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Abstract

The photosynthetic responses of pot&olpnum tuberosuifi..)] to CO, enrichment were studied in open-topped

field chambers. Plants were raised in 2.4 ptastic enclosures over three growing seasons from 1996 to 1998.
Plots were continuously fertilized with 1, 1.5 and 2 times ambient daytimg Tkese were the low (L), medium

(M) and high (H) CQ treatments, respectively. Tuber dry matter yields were increased 9 and 40%, respectively, in
the M and H treatments compared to the L Qf@atment. Net photosynthesigjRnd conductance to water vapor

(gs) of upper canopy leaves were measured at 1 or 2-week intervals at the growthe@ial pressure and thep P

of plants in the L treatment was determined at 70 Pa 0Qq). Leaflet B rates averaged over all measurement
dates were 28, 49 and 84% greater, respectively, in the M, H an@0Q, treatments, compared to plants in the L
treatment. Changes of,fh response to the L, M and H GQreatments were proportional to increases of internal
CO;, (Gj) and at low leaf-to-air vapor pressure deficits mid-dayvas inversely related to growth GOThe ratio

of P, at H compared to 9 was 0.81 when averaged over all measurement dates. Leaf soluble protein, Rubisco
protein and chlorophyllg + b) levels were unaffected by GQreatment. Total Rubisco activity was decreased by
CO, enrichment in 1998, but percent activation was similar in the L, M and H plots. Leaf starch was increased
but sucrose, glucose and fructose were unaffected by t@@tment. The above findings indicated that a down
regulation of B in response to elevated G@as consistently observed in field-grown potato. This was attributed

to a decrease of total Rubisco activity that was potentially due to the presence of inhibitory compounds bound to
the active site of the enzyme. The amount of photosynthetic acclimation observed here did not preclude a persistent
enhancement of funder the elevated CQrowth conditions.

Abbreviations: P,—net photosynthesis; jSinternal CQ concentration; Rubisco—ribulose 1,5-bisphosphate
carboxylase/oxygenasgs— stomatal conductance; PAR —photosynthetically active radiation; L, M, H agd L
low (35 Pa), medium (53 Pa), high (70 Pa) and low at high @8atments, respectively; DOY —day of year; Chl
(a + b), chlorophylla plusb

Introduction COu. Conversely, Raper and Peedin (1978) observed
that B, rates of rapidly expandinijicotiana tabacum
The degree of photosynthetic acclimation that occurs leaves did not differ significantly after 28 to 35 d
during growth in elevated C£s variable among ter-  treatment with 40 and 100 Pa GOThe majority of
restrial plants. Campbell et al. (1988) reported that elevated CQ studies reported in the literature have
leaflet R, rates ofGlycine maxwere ca. 150% greater been performed under greenhouse or controlled en-
after 56 to 60 d of growth at 66 compared to 33 Pa vironment conditions. These studies are difficult to
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interpret because the quality and quantity of light, the in this species by providing a strong sink for current
rooting volume and nutrient levels are major complic- photsynthate.

ating factors. It has been suggested that the differing

photosynthetic responses of crop plants t0,GD-

richment in greenhouse and controlled environment Materials and methods

studies could be influenced by these extrinsic variables

(Arp 1991). Much less is known about the responses Plant materials

of crop plants to elevated GQunder field conditions.
The objectives of the current study were to determine
the effects of CQ enrichment on leaflet gas exchange
rates ofSolanum tuberosuifpotato) in the field.

In spite of the obvious agronomic importance of
potato, we are aware of only a few studies (Sage et al.
1989; Wheeler and Tibbits 1997; Ludewig et al. 1998
Miglietta et al. 1998) dealing with the effects of elev-
ated CQ on the growth and photosynthetic properties
of this plant. Sage et al. (1989) observed little or no
photosynthetic acclimation &. tuberosumat low G,
although a positive stimulation of,Poccurred when
C; exceed 60 Pa C£ These authors also reported
that Rubisco activation state in this species decreased
from 85% to 66% when the growth G(artial pres-
sure was increased from 30 to 95 Pa. Ludewig et al.
(1998) observed a slight negative acclimation gf P
for 8 week-old wild typeS. tuberosungrown at el-
evated CQ. This effect of elevated C£on B, did not
occur in 3 week-old plants, and Rubisco activity was
unaffected by C@ enrichment. These authors attrib-
uted the C@-dependent adjustment of, h potato to
an imbalance between rates of end product synthesis
and rates of C@ assimilation. However, it was not
obvious how the 3 and 8 week-old wild type plants
differed with respect to rates of starch and sucrose
synthesis. Wheeler and Tibbits (1997) reported that
total biomass was increased but tuber dry matter yield
was unaffected by enrichment with 100 PaQi{Diring
growth of potato in controlled environments. Miglietta
et al. (1998) found that tuber yield was 40% greater
at 66 Pa compared to ambient €@ a free-air CQ
enrichment study. Additional information on the ac-
climation of B, in S. tuberosunin response to C®
enrichment is needed to resolve these conflicting ob- Single leaf R was determined on 7-9 dates each year
servations. Because most of these preceding studiesat ca. 1-2-week intervals. Measurements pfiere
were performed in either glasshouses or in controlled initiated about 1 month after planting and were termin-
environment chambers, a field study on the photosyn- ated in August of 1996 and 1997 and in July of 1998.
thetic responses of potato to growth in elevated,CO Gas exchange rates were measured with a portable,
could be insightful. open photosynthesis system equipped with, @6n-

The inhibition of B, during growth in elevated  trol (CIRAS-1, PP Systems, Haverhill, MA). Meas-
CO; is often correlated with excessive starch and yrements were performed using the terminal leaflet of
sucrose accumulation. We postulated that developingthe most recenﬂy, fu||y expanded leaf in the upper
tubers would mitigate the acclimation response pf P canopy within 2 h of solar noon on sunny days when

Certified disease-free potato&@on{anum tuberosuin

cv. Atlantic) were planted in the field at Beltsville,
MD, USA, in a well-fertilized and limed, uniform
Codorus silt loam. Seed tuber sections with two to
three buds each were planted in hills about 30 cm
_“apart using a 30 cm row spacing. Plants were grown
" during the 1996 through 1998 growing seasons in ac-
rylic open-topped chambers covering 2.4 land area
(Sicher and Bunce 1997). Plots were sown the first
week of June in 1996 and 1997 and during the last
week of March in 1998. Three GQreatments were
planted in replicate chambers using a completely ran-
domized design. The CQreatments were maintained
continuously from planting and were either ambient
(35 + 2 Pa), 1.5 times ambient (58 5 Pa) or twice
ambient (70t 5 Pa), when measured during the day.
These are referred to as the low (L), medium (M) and
high (H) CQ treatments, respectively. Chamber £0
concentrations were monitored continuously with a
WMA-1 infrared gas analyzer (PP-Systems, Haverhill,
MA, USA)! and pure, supplemental GEMGI Indus-
tries, Baltimore, MD, USA) was injected, as needed,
from a 6 ton cryogenic storage tank. Constant air flow
(12 m® min—1) through each chamber was maintained
with exhaust blowers and adjustable height mixing
fans produced an air speed of 1.5 it siear the top of
the canopy. Chamber air temperatures were cC 1
greater on average and PAR was reduced ca. 10% in
comparison to the external environment. Other growth
conditions have been described elsewhere (Sicher and
Bunce 1997).

Gas-exchange measurements
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the incident irradiation exceeded 15@fnhol m—2 s~1 NaOH, pH 8.2, 8 mM Mgd, 0.6 mM Rul,5bisP
PAR. Leaf temperatures during thg mieasurements  (Sigma Chemical Co., St. Louis, MO) and 10 mM
were 24-33°C, but on any given measurement date [**C]NaHCQ; (0.35 Ci mol1). Assays were termin-
leaf temperatures did not vary by more tharf@ ated after 30 s at 25C with 0.2 ml of 0.5 N HCI.
between CQ@treatments. Gas exchange rates were de- Rubisco proteins were separated by denaturing gel
termined at the respective chamber QOgartial pres- electrophoresis, stained with Comassie brilliant blue-
sure used for plant growth (i.e. L, M and H) and then R and quantified according to the procedure of Makino
P, of leaflets in the low C@treatment was measured et al. (1986). Total soluble protein was measured with
at 70 Pa CQ (L70). Net CQ exchange rates, stomatal a dye-binding method using standard curves prepared
conductances to #D vapor @) and intercellular C@ with BSA (Bradford 1976). Solvent extracts were used
concentrations (G were obtained from the output of to measure both pigment levels and various carbo-
the photosynthesis system. Leaf-to-air vapor pressurehydrate fractions (Sicher and Bunce 1997). Leaf Chl
difference was calculated from the ratio of transpira- (a + b) concentrations were determined in acetone
tion to stomatal conductance and the vapor pressureaccording to Lichtenthaler (1987). Leaf starch was
of air inside the leaf boundary layer was used as a recovered from the pellet fraction and was digested
reference (Bunce 1998). Gas exchange values for eachfor 4 h at 45°C with a mixture of amyloglucosi-
CO, treatment were based on measurements of threedase (A-7255, Sigma Chem. Co., St. Louis, MO) and

different leaflets from two chambens £ 6) and 3 year
means were fon = 96.

Biochemical measurements

a-amylase (Mylase 100, GB Fermentation Ind., Char-
lotte, NC) in 0.1 M acetate buffer, pH 4.5. The alcohol
fraction was evaporated undep Mt 37°C. Sucrose
was hydrolyzed for 4 h at 37C with acid invertase
(5 mg mi1, 1-4504, Sigma Chem. Co., St. Louis,

Samples were harvested on five dates during the 1998MO) in 0.2 M citrate buffer, pH 5.0. Free glucose
growing season for leaf tissue analysis. Four of these and fructose, as well as glucose liberated from starch
sampling dates corresponded to dates used for measand sucrose, were measured spectorphotometrically in

uring photosynthesis. Leaf discs totaling 3.5°deaf
area were removed from either the terminal or sub-

coupled enzyme assays (Bergmeyer et al. 1965).

tending leaflets of upper canopy leaves. Three pairs of Statistical treatments

discs were harvested from each plant and two plants

were sampled from each chamber on the specified Significant differences were calculated by a one-way

dates. Leaf discs were rapidly frozen with liquig N
and stored in Al foil bags at —80C until use. Tuber

analysis of variance procedure usiRg< 0.05 (Su-
perANOVA, Abacus Concepts, Berkeley, CA). Gas-

numbers per chamber and dry weight were determined exchange data for all 3 years were combined after

at maturity in 1997 and 1998.

Initial and total Rubisco activities were determined
radiochemically before and after activation of the en-
zyme with CQ and Mgt according to Perchorowicz

et al. (1981). Leaf tissue was extracted in ground glass

tissue homogenizers at°’C in 1 ml buffer containing
50 mM Bicine-NaOH, pH 8.2, 10 mM MggJ 10%
(v/v) glycerol, 5 mM ditihiothreitol, 2% BSA (w/v)
and 0.01% Triton-X-100. Extracts were centrifuged
3 min at 4°C in a microfuge (model B, Beckman,
Fullerton, CA) and supernatants were immediately
frozen in liquid N.. Enzyme extracts were preincub-
ated for O (initial activity) or 20 min (total activity)
at 0°C in stoppered vials containing 40 mM Bicine-
NaOH, pH 8.2, 8 mM MgG, 10 mM NaHCQ, 5
mM ditihiothreitol and 1 mM 6-phosphogluconate.
Assays were initiated by injecting 28 enzyme into
0.2 ml reaction mixtures containing 40 mM Bicine-

determining that the treatment by date interaction was
nonsignificant.

Results

Tuber yield

Potato plants in the L CPOplots produced an aver-
age of 40 tubers per chamber, with a mean vyield of
410 g for the 1997 and 1998 harvests (data not shown).
Tuber number per chamber was 14 and 44% greater
on average in the M and H treatments compared to
the L CQ treatment, respectively. Similarly, tuber dry
matter was increased 9 and 40%, respectively, in the M
and H treatments. Results for the L and H treatments
were significantly different & < 0.05.
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Figure 1. Gas exchange results for field-grovolanum tuberosurm response to C® enrichment. Mean valuex SE ( = 96) of all
measurement dates from 1996 to 1998 are for (A) net photosynthgsiB)MMean valuest SE ( = 12) for measurements of, by date for
the 1998 growing season. Measured leaf temperatures by date were 26,32,24,29,30,33@r(Bhternal CQ concentration, ¢ and (D)
stomatal conductance to® vapor,gs. Measurements are for the L (35 Pa), M (53 Pa), H (70 Pa) apddrown at 35 Pa and measured at
70 Pa) CQ treatments. Letters above vertical bars denote significant differen&es 8t05 and were determined using a one-way ANOVA. L
(0), M (a), H (@) and Lzg ().

- Table 1. Fisher’s protected LSD probabilit-

] ¥ ~—— ies for single leaf gas-exchange determina-

P 12 " 1 tions of Solanum tuberosuraveraged over

lc,:’ ¢ . years 1996-1998. Treatments generated a

S . : significantF-value for each parameter based

= on a one-way analysis of variance procedure

& 1.0 @ . 1 andn=96

< * .

‘: - T Comparison P C; Os

S 08 . 1 Lvs. M 0.001 0.001 0.020

o = Lvs. H 0.001 0.001 0.001

- - Lvs. Lyg 0.001 0.001 0.735

a 06 Mvs. H 0.001 0.001 0.129

c

(3 0 1 p 1 Mvs. L7g 0.001 0.001 0.008
Hvs. Lyg 0.001 0.274 0.001

Leaf to Air Vapor Pressure Difference, kPa

Figure 2. Effects of leaf-to-air vapor pressure difference on the
short-term response of leaf conductance to increased carbon diox-
ide. Plants were grown in the field at ambient (L) £énd PAR

was ca. 150Q:mol m~2 s~1. When results were fitted by linear
regression the y intercept was 1.29 and the slope was — (%29 (
0.70).

1996 through 1998 growing seasons (Figure 1). Mean
leaflet B, rates over the 3 year investigation were 28,
49 and 84% greater, respectively, in the M, H and
L70 CO, treatments, when compared to data for plants
in the ambient (L) CQ@ plots (Figure 1A). Treatment
effects of CQ enrichment on rates of,Pwere ob-
Effects of CQ enrichment on the gas-exchange re- served for each measurement date during the 1998
sponses ofS. tuberosumwere summarized for the  growing season (Figure 1B). Rates of Were max-

Leaf gas-exchange
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Table 2. Mean values for the 1998 planting and g@eat- 4t yagr (DOY) 142 and 148, and decreased on sub-
ment effects on various leaf constituents and Rubisco activity in . .
field-grown Solanum tuberosunMeans are fon = 20 andP was sequent sampling dates. Whole leaf concentrations of
obtained by a one-way ANOVA procedure the three soluble carbohydrates measured in this study,
sucrose, glucose and fructose, were unaffected by the
Measurement L M H P M and H CQ treatments (Figures 3B-D).
Starch, mmol m? 35.1 57.2 76.7 0.001
Sucrose, mmol m? 5.1 5.5 58 0.28 Leaf components and Rubisco activity
Glucose, mmol m?2 0.9 1.0 1.0 078
Fructose, mmol m2 1.1 1.4 14 056 Soluble protein levels were between 5.1 and 5.8¢m
Soluble protein, g m?2 5.4 5.4 51 062 in the three CQ treatments, and these means were
Rubisco protein, gm2 1.3 1.3 12 0.69 not significantly different (Figure 4A). Rubisco pro-
Chi(a+b),gm—2 019 018 018 051 tein and total Chld + b) levels also did not differ in
Chl (a/b), 4.8 4.8 46  0.72 the the L, M and H treatments (Figure 4B, C). The
Initial Rubisco Chl (a/b) ratio was between 4.6 and 4.8 in all three
activity, umolm™2s™1 342 302 27.2 0.6 CO, treatments and these values were not significantly
Total Rubisco different. Initial and total Rubisco activities in the am-
activity, umolm~2s~1 400 347 317 002 bient (L) CO treatment were 34.2 and 4Q.@nol m—2

Percent Rubisco

o s~1, when data from all five sampling dates were aver-
activation 84.7 87.7 83.5 0.25

aged (Figure 4D). Initial Rubisco activity was similar
in all three CQ treatments® > 0.05), but total Ru-
bisco activity was 13% and 21% lower in the M and H
treatments, respectively, compared to the L,G@at-
imal between DOY 142 and 153, and then decreased ment. Rubisco irS. tuberosunwas between 84 and
as the plants grew older. Despite later sowing dates in 88% activated in the L, M and H plots, and no £0
1996 and 1997, responses of #® CO, enrichment treatment effects on percent activation were detected.
were similar during all three growing seasons (data

not shown). There were also corresponding increases

in C; for the M and H, compared to the L GQreat- Discussion

ment (Figure 1C). However, mean €oncentrations

in the H and Izo CO, treatments were 504 and 511 Mechanisms of photosynthetic enhancement in re-
ul 171, respectively, and these values were not sig- sponse to short-term (minutes to hours) C&rich-
nificantly different (Table 1). As anticipated, average ment are well understood and have been attributed
rates ofg, measured at midday were decreased by to the catalytic properties of Rubisco (Bowes 1991).
CO; enrichment (Figure 1D), although measurements By comparison, photosynthetic adjustments that oc-
of g; were similar in the L and o treatments. As ob-  cur during long-term (days to weeks) plant growth in
served for other species (Bunce 1998), the short-term elevated C® are more variable and are not as well
response ofj; to elevated C@ was dependent upon  explained (Stitt 1991; Sage 1994). We have quan-
leaf-to-air water vapor pressure difference (Figure 2). tified the extent of photosynthetic enhancement that
This relationship was essentially lineaf (: 070) and occurred during growth ofolanum tuberosurat el-
lower conductance at elevated measurement Qi@ evated CQ and have shown that this enhancement of
not occur at values of leaf-to-air water vapor pressure p, persisted throughout the growing season. Present

difference less than ca. 1.5 kPa. results also demonstrate that, except for thgrneas-
urement, changes of,Hn response to C®enrich-
Leaf carbohydrates ment were proportional to elevated g@ependent

increases of € In addition, there was an inverse re-
Whole leaf starch levels were between 24 and 44 lationship between average middayand the growth
mmol m~2 in the ambient (L) C@treatments on five ~ CO, treatment. A reduction af, in response to C®
measurement dates during 1998 (Figure 3A). Mean enrichmentis commonly observed in terrestrial plants
leaf starch concentrations were greater in the M and (Sage 1994). In agreement with Farquhar and Sharkey
H compared to the L C®treatment (Table 2). Leaf (1982), changes of; and R, in S. tuberosunmain-
starch in the M and H treatments was maximal on day tained a ratio of €to ambient CQ of ca. 0.71 in
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Figure 3. Effects of CQ enrichment on whole leaf concentrations of nonstructural carbohydrates in field-§aanum tuberosururing
1998. Meanst SE ( = 4) are shown for (A) Starch; (B) Sucrose; (C) Glucose; and (D) Fructose. Vertical bars represent L (open), M (single

hatch) and H (cross hatch) G@eatments, respectively.
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Figure 4. Effects of CQ enrichment on concentrations of N-containing leaf constituents and Rubisco activities of field-§odarmum
tuberosunduring 1998. Means: SE (h = 4) are shown for (A) Soluble protein; (B) Rubisco protein; (C) Ght p); and (D) Initial (foreground)
and total Rubisco (background) activities. Vertical bars are described in Figure 3.
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the L, M and H plots. Consequently, there was no significantly altered by C®enrichment. These results
evidence for stomatal acclimation to elevated,Gitat are in agreement with prior reports (Sage et al 1989;
was separate from photosynthetic acclimation in this Ludewig et al. 1998). Therefore, the more moderate
study. The dependence of short-term changegs by amounts of photosynthetic acclimation observe&in
elevated CQ@ on vapor pressure difference was sim- tuberosumwere not associated with protein mobiliz-
ilar in potato to that observed for other species (Bunce ation, and it was unlikely that accelerated senescence
1998). It should be noted that rates gf Were lower occurred inS. tuberosungrown in elevated C@ It
in the H treatment than in the;b measurements. This  was also probable that the mechanism of photosyn-
difference occurred at the same, Ghereby showing  thetic acclimation differed in wheat and potato leaves,
that long-term CQ enrichment negatively affected P at least during the latter stages of ontogeny. Unlike the
in the H plots and that this decrease was attributable to reproductive stage in small-grain cereals, tuber form-
nonstomatal factors. ation in S. tuberosuntikely precluded the possibility
Photosynthetic acclimation has been defined as dif- that B, was sink limited. This conclusion assumes
fering rates of R for ambient and elevated G&yrown that phloem loading did not impose a restriction on
plants measured at the same LC@artial pressure  C export independent of sink strength.
(Long 1991). Using this criterion, we concluded that Leaf starch was the only nonstructural carbo-
photosythetic acclimation to the growth @@eatment hydrate that was altered by GQenrichment inS.
was evident when the H and;¢ P, measurements tuberosum(Figure 3). Our carbohydrate measure-
were compared. Mean rates gf ffom 1996 through ments were in broad agreement with results from a
1998 were 18% lower on average in the H compared controlled environment investigation (Ludewig et al.
to the Lyo measurements. 1998). This finding suggested that photosynthetic ac-
Photosynthetic acclimation was observed on every climation probably was not mediated by carbohydrate
measurement date, except for two dates in 1997 thatregulated suppression of gene expression. According
were affected by a soil moisture deficit (data not to this hypothesis (Jang and Sheen 1997), intracellular
shown). Huxman et al. (1998) similarly observed that sugar-sensing mechanisms respond to excess carbo-
drought eliminated evidence of photosynthetic accli- hydrate by decreasing transcripts for photosynthetic-
mation to elevated C®in Larrea tridentata. These ally associated genes, such as the small subunit of
authors postulated that water deficits reduced carbo- Rubisco. Rubisco protein and total Chl were unaf-
hydrate formation to the point that feed back inhibition fected by CQ enrichment in this study. These results
of P, was undetectable. The above findings with virtually eliminate the possibility that changes of ma-
potato differ in many respects from those of previous jor leaf proteins were responsible for photosynthetic
investigations (Sage et al. 1989; Ludewig et al. 1998) acclimation to elevated COn S. tuberosum.
and document the value of multi-year field studies. Following the initial observations of Wong (1979),
Unlike earlier investigations with wheat (Garcia there has been considerable interest in determining
et al. 1998; Sicher and Bunce 1998), photosynthetic the effects of decreased Rubisco activity on photo-
acclimation inS. tuberosurdid not increase progress- synthetic acclimation to elevated GORates of total
ively with leaf age. Acclimation of Pincreased with Rubisco activity reported here were similar to those in
age in wheat flag leaves, so that all evidence of photo- an earlier study using potato leaf extracts (Ludewig et
synthetic enhancementin response tp@8richment al. 1998). In the present study, total Rubisco activity
was abolished during the late stages of grain-filling. was 13-21% lower at elevated than at ambienp CO
Leaf constituents, such as Chl £ b), soluble protein but initial Rubisco activity was similar in all three GO
and Rubisco protein, were significantly lower in flag treatments. Unlike the current study, these investigat-
leaves of wheat grown at elevated compared to ambi- ors did not detect changes of total Rubisco activity in
ent CQ (Nie et al. 1995; Sicher and Bunce 1998), and response to C@enrichment. The elevated G@ffects
the elevated C@dependent decline of,Pin wheat on total Rubisco activity reported here were not the
flag leaves was attributed to early maturation and ac- result of changes in leaf Rubisco protein content. Our
celerated senescence. Consistent with changeg,in P preliminary attempts to measure Rubisco activity in
effects of CQ enrichment on N-containing leaf con- these samples were unsuccessful, and it was necessary
stituents were greater in older than in newly expanded to add 2% BSA to the extraction medium and 1 mM
flag leaves. In the present study, Chl«{ b), soluble 6-phosphogluconate to the activation medium to attain
protein and Rubisco protein in potato leaflets were not reliable measurements. This suggested that inhibitory
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