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Acclimation of Respiratory O, Uptake in Green Tissues of
Field-Grown Native Species after Long-Term Exposure to
Elevated Atmospheric CO,’
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C; and C, plants were grown in open-top chambers in the field
at two CO; concentrations, normal ambient (ambient) and normal
ambient + 340 uL L™ (elevated). Dark oxygen uptake was measured
in leaves and stems using a liquid-phase Clark-type oxygen elec-
trode. High CO, treatment decreased dark oxygen uptake in stems
of Scirpus olneyi (C,) and leaves of Lindera benzoin (C,) expressed
on either a dry weight or area basis. Respiration of Spartina patens
(C,) leaves was unaffected by CO, treatment. Leaf dry weight per
unit area was unchanged by CO,, but respiration per unit of carbon
or per unit of nitrogen was decreased in the C; species grown at
high CO,. The component of respiration in stems of S. olneyi and
leaves of L. benzoin primarily affected by long-term exposure to
the elevated CO, treatment was the activity of the cytochrome
pathway. Elevated CO, had no eifect on activity and capacity of
the alternative pathway in S. olneyi. The cytochrome c oxidase
activity, assayed in a cell-free extract, was strongly decreased by
growth at high CO, in stems of S. o/neyi but it was unaffected in
S. patens leaves. The activity of cytochrome ¢ oxidase and complex
11l extracted from mature leaves of L. benzoin was also decreased
after one growing season of plant exposure to elevated CO, con-
centration. These results show that in some C, species respiration
will be reduced when plants are grown in elevated atmospheric
CO,. The possible physiological causes and implications of these
effects are discussed.

Rising atmospheric CO; concentrations can have important
effects on plant physiological processes, particularly photo-
synthesis and transpiration. The global magnitude of these
processes is so large that small changes in them can have
serious consequences for the global carbon balance and global
climate change (Gifford, 1988; Bazzaz, 1990; Houghton,
1991; Bowes, 1993; Goudriaan, 1993). However, the effects
of rising CO; on dark respiration are much less known.

In contrast to photosynthesis, respiration releases CO; as a
part of normal metabolic activity. In global terms, respiration
must be approximately equal to global net primary production
in the long term (Gifford, 1988). It has been suggested that
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increasing temperature could substantially increase respira-
tion, thus causing terrestrial ecosystems to become a major
source of CO, (Woodwell et al.,, 1978). Alternatively, direct
effects of changes in atmospheric CO,, which would cause a
reduction of total CO, released by the earth’s vegetation,
might mitigate the rate of increase in atmospheric CO; (Gif-
ford, 1994). Thus, it is important to know whether increased
atmospheric CO; levels will result in increased, unchanged,
or decreased plant respiration rates.

Changes in CO, concentrations can have short-term effects
on respiratory rates. Several authors have found rapid inhib-
itory effects of increasing atmospheric CO. on dark CO,
efflux rates (Bunce, 1990; Amthor et al., 1992) that could be
related to inhibition of the activity of some respiratory en-
zymes (e.g. succinate dehydrogenase [Frenkel and Patterson,
1973; Shaish et al., 1989} or Cyt ¢ oxidase [Palet et al., 1991,
1992)).

Studies involving CO, enrichment over short to medium
time periods (days to weeks) have shown reductions mainly
in respiratory CO, release in C; plants (Reuveni and Gale,
1985; Bunce, 1990; Bunce and Caulfield, 1991; El Kohen et
al., 1991; Baker et al., 1992; Gary and Veyres, 1992; Wullsch-
leger et al., 1992a; reviewed by Poorter et al., 1992, and
Wullschleger et al., 1994). However, some reports found
increases of O, uptake or CO, efflux from plants growing in
enriched CO; concentrations coinciding with higher carbo-
hydrate levels (Williams et al., 1992; Thomas et al., 1993; see
also Poorter et al., 1992).

Information about long-term (months to years) CO. en-
richment effects on plant respiration is rather scarce, but
some results suggest inhibition of respiration (Bunce and
Caulfield, 1991; Wullschleger et al., 1992a; Ziska and Bunce,
1993). In a field experiment of the effects of long-term CO,
enrichment, a previous study has shown that the salt marsh
Cs plant Scirpus olneyi showed about 50% reduction in res-
piratory CO; release from individual shoots after growth in
twice the present normal ambient CO. in open-top chambers
(B.G. Drake, unpublished data).

In the present study we have further investigated the

Abbreviations: CCCP, carbonyl-cyanide-m-chlorophenylhydra-
zone; SHAM, salicylhydroxamic acid; V., capacity of the alternative
pathway; v, activity of the alternative pathway; vy, activity of the
Cyt pathway; Vi, the maximum rate of oxygen uptake.
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responses of respiration in these salt marsh plants to long-
term CO, treatment as well as those in an understory shrub,
Lindera benzoin (C;), by measuring dark O, uptake (instead
of CO; release) of intact and sliced green tissues acclimated
to different CO, levels in the field. Dark O,-uptake rates in
a buffer solution equilibrated with ambient CO, reflect mostly
the overall activity of the mitochondrial electron transport
chain expressed in the tissue. The use of inhibitors in liquid-
phase oxygen electrodes provides information about relative
rates of the Cyt and alternative pathways. As such, these
measurements indicate the acclimation of respiration to long-
term exposure to elevated CO,. The results obtained here
confirm that growth in elevated CO. depresses respiration in
green tissues and that the activity of the Cyt pathway is
reduced, accounting for the effect of elevated CO, concentra-
tion on dark respiration in the C; sedge S. olneyi.

MATERIALS AND METHODS
Plant Growth

Open-top chambers were placed in Scirpus olneyi (C;) and
Spartina patens (C,) brackish marsh communities on the Ches-
apeake Bay throughout the growing season from the spring
of 1987 to the present. Two different CO, concentrations
were used: normal ambient and elevated (normal ambient +
340 uL LY. The shrub Lindera benzoin (Cs) was exposed to
ambient and elevated CO, concentrations from the spring of
1991 to the present using open-top chambers in the under-
story of an eastern deciduous forest. A review of the major
findings of this long-term CO, project is found in Drake
(1992). Results for the respiration study reported here were
obtained on material collected in 1991 and 1992 during July
and August when the net ecosystem carbon assimilation was
at its maximum (Drake and Leadley, 1991).

Determination of Respiratory Activities

Dark O,-uptake rates of intact and sliced tissues were
measured in the dark at constant temperatures using a liquid-
phase O, electrode (Clark-type, Rank Brothers, Cambridge,
UK) in ambient air-equilibrated 20 mm Mes buffer (pH 6.0).
Samples of mature tissues were placed in the electrode cu-
vette and depletion of oxygen was linear in the stirred solu-
tion of the closed cuvette, except at low concentrations of O,.
To avoid oxygen-limiting conditions inside the cuvette, all
measurements were terminated when O, was consumed by
about 50 to 60%. A nylon net separated the plant material
from the stirring bar and the electrode. Inhibitors (cyanide,
SHAM), substrates (Suc, Gly), and an uncoupler (CCCP)
were added into the electrode cuvette from stock solutions
with a Hamilton microsyringe. Vi.x was obtained after incu-
bation of the plant material for 30 to 60 min in a medium
that contained 20 mm Suc, 20 mm Gly, and 0.2 mMm CaCl,.
Plant samples were collected during the light period and were
kept in the dark before measurements. After measurements
were completed, the plant samples were placed in an oven-
drier at 60°C until constant dry weight was obtained. Dry
samples were ground and their total carbon and nitrogen
contents were determined using GC.
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Determination of Cyt ¢ Oxidase and Complex Il

Green tissues were homogenized with a Polytron in a
medium containing 25 mmM Hepes buffer (pH 7.5), 1 mM
EDTA, 1% (w/v) PVP, 0.2% (w/v) BSA fraction V, and 15
mu Na-ascorbate. The homogenate was filtered and centri-
fuged (3000-4000g, 5 min) and the final volume of the extract
was calculated. For the Cyt ¢ oxidase assay, 0.2 mL of the
extract was added to 1.8 mL of reaction medium (pH 6.5)
containing 50 mm KH,PO,, 0.1 mm EDTA, and 0.1% (w/v)
BSA free fatty acid and were placed in the oxygen electrode
cuvette. Then 8 mm Na-ascorbate, 0.5 mMm N,N,N’,N’-tetra-
methyl-p-phenylenediamine dihydrochloride, 30 um Cyt ¢,
and 1 mm lauryl-maltoside were added to the closed cuvette
to start the oxygen uptake reaction at 25°C. Sodium azide (1
mM) was added at the end of each measurement, and the
residual rate was subtracted from the total rate. For complex
III assay, 0.1 mL of homogenate was mixed with 0.9 mL of
reaction medium containing 50 mm Tes buffer (pH 7.0), 1
mM EDTA, 1 mm potassium cyanide, 157 um lauryl-maltoside,
0.5 mm duroquinol, and 25 um Cyt c. Cyt ¢ reduction was
monitored at 550 nm (extinction coefficient 19.8 mm~! cm™)
using a Lambda 3B spectrophotometer (Perkin-Elmer) at
room temperature. To account for nonenzymatic Cyt ¢ re-
duction, separate assays were run with the same extract in
the absence and in the presence of 5 uM antimycin A and the
difference was calculated.

RESULTS AND DISCUSSION

The rate of dark O, uptake of green stems of 5. olneyi (Cs)
was significantly lower (on either an area or a dry weight
basis) in plants grown at elevated than in those grown at
normal ambient CO, (Tables I and II). Plants from uncham-
bered control sites had respiration rates similar to plants

Table 1. Dark respiration rates of mature green tissues from S.
olneyi (Cs), S. patens (C,), and L. benzoin (Cs) plants grown at
normal ambient or elevated (normal ambient + 340 ul L")
atmospheric CO, concentrations, inside open-top chambers in the
field, during the summer of 1991

Tissue segments (0.5-0.8 ¢m?) were used in an O, electrode
cuvette. Values shown are means + st of 4 to 11 replicates. The
statistical significance levels (Student’s t test) are: a, P < 0.05; b, P
< 0.01; ¢, P <0.001.

Dark O, Uptake

[CO,] during Growth

25°C 35°C
pl 77 umol m™2 s~
Stems of S. olneyi
350 0.40 £ 0.04 0.74 = 0.05
700 0.20 £ 0.02c 0.45 + 0.05b
Leaves of S. patens
350 0.34 £ 0.03 0.58 £ 0.02
700 0.37 £ 0.01 0.56 + 0.03
25°C i0°C
Leaves of L. benzoin
350 0.26 £ 0.02 0.47 £ 0.02
700 0.21 £0.03 0.30 £ 0.03b
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Table . Dark respiration rates of mature green tissues normalized on dry weight, or carbon or

nitrogen concentration

Temperature during measurements was 25°C. Values shown are means =+ st of 4 to 11 replicates.

For other details, see Table !

Dark O, Uptake

[CO;] during Growth

Dry weight Carbon Nitrogen
ul L7 umol kg™ dry weight s™ pmol kg™ Cs™' pmol kg™' N s™'

Stems of S. olneyi

350 2.6+0.2 6.0+ 0.5 136 £ 11

700 1.5 % 0.1c 2.9+0.3c 80 + 6b
Leaves of S. patens

350 35+04 7205 296 £ 17

700 3.7+0.2 8.6+03 383 + 15b
Leaves of L. benzoin

350 10.3 £0.2 21.5+ 0.5 295 + 21

700 7.0 £ 0.6b 145+ 1.2b 225 + 19a

enclosed in open-top chambers maintained at normal am-
bient CO; levels (data not shown). Mature leaves of S. patens
(C,) showed no reduction of leaf O, uptake rate (Tables I and
II). These results are consistent with earlier observations made
by measuring CO, efflux in these species (B.G. Drake, un-
published data).

The understory shrub L. benzoin exposed to elevated CO,
for only 4 months in the forest also showed reduction of leaf
respiration per unit leaf area compared to plants grown in
ambient CO,, especially when measured at high temperature
(Tables I and II; results from summer 1991).

Data on carbon and nitrogen composition of the green
tissues grown at different CO, regimes show little effect of
the CO, treatment on specific dry weight and carbon content
(Table III). The nitrogen content was significantly lower in
stems of S. olneyi plants grown at elevated CO, than at
ambient CO, but was similar in leaves of S. patens and L.
benzoin from both CO, treatments (Table III; data obtained
during summer 1991). Total soluble protein and Rubisco
content in the C; species was significantly reduced when
plants were grown at high CO, (J. Jacob and B.G. Drake,
unpublished results), which could partly account for the
reduction in tissue nitrogen concentration. When respiration
was expressed either on the basis of leaf carbon or leaf

nitrogen concentration, the rates were significantly lower in
stems of S. olneyi and leaves of L. benzoin (both C; plants) in
elevated CO, than in plants grown in normal ambient CO,,
but they were unaffected or increased in the C, species S.
patens (Table II). This suggests that the decrease in respiration
in both C; species studied at elevated CO, was not entirely
due to a reduction in the nitrogen concentration (see Griffin
et al,, 1993). Although the reduced nitrogen concentration
could have contributed to the observed changes in the res-
piratory rates according to the results of Wullschleger et al.
(1992a), Ziska and Bunce (1993) showed a decrease in dark
respiration of plants grown at elevated CO, in which there
was no reduction in the protein content compared to plants
grown in normal ambient CO, concentration.

The use of specific inhibitors of the two terminal oxidases
of mitochondrial electron transport (cyanide for Cyt ¢ oxidase
and SHAM for the alternative oxidase) showed that the
normal activity of the Cyt path (v.,) was very much reduced
in 5. olneyi stems grown at elevated CO,. The activity of the
alternative path was insignificant at both CO, treatments
(Table IV). When the stem slices were incubated with sub-
strates (e.g. Suc and also Gly) and the uncoupler CCCP (to
avoid RC by adenylates), the maximum respiration rate (Vpay)
measured was similar for plants grown at the two CO, levels

Table lll. Dry weight per unit area and carbon and nitrogen concentrations of adult green tissues from plants grown at either ambient or

elevated CO, concentrations

Values shown are means + st of 4 to 11 replicates. For other details, see Table |.

[CO;] during Growth Dry Weight per

Carbon Content

Nitrogen Content

Unit Area
ul 17 g dry weight m™? gCm? % C of dry wt gNm™? % N of dry wt

Stems of S. olneyi

350 150.2 £ 8.6 743 £5.7 440+ 0.2 3.2+0.2 1.9 £ 0.1

700 133.6 £4.0 65.0+ 3.0 43.7 £ 0.3 2.3%0.1b 1.5+ 0.1b
Leaves of S. patens

350 1003 1.9 463+ 13 45.1 £ 0.1 1.2 0.1 1.1 £ 0.04

700 95.8+3.3 444 + 2.1 455+ 0.2 1.0+ 0.1 1.0 £ 0.01a
Leaves of L. benzoin

350 253+ 1.8 12.2+1.0 48.1 £ 0.4 0.9+0.1 3.5+0.2

700 30.1 £ 1.7 145+ 0.8 48.3 £ 0.1 0.9 0.1 3.1x0.1
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Table IV. Estimates of respiratory electron transport pathways in stem slices (about 1 mm thick)

of S. olneyi

Dark O, uptake rates were measured at 30°C either in the absence, or just after the addition of,
substrates (10 mm Suc + 10 mm Gly) plus uncoupler (0.95 um CCCP). When substrates and CCCP
were used, the slices were incubated with 20 mm Suc + 20 mm Cly for 30 to 60 min at room
temperature prior to measurement. The maximum uncoupled respiration rate is called Vs Inhibitors
of electron transport (12.5 mm SHAM; 1.1 mm KCN) were used to determine the coupled and
uncoupled “activity” of both the cytochrome (v.,) and alternative (v.x) pathways, and also the
“capacity” of the alternative pathway (V). The parameter p is the ratio vu/Vax in uncoupled slices.
Values shown are means =+ st of 3- to 5 replicates, except in the case of Vimax, wWhere the number of

replicates was 6 to 10. For other details, see Table .

Dark O, Uptake

[CO,] during ~Substrates +Substrates
Growth -CCCP +CCCP
Voyt Valt Vinax Veyt Vle Vit p
pl L™ pmol kg™ dry weight s’
350 6.4+03 0 15303 10303 3.6+03 13.3+£03 03
700 36+x03c O 147 £ 1.1 47+06c 92+19 13114 0.7

in this study (Table IV). Under these conditions, the uncou-
pled activity of the Cyt pathway (which may reflect the
capacity of this pathway) was greatly reduced under high
COs; treatment. This correlates well with the activity normally
expressed in the absence of uncoupler, but the expression of
the alternative oxidase was greatly enhanced in uncoupled
stems of high-CO.-grown S. olneyi plants in the absence of
substrate limitation (Table IV). The capacity of the alternative
pathway (V..), estimated by cyanide resistance, was un-
changed by the CO; treatment (Table 1V).

The results showed that maximum respiratory rates (esti-
mated with CCCP in the absence of substrate limitation)
were similar under different CO, treatments. Under these
experimental conditions the changes in the rates of the Cyt
and alternative electron transport pathways were such that
they were mutually compensated (Table IV). Our results also
suggest that the limitations of respiration in high-CO,-grown
plants seem to be related more to changes in electron trans-
port than to a limitation of substrate utilization pathways
(e.g. carbon metabolism).

To confirm this idea, we measured the level of two enzyme
complexes from the Cyt pathway: Cyt ¢ oxidase and complex
I (Cyt bc, complex; Tables V and VI). The results clearly

indicated that high-CO,-grown S. olneyi plants had lower
Cyt ¢ oxidase activities (Table V), and these acfivities were
correlated with the intact tissue respiration (Fig. 1), suggesting
that intact stem respiration of S. olneyi was tightly coupled to
production of ATP in both CO; treatments. The correspond-
ence between the estimates of the Cyt pathway obtained
using either inhibitors or enzyme activities was remarkably
good. In the case of L. benzoin grown at different CO; levels
for more than 1 year, the activity of the intact tissue uncou-
pled Cyt pathway (estimated with inhibitors) ar.d the Cyt ¢
oxidase and the complex III activities were significantly re-
duced in elevated CO,, and all three activities were correlated
(Table VI; results of summer 1992). Interestingly, it has also
been reported that elevated CO; directly inhibits Cyt ¢ oxi-
dase activity (Palet et al., 1991, 1992).

The above results suggest that Cyt ¢ oxidase levels (and
perhaps other components of the Cyt path) may contribute
to the control of respiration rate in plants exposed to high
levels of atmospheric CO, when grown under natural con-
ditions. Thus, the levels of Cyt path components can be an
important physiological limiting factor for coupled respira-
tion. The fact that CO. inhibits activity of Cyt ¢ oxidase in
short-term and long-term studies suggests a relation between

Table V. Effect of elevated CO, concentration during growth in the field on Cyt c oxidase activity of

S. olneyi stems and of S. patens leaves

Temperature during the assay was 25°C. Values shown are means + st of three to six determinations
using different tissue samples. The assay was repeated twice for every sample and the results were

averaged. For statistical details, see Table I.

[CO.] during Growth Cyt ¢ Oxidase Activity
wl 7 umol O, kg™ fresh weight s™' umol O, kg™ dry weight s™!

Stems of S. olneyi

350 3.3+04 11.4+14

700 1.4+0.2b 5.0+ 0.6b
Leaves of S. patens

350 329+27 69.4 £ 5.0

700 295+ 2.2 65.3 4.7
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Table V. Effect of elevated CO, concentration during growth on the uncoupled (by CCCP) Cyt
pathway, the Cyt ¢ oxidase activity, and the complex Iil (Cyt bc,) activity of L. benzoin leaves

Measurements were made during the summer of 1992, the second year of exposure to elevated
CO; within open-top chambers. Temperature during measurements was 25°C. Values shown are
means * st of six replicates using different tissue samples. The assay was repeated twice for every
sample and the results were averaged. For other statistical details, see Table I.

[CO;] during Uncoupled Cyt Cyt ¢ Oxidase Cyt bcy Complex
Growth Pathway Activity Activity
plL™ umol O, kg™ dry weight s~ mmol Cyt c kg™ dry weight s™
350 144 x£1.1 389+36 406 £ 5.6
700 73*13a 10.8 = 1.7¢c 16.1 £ 1.7b

these effects. But plant respiration might also be enhanced
over a short time period by CO, through changes in carbo-
hydrate levels, due to increased photosynthesis rates (Azcon-
Bieto et al., 1983; Azcon-Bieto and Osmond, 1983; Hrubec
et al., 1985; Lambers, 1985; Amthor, 1991). Although these
short-term CO, effects on respiration are apparently contra-
dictory, they are independent and can occur simultaneously.
Interestingly, Kromer et al. (1993) reported changes in mito-
chondrial respiration mediated by changes in photorespira-
tion rates under different CO; conditions.

In summary, we present evidence to support the hypothesis
that in some plants, respiration of green tissues will be
reduced by rising atmospheric CO. concentration coincident
with increased growth: elevated CO, stimulated photosyn-
thetic CO, assimilation and growth of roots and shoots of S.
olneyi in the field during 7 years of exposure to high CO,
(B.G. Drake, unpublished data). Reductions in tissue nitrogen
concentration are also a feature of the response to the CO,
treatments in this plant and in other plants studied and
reduced rates of respiration are commonly observed with

Scirpus olneyi

r=0.95 CONTROL

AMBIENT

ELEVATED

AKE (pmol.Kg ldry weight.s™1)
N
B

O 1 i L i
0 3 6 9 12 15

CYTOCHROME c¢ OXIDASE ACTIVITY
(pmol Oz.Kg_ldry weight.s_l)

0_ UPT
2

Figure 1. The dependence of the rate of intact tissue dark respira-
tion from green stems of S. olneyi on the extracted activity of the
enzyme Cyt ¢ oxidase measured at 25°C. Plants were grown in the
field inside open-top chambers (summer 1991) at either ambient
or elevated CO; concentrations, as well as in unchambered control
plots. Bars are 2 st For other details, see Tables Il and V.

lower nitrogen concentrations. But the reduction in tissue
nitrogen, perhaps through reduction of the content of pro-
teins, mainly Rubisco, explains only part of the CO,-depend-
ent variations in respiratory rate reported here. Reduction of
the rate of respiration in S. olneyi and L. benzoin was shown
to be due largely to reduction in some enzymatic complexes
of the mitochondrial electron transport chain, resulting in the
reduction in the activity of the Cyt pathway.
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