stolwijk J.A.J. & Thinmann K.V. (1957) On the uptake of carbon
dioxide and bicarbonate by roots, and its influence on growth.
Plant Physiology 32, 513-520. )

SYSTAT (1992) SYSTAT: Statistics Version 5-2. Evanston, Illinois.

Williamson R.E. (1968a) Influences of gas mixtures on cell divi-
sion and root elongation of broad bean, Vicia faba 1. Agronomy
Journal 60, 317-321. *

Williamson R.E. (1968b) Effects of gaseous composition of root
environment upon root development and growth of Nicotiana
tabacum L. Agronomy Journal 60, 365-368.

Williamson R.E. (1970) Effects of soil gas composition and flood-
ing on growth of Nicotiana tabacum L. Agronomy Journal 62,
317-321.

Waullschleger S.D., Norby R.J. & Gunderson C.A. (1992) Growth
and maintenance respiration in leaves of Liriodendron wlipifera
L. exposed to long term carbon dioxide enrichment in the field.
New Phytologist 121, 151-523.

Received 22 April 1997, received in revised form 11 August 1997;
accepted for publication 20 September 1997



This document is a scanned copy of a printed document. No warranty is given about
the accuracy of the copy. Users should refer to the original published version of the
material.



