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The enhancement of
photosynthetic performance,
water use efficiency and potato
yield under elevated CO, is
cultivar dependent

Keshav Dahal*, Matthew A. Milne and Taylor Gervais

Fredericton Research and Development Centre, Agriculture and Agri-Food Canada, Fredericton,
NB, Canada

As a fourth major food crop, potato could fulfill the nutritional demand of the
growing population. Understanding how potato plants respond to predicted
increase in atmospheric CO, at the physiological, biochemical and molecular level
is therefore important to improve potato productivity. Thus, the main objectives of
the present study are to investigate the effects of elevated CO, on the
photosynthetic performance, water use efficiency and tuber yield of various
commercial potato cultivars combined with biochemical and molecular analyses.
We grew five potato cultivars (AC Novachip, Atlantic, Kennebec, Russet Burbank and
Shepody) at either ambient CO, (400 umol CO, mol™) or elevated (750 pmol
CO, mol™) CO,. Compared to ambient CO,-grown counterparts, elevated
CO,-grown Russet Burbank and Shepody exhibited a significant increase in tuber
yield of 107% and 49% respectively, whereas AC Novachip, Atlantic and Kennebec
exhibited a 16%, 6% and 44% increment respectively. These differences in
COs,-enhancement of tuber yield across the cultivars were mainly associated with
the differences in CO,-stimulation of rates of photosynthesis. For instance, elevated
COs; significantly stimulated the rates of gross photosynthesis for AC Novachip
(30%), Russet Burbank (41%) and Shepody (28%) but had minimal effects for Atlantic
and Kennebec when measured at growth light. Elevated CO, significantly increased
the total tuber number for Atlantic (40%) and Shepody (83%) but had insignificant
effects for other cultivars. Average tuber size increased for AC Novachip (16%),
Kennebec (30%) and Russet Burbank (80%), but decreased for Atlantic (25%) and
Shepody (19%) under elevated versus ambient CO, conditions. Although elevated
CO, minimally decreased stomatal conductance (6—-22%) and transpiration rates
(2-36%), instantaneous water use efficiency increased by up to 79% in all cultivars
suggesting that enhanced water use efficiency was mainly associated with increased
photosynthesis at elevated CO,. The effects of elevated CO, on electron transport
rates, non-photochemical quenching, excitation pressure, and leaf chlorophyll and
protein content varied across the cultivars. We did not observe any significant
differences in plant growth and morphology in elevated versus ambient CO,-grown
plants. Taken all together, we conclude that the CO,-stimulation of photosynthetic
performance, water use efficiency and tuber yield of potatoes is cultivar dependent.
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Introduction

Atmospheric CO, concentration is predicted to continue to rise
from current ambient CO, concentration of about 400 pmol CO,
mol ™! (NASA, 2023) to approx. 700 wmol CO, mol ', by the end of
the 21°" century (IPCC, 2007). Such increase in atmospheric CO,
concentration may profoundly affect plant growth, photosynthetic
performance and crop productivity worldwide. The anticipated
increase in atmospheric CO, concentration is expected to have
positive effects on most C; species particularly through stimulation
of rates of photosynthesis and water use efficiency (WUE), which
may consequently enhance plant biomass and yield (Ainsworth and
Long, 2005; Ainsworth and Rogers, 2007; Xu et al., 2013; Dahal
et al, 2014; van der Kooi et al, 2016; Dahal and Vanlerberghe,
2018). The extent of CO,-stimulation of rates of photosynthesis and
plant biomass is, however, dependent on the temperature, water
status, nutrient status and growth facilities (Leakey et al., 2009).
Previous studies have suggested that the increase in atmospheric
CO, concentration by double the current CO, level is predicted to
stimulate growth and yield of most C; crop species by up to 36%
(Kimball and Idso, 1983; Cure and Acock, 1986) mainly through
increase in carbon assimilation and WUE, and decrease in
photorespiration (Ainsworth and Long, 2005; Ainsworth and
Rogers, 2007; Dahal and Vanlerberghe, 2018; Wujeska-Klause
et al., 2019). Growth of plants under elevated CO, is also believed
to suppress stomatal conductance leading to reduced transpiration
water loss and consequently improved WUE (Ainsworth and
Rogers, 2007; Leakey et al., 2009; Katul et al., 2010; Lammertsma
et al., 2011; Ji et al., 2015; Engineer et al., 2016; Cao et al., 2022).

C; plants stimulate rates of photosynthesis following shifts from
ambient to an elevated CO, (Cheng et al.,, 1998; Long et al., 2004;
Ainsworth and Rogers, 2007; Dahal et al., 2012; Kaiser et al., 2017;
Zheng et al., 2022). This CO,— induced stimulation of rates of carbon
assimilation in C; plants following a shift to elevated CO, is
attributed to two reasons: First, at current atmospheric CO,
concentration of about 400 pmol CO, mol™!, Ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco), a key
photosynthetic enzyme that assimilate CO, to carbohydrates, is
CO, substrate-limited. This is because the Michaelis constant K,
(CO,) for Rubisco is close to the current ambient CO, concentration
of approximately 400 umol CO, mol ™" (Long et al., 2004; Tcherkez
et al., 2006). Thus, an immediate enhancement of Rubisco
carboxylation velocity can be expected due to increased availability
of CO, substrate for Rubisco following a shift to elevated CO,.
Second, because CO, competitively inhibits the Rubisco
oxygenation of RUBP, elevated CO, will lead to reduction in
photorespiratory carbon loss (Long et al., 2004; Ehlers et al., 2015;
Wujeska-Klause et al., 2019). As a result, as opposed to Rubisco
oxygenation reaction, the assimilatory power, NADPH and ATP, is
preferentially utilized in Rubisco carboxylation reaction to assimilate
CO,. Conversely, long-term growth and development of C; plants at
elevated CO, may lead to feedback inhibition of initial photosynthetic
stimulation gained following short-term shift (Paul and Foyer, 2001).
This may trigger several potential downstream effects on plant
growth, development, and metabolism (MacNeill et al., 2017). The
feedback inhibition of photosynthesis under long-term growth at
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elevated CO, is attributed in part to P; regeneration limitation in the
chloroplast leading to ATP depletion (Stitt and Quick, 1989;
Pammenter et al., 1993). Additionally, prior studies have revealed
that long-term growth at elevated CO, results in the reduction of the
transcript levels for major photosynthetic genes, and subsequent
amount and activities of corresponding proteins (Kramer, 1981;
Stitt and Quick, 1989; Arp, 1991; Drake et al., 1997; Moore et al.,
1999; Byeon et al., 2021).

Potato is one of the principal food crops after wheat, corn and
rice feeding over a billion people worldwide (FAOSTAT, 2021). It is
cultivated in over 100 countries, and the total potato production in
2021 was estimated to be 376 million tons globally. Potatoes are rich
source of essential nutrients such as carbohydrates, dietary fiber,
protein, vitamins, antioxidants and minerals (Beals, 2019).
Improving potato crop productivity under projected increasing
CO, concentrations may therefore contribute to secure the global
nutritional demand of the rising population (Birch et al., 2012),
which is predicted to reach to about 9.7 billion by 2050 (United
Nations et al, 2022). Potatoes have also been considered as a
candidate food crop to support future space life because of its
high yield potential, balanced nutritional values and high harvest
index (Wheeler et al., 2019).

Experiments on effects of increasing CO, concentrations on the
physiological, morphological and growth characteristics of potato
plants have been performed under various growth settings
including growth chambers (Cao et al., 1994; Mackowiak and
Wheeler, 1996; Wheeler and Tibbitts, 1997; Donnelly et al., 2001;
Fleisher et al., 2008; Kaminski et al., 2014; Lee et al., 2020; Chen and
Setter, 2021; Igarashi et al., 2021), greenhouses (Goudriaan and de
Ruiter, 1983; Chen and Setter, 2021), open top chambers (Sicher
and Bunce, 1999; Donnelly et al., 2001; Lawson et al., 2001; Sicher
and Bunce, 2001; Finnan et al., 2002; Katny et al., 2005; Aien et al.,
2014; Fleisher et al., 2021) and under free air carbon dioxide
enrichment (FACE) systems (Miglietta et al., 1997; Miglietta
et al., 1998; Finnan et al, 2005; Fleisher et al, 2021). Although
experimental results have varied widely under various growth
settings, an increase in tuber yield, photosynthetic performance,
and water use efficiency has been generally observed upon growth of
potato plants at elevated CO,.

In a growth chamber experiment, growth of potato plants at
elevated CO, stimulated rates of photosynthesis by 62% at 700 pumol
CO, mol™! and by 43% at 1000 pmol CO, mol ™ relative to those
rates at ambient CO, (Kaminski et al., 2014). Stomatal conductance
and transpiration rates were suppressed by 21% and 19% at 700
umol CO, mol ™', and by 43% and 40% respectively at 1000 tmol
CO, mol ™ in comparison to those rates at ambient CO, (Kaminski
et al., 2014). This was reflected in increased WUE of 89% at 700
pumol CO, mol ™}, and of 147% at 1000 pmol CO, mol ™}, compared
to at ambient CO, (Kaminski et al., 2014). Wheeler et al. (1991)
reported an increase in tuber yield and plant dry weight upon
growth at elevated CO,, the extent of increment, however varied
with growth irradiance and photoperiod. For instance, growth of
potatoes at elevated CO, increased tuber yield by 39% and total
plant dry weight by 34% under 12h photoperiod at 400 pmol m™>s™"
irradiance. However, this stimulation was only 27% and 19% under
12h photoperiod at 800 wmol m > s '. Under 24h photoperiod,
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both total tuber yield and plant dry weight increased by 9% at 400
umol m 2 s™" but decreased both by 9% at 800 pmol m s
to at ambient CO, (Wheeler et al., 1991). In another study, Wheeler
et al. (2019) observed that compared to at 400 pwmol CO, mol ™!,
growth of potato plants at elevated CO, of 1000 umol CO, mol
enhanced the rates of net photosynthesis by 36% and 27% at 400
and 800 umol m ™2 s™' respectively under 12h photoperiod.

relative

However, under 24h photoperiod, these rates were decreased by
11% and 20% at 400 and 800 pmol m™> s™" respectively at elevated
CO, relative to at ambient CO,. Wheeler et al. (2019) revealed that
the increase in tuber yield under elevated CO, was accounted for by
increase in the rates of photosynthesis and reduction in
stomatal conductance.

In an open top chamber study, the potato cultivar ‘Bintje’
exhibited about 40% increase in tuber yield upon growth at either
550 or 680 umol CO, mol ™" of elevated CO, in comparison to at
ambient CO, (Donnelly et al,, 2001). This stimulation was mainly
accounted for by increase in average tuber size with tuber number
having minimal effect. However, in a similar study, Lawson et al.
(2001) reported that although elevated CO, stimulated above-
ground biomass and tuber dry weight of cv. Bintje during the
early stages of the growth season, this stimulation was not observed
later at maturity. The authors reported an increase in tuber
numbers only, but not tuber yield at maturity under elevated
versus ambient CO, growth conditions (Lawson et al, 2001).
Similarly, Aien et al. (2014) observed up to 24% increase in leaf
photosynthesis, 40% in tuber yield and 36% increase in plant
biomass at 570 umol CO, mol ' as compared to at 385 pmol
CO, mol ™%,

The effects of elevated CO, on growth, morphology and
physiology of plants grown under controlled environment may
differ when grown under their more natural settings. Thus, to
advance our understanding of how plants respond to elevated
CO, under their real-world ecosystem, Free-Air Carbon dioxide
Enrichment (FACE) experimental design has been developed.
FACE design allows the growth of plants under field condition
with artificially controlled elevated CO, concentrations. However,
FACE experiment has poor performance than open top chamber
experiment because of fluctuating CO, levels. In a FACE
experiment, growth of potato plants at elevated CO, enhanced
tuber yield and WUE by 34% and 70% respectively in 1998 and, by
53% and 67% respectively in 1999, (Magliulo et al., 2003).

Although the effects of elevated CO, have been studied for
many crop species, including potato, there is little information on
cultivar specific growth, yield and photosynthetic characteristics of
this economically important crop under elevated CO,. Additionally,
majority of previous studies have focused primarily on
photosynthetic parameters and tuber yield with little emphasis on
biochemical and molecular analyses. Understanding how potato
plants respond to predicted increase in atmospheric CO, at the
physiological, biochemical and molecular level is important to
improve potato productivity. Thus, the main objectives of the
present study are to i) investigate the effects of elevated CO, on
the growth, yield and photosynthetic performance and water use
efficiency of various commercial potato cultivars, and ii) evaluate
tuber yield regulation at the physiological, biochemical and
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molecular level under elevated CO,. In the present study, we
measured CO, gas exchange rates and tuber yield in combination
with photosynthetic pigments and leaf protein analyses of five
distinct potato cultivars under ambient CO, (400 pumol C mol™")
versus elevated CO, (750 pumol C mol ™) growth conditions.

Materials and methods

Plant materials, growth conditions and
experimental set-up

Experiments were carried out using five potato (Solanum
tuberosum L.) cultivars (AC Novachip, Atlantic, Kennebec, Russet
Burbank and Shepody) in the growth chambers at Fredericton
Research and Development Centre, Fredericton, Canada. Plants
were grown in 8'*-inch (4L) clay pots containing a general purpose
growing medium with 4 parts soil (Promix BX; Premier
Horticulture) and 1 part vermiculite. The plants were grown in
the controlled growth chambers (BioChambers TPC-15, Winnipeg,
MB, Canada) at either ambient CO, (400 + 20 pmol CO, mol ™) or
elevated CO, (750 + 35 pmol CO, mol ). The plants under both
ambient and elevated CO, conditions were grown at 22/16°C day/
night temperature regimes, photosynthetic photon flux density
(PPED) of 300 + 15 pumol photons m 2 s™', a 16 h photoperiod
and at 50 + 5% relative humidity. The CO, levels, temperatures,
irradiance level, photoperiod and relative humidity in each chamber
were computer controlled and, monitored and recorded
continuously. The plants were watered everyday including
nutrient supplementation every other day. The nutrients were
provided by using 20-20-20 NPK fertilizer, and Fe, Mn, Zn, Cu,
B, Mo, EDTA supplements (Plant Products Co., Ltd., Brampton,
ON, Canada).

In all experiments, one replicate pot for each cultivar in either
the ambient or high CO, growth chamber was grown. The position
of the pots within each growth chamber was randomly changed
twice a week to minimize chamber corner effect. The experiments
were repeated three times during 2019-2022 using different growth
chambers to minimize growth chamber effects. Thus, all data are the
averages of measurements made on three replicate plants from three
independent experiments.

Additionally, we conducted an initial experiment to evaluate the
potential effects of pot size on rooting volume and sink growth. All
five cultivars were grown in pots of varying sizes (6 and 8'/* inches) at
either ambient (400 + 20 umol CO, mol™) or elevated (750 +
35 umol CO, mol™") CO, and under the growth conditions the same
as mentioned above. Tubers were harvested from both ambient and
elevated CO,-grown 140 day-old plants at their maturity and, total
tuber weight, tuber size and number were recorded.

Growth characteristics
Plant height and total leaf number were monitored once a week

and data were recorded when they reached maximum height, and
had maximum leaf number. Specific leaf fresh weight was calculated
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as leaf fresh weight in grams per square meter leaf area, and specific
leaf dry weight as leaf dry weight in grams per square meter leaf
area. Specific leaf weight was determined using a fully expanded
physiologically active terminal leaflet (at the 3™ position from the
top) of 5-week-old plants grown at either ambient CO, or
elevated CO,.

Tuber yield, tuber number and size

Tubers were harvested from both ambient CO, and elevated
CO,-grown 140 day-old plants at their maturity and, tuber weight
and number were recorded. Average tuber size was calculated by
dividing total tuber weight with total tuber number for each cultivar
under both ambient and elevated growth conditions.

Physiological and biochemical
measurements and analyses

All physiological and biochemical measurements and analyses
were subsequently performed on a single fully expanded
physiologically active terminal leaflet (at the 3™ position from the
top) of 5-week-old plants grown at either ambient CO, or elevated
CO,; as described in the following headings.

Measurements of photosynthesis, water
use efficiency and stomatal characteristics

CO, gas exchange rates were measured on fully expanded
terminal leaflets (at the top 3™ position) by using the LI-COR
6400 portable infrared CO, gas analyzer (LI-6400 XRT Portable
Photosynthesis System; LI-COR Biosciences, Lincoln, NE, U.S.A.).
Rates of net photosynthesis (A) was measured at either growth
irradiance (300 PPFD) or saturating irradiance (1600 PPFD), and
under respective growth CO, of either 400 umol CO, mol ™" or 750
umol CO, mol™'. Respiration rates were measured in the dark.
Gross photosynthesis was calculated as the sum of rates of net
photosynthesis and respiration. In addition, stomatal conductance
(gs) and leaf transpiration rates (T) were obtained simultaneously
with CO, gas exchange measurements. Leaf instantaneous water use
efficiency (iWUE) was calculated as the rate of CO, assimilation
divided by the rates of transpiration (A/T).

Chlorophyll a fluorescence measurements

Room temperature Chl a fluorescence was measured
concurrently with CO, gas exchange on the fully expanded
terminal leaflets using a LI-COR 6400. A standard fluorescence
leaf chamber of 2 cm? was used to obtain all measurements of Chl a
fluorescence. The leaves were dark-adapted for 20 min prior to
fluorescence measurements to ensure that all photosystem II (PSIT)
reaction centers were open. This enabled us to obtain the minimum
fluorescence (F,) and maximal fluorescence (F,,) from the dark-
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adapted leaf as previously suggested (Maxwell and Johnson, 2000).
The leaves were then provided with an actinic light of 300 pmol
photons m™* s to determine the minimum fluorescence (F,),
maximal fluorescence (F’,,) and steady-state fluorescence (F;) from
the light-adapted leaves (Maxwell and Johnson, 2000).

The maximal quantum yield of PSII was calculated as F,/F,, as
previously described (Maxwell and Johnson, 2000). Linear electron
transport rates (ETR) through PSII was determined as ETR= (Ppg;;)
(PPFD)(0.84)(0.5), where @pgy; represents the operating efficiency
of PSII (Baker, 2008). Non-photochemical quenching (NPQ), a
measure of heat dissipation of excess light energy, was calculated as:
NPQ = (F,, — F,)/Fy, (Maxwell and Johnson, 2000). Excitation
pressure, a measure of closed PSII reaction centres, was determined
as 1-qP, where qP represents the photochemical quenching of light
energy through PSIIL.

Determination of total leaf protein and
chlorophyll content

Total leaf protein from both ambient CO, and elevated CO,-
grown plants was determined as previously described (Gervais et al.,
2021) to evaluate the effects of elevated CO, on leaf protein content.
Following each CO, gas exchange measurement, the fully expanded
physiologically active leaves from both ambient CO, and elevated
CO,-grown plants were harvested, immediately frozen in liquid N,
and stored at —80°C for further analysis. The frozen leaf samples
were ground into a fine powder using liquid N, in a mortar and
pestle. About 30-35 mg of ground leaf samples were added to 800 pl
of cold (4°C) extraction buffer containing 1 M Tris-HCI (pH 6.8),
10% (w/v) SDS, 15% (w/v) sucrose and 0.5 M DTT. The samples
were vortexed briefly, solubilized at 70°C for 10 min and centrifuged
to remove debris. Total leaf protein concentrations of the
supernatant were quantified using a modified Lowry method
(Larson et al., 1986). While quantifying the total leaf protein
content, the addition of 1 pug of bovine serum albumin
(Invitrogen, Carlsbad, CA) in the extraction buffer was used as an
internal standard.

For chlorophyll analysis, the leaf samples were ground into a
fine powder and total chlorophyll, chlorophyll a (Chl a), and
chlorophyll b (Chl b) content were estimated according to
Arnon (1949).

Statistical analysis

The experiments were replicated three times. Thus, data for all
measurements and biochemical analyses were averages of three
replicates from three independent experiments. Statistical analyses
were performed using ANOVA in Prism 7.0 (GraphPad Software
Inc.). When conducting aNova, growth parameters, CO, gas
exchange, photosynthetic and fluorescence parameters, leaf protein
and pigment content were considered as dependent variables while
the CO, levels were considered as independent variables. Means were
compared at the 5% level of significance (P < 0.05) between ambient
versus elevated CO,-grown plants within each cultivar.
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Results

Effects of pot size on tuber yield, tuber
number and size

We conducted an initial experiment to evaluate the potential
effects of pot size on rooting volume and sink growth by growing
plants in pots of varying sizes (6 and 8"* inches). At ambient CO,,
pot size had minimal effects on total tuber weight, tuber size and
number (data not shown). However, at elevated CO,, although tuber
numbers were minimally affected, total tuber weight and tuber size
were significantly affected by variations in pot sizes, such that total
tuber weight and tuber size increased substantially with larger pot size
for all cultivars (data not shown). Thus, to minimize rooting volume
constraints and sink limitations, all five cultivars were grown in 8"/
inch-sized pots in all experiments regardless of growth CO..

Effects of elevated CO, on
growth characteristics

Elevated CO, had minimal effects on growth habit and leaf
morphology of all cultivars tested relative to their respective
controls at ambient CO, (Table 1). Elevated CO, slightly
increased the plant height for AC Novachip and Shepody but
slightly decreased the height for Atlantic, Kennebec and Russet
Burbank (Table 1). Similarly, total leaf number increased minimally
and for AC Novachip and Kennebec but decreased minimally for
Atlantic, Russet Burbank and Shepody under elevated versus
ambient CO, growth conditions (Table 1). Except for Russet
Burbank, all other cultivars exhibited a minimum increase in the

10.3389/fpls.2023.1287825

specific leaf fresh weight (SLW, g fresh weight m ™ leaf area) when
grown at elevated CO, as compared to at ambient CO, (Table 1).
Elevated CO, significantly increased the specific leaf dry weight
(SLW, g dry weight m™> leaf area) by 20% for Shepody but had
minimal effects for other cultivars as compared to at ambient
CO, (Table 1).

Effects of elevated CO, on tuber yield,
tuber number and size

Under ambient CO,, total tuber yield per plant ranged from
454 g to 626 g across the cultivars (Figure 1A, open bars). The tuber
yield of Russet Burbank and Shepody was comparable when grown
at ambient CO, but was slightly lower from those of AC Novachip,
Atlantic and Kennebec (Figure 1A, open bars). Growth of potato
plants at elevated CO, increased total tuber yield for all cultivars
compared to their counterparts at ambient CO, (Figure 1A, open
versus closed bars). However, the CO,-stimulation of tuber yield
varied across the cultivars such that the stimulation was
significantly higher for Russet Burbank (107%) and Shepody
(49%) (Figure 1A, open versus closed bars). Although we
observed an increase in the total tuber yield of 16%, 6% and 44%
for AC Novachip, Atlantic and Kennebec respectively at elevated
CO,, those increments were statistically insignificant as compared
to their respective controls at ambient CO, (Figure 1A, open versus
closed bars).

Under ambient CO,, total number of tubers per plant were 6-12
across the cultivars (Figure 1B, open bars). Elevated CO,
significantly increased the total tuber number for Atlantic (40%)
and Shepody (83%) but had minimal effects for AC Novachip (0%),

TABLE 1 Effects of elevated CO; on plant morphology and growth characteristics of five potato genotypes grown under ambient CO, (400 umol CO,

mol™) and elevated CO, (750 pmol CO, mol™).

Growth characteristics

Total leaf
number

Plant
height

Cultivars

SLFW
(g fresh

Total
chlorophglll

Total

2RO protein

2 (g dry weight

W/

: 2
h weight m 2 (mg m (gm
lant™® m? leaf area
P ) leaf area) ) leaf area) leaf area)

AC Ambient 84+ 13 1284 + 108 19347 24£26 217 + 26 19.6 22 0.81 + 0.02
Novachip Elevated 89 +7 1398 + 71 218 + 16 27 +29 195 + 29 173+ 19 0.80 + 0.01
Ambient 80 +9 1043 + 164 225+ 19 31435 296 + 15 148 £ 1.7 0.80 + 0.01

Atlantic
Elevated 74 £ 16 841 + 49 246 + 27 33412 223 +21* 19.7 + 1.1* 0.83 + 0.01
Ambient 91 £ 15 821 + 136 252 + 23 33+18 303 £ 17 16.6 + 2.4 0.81 + 0.02

Kennebec
Elevated 89 + 11 942 + 152 267 + 35 36424 201 + 10 141 +12 0.82 + 0.03
Russet Ambient 112 + 13 928 + 76 23849 27 £07 262 + 11 203 +2.1 0.80 + 0.01
Burbank Elevated 96 +9 785 + 133 203 + 18 26+ 1.8 206 + 17* 18.5 + 3.1 0.82 + 0.01
Ambient 81+8 802 + 69 192 + 14 25+ 2.1 274 + 39 18.7 £ 1.0 0.79 + 0.02

Shepody
Elevated 96 + 12 781 + 116 205 + 32 30 + 1.3* 245 + 26 14.1 + 1.5% 0.83 + 0.01

Measurements for specific leaf weight, leaf protein content, leaf chlorophyll content, and F,/F,, were performed on the fully expanded terminal leaflets of 5- week- old ambient and elevated
CO,—grown plants. Data represent the averages of three experiments + SE. Significant differences of the means between ambient CO, versus elevated CO,-grown plants within each cultivar are
indicated by the symbol * (P < 0.05), ** (P < 0.01). SLFW, specific leaf fresh weight; SLDW, specific leaf dry weight; F,/F,,, photochemical efficiency of photosystem II.
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FIGURE 1

Kennebec R. Burbank Shepody

Tuber yield per plant (A), tuber number per plant (B) and average tuber size (C) of five potato genotypes grown under ambient CO, of 400 pmol
CO, mol™ (open bars) and elevated CO, of 750 umol CO, mol™ (closed bars). Data represent the averages of three experiments + SE. Significant
differences of the means between ambient versus elevated CO,-grown plants within each cultivar are indicated by the symbol * (P < 0.05), ** (P <

0.01). R. Burbank, Russet Burbank.

Kennebec (10%) and Russet Burbank (14%) (Figure 1B, open versus
closed bars). Since we observed varied effects of tuber number on
total tuber yield across the cultivars, we figured out whether the
increase in tuber yield under elevated CO, was accounted for by the
tuber size.

Growth at elevated CO, significantly increased average tuber
size by about 30% and 80% for Kennebec and Russet Burbank
respectively (Figure 1C, open versus closed bars). In contrast,
elevated CO, significantly decreased the average tuber size by
25% for Atlantic but had minimal effects for AC Novachip and
Shepody (Figure 1C, open versus closed bars).

Effects of elevated CO, on the
rates of photosynthesis

Gas exchange rates were measured to characterize
photosynthesis of various potato genotypes under elevated CO,.
Figures 2A, B illustrate the rates of gross CO, assimilation for all five
cultivars measured at their respective growth CO, (400 pumol CO,
mol open bars; 750 umol CO, mol ™}, closed bars), and at either
growth irradiance (300 PPFD, Figure 2A) or at saturating irradiance
(1600 PPFD, Figure 2B). When grown at ambient CO, and
measured at growth irradiance, all cultivars exhibited a comparable
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gross photosynthetic rates of 11-15 umol CO, m™ s™" (Figure 24,
open bars). Growth at elevated CO, significantly stimulated the rates
of gross photosynthesis by 30%, 41% and 28% for AC Novachip,
Russet Burbank and Shepody respectively as compared to their
ambient CO,-grown counterparts when measured at growth
irradiance (Figure 2A; open versus closed bars). Growth at
elevated CO, had insignificant effects on the rates of gross
photosynthesis for Atlantic and Kennebec (Figure 2A; open versus
closed bars). As expected, measuring at saturating irradiance of 1600
PPFD increased the rates of gross photosynthesis for all cultivars
grown at either ambient (Figure 2A versus 2B, open bars) or elevated
CO, (Figure 2A versus 2B, closed bars) as compared to those rates
obtained when measured at growth irradiance of 300 PPFD. Similar
to at 300 PPFD measuring irradiance, all cultivars exhibited CO,-
stimulation of rates of gross photosynthesis when measured at
saturating irradiance of 1600 PPFD. In fact, the CO,-stimulation
of rates of gross photosynthesis was magnified for Russet Burbank
and Shepody when measured at saturating irradiance relative to at
growth irradiance. At saturating light, Russet Burabank and Shepody
exhibited a significant increase of 64% and 48% of rates of gross
photosynthesis respectively at elevated CO, relative to at ambient
CO, (Figure 2B, open versus closed bars). The CO,-stimulation of
rates of gross photosynthesis was 25%, 14% and 6% for AC
Novachip, Atlantic and Kennebec respectively, however these
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Effects of elevated CO, on rates of gross photosynthesis (A, B) and on instantaneous water use efficiency (C, D) of five potato genotypes grown
under ambient CO, of 400 umol CO, mol™ (open bars) and elevated CO, of 750 umol CO, mol™ (closed bars) respectively. Measurements were
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stimulations were statistically insignificant (Figure 2B; open versus
closed bars).

Effects of elevated CO, on
instantaneous water use efficiency
and stomatal characteristics

Under ambient CO,, we observed instantaneous water use
efficiency (iWUE) of about 8-15 mmol mol™! at 300 PPFD
measuring irradiance across the cultivars (Figure 2C, open bars).
Growth at elevated CO, differentially enhanced iWUE for all
cultivars by about 11% to 79% although this enhancement was
significant for Kennebec, Russet Burbank and Shepody only at 300
PPFD (Figure 2C, open versus closed bars). Similar responses of
CO,-enhancement of iWUE were observed when measured at 1600
PPFD except that the enhancement was significant for Kennebec
only (Figure 2D, open versus closed bars).

Transpiration rates varied across the cultivars irrespective of
measuring irradiance at ambient CO, (Figures 3A, B, open bars).
Elevated CO, inhibited transpiration rates by about 22%, 14%, 21%
and 36% for AC Novachip, Kennebec, Russet Burbank and Shepody
respectively when measured at growth irradiance although the
inhibition was only significant for Kennebec and Shepody
(Figure 3A, open versus closed bars). In contrast, elevated CO,
increased the transpiration rates by 12% for Atlantic when
measured at growth irradiance (Figure 3A, open versus closed
bars). When measured at saturating irradiance, although we
observed a general trend of decreased transpiration rates for all
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cultivars at elevated CO, compared to their respective ambient
controls, these differences were statistically not significant
(Figure 3B, open versus closed bars).

Consistent with the transpiration rates, we observed differential
rates of stomatal conductance across the cultivars irrespective of
measuring irradiance at ambient CO, (Figures 3C, D, open bars).
Elevated CO, minimally suppressed the stomata conductance by
about 8-22% for all cultivars as compared to ambient controls at
300 PPFD (Figure 3C, open versus closed bars). Similar responses
were observed at 1600 PPFD measuring irradiance (Figure 3D, open
versus closed bars).

Effects of elevated CO, on
fluorescence parameters

In vivo Chl a fluorescence was monitored simultaneously with
the CO, gas exchange to estimate i) the maximum photochemical
efficiency of photosystem II (PSII) in the dark-adapted state (F,/F,,),
ii) the photosynthetic electron transport rates through PSII (ETR),
iii) non-photochemical quenching (NPQ), the capacity to dissipate
excess energy as heat and, (iv) excitation pressure (1-qP), a measure
of closed PSII reaction centres.

We observed a comparable maximum photochemical efficiency
of PSII in the dark-adapted state (F,/F,,) across the cultivars either
at ambient or elevated CO, (Table 1). Additionally, there were
minimal changes on F,/F,, for all cultivars upon growth at elevated
CO, as compared to those observed for their ambient-CO, controls
(Table 1). The electron transport rates (ETR) increased for all
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R. Burbank, Russet Burbank.

cultivars measured at saturating irradiance compared to those rates
observed when measured at growth irradiance regardless of growth
CO, (Figure 4A versus 4B). Elevated CO, significantly enhanced
ETR for AC Novachip when measured at growth irradiance
(Figure 4A, open versus closed bar) but had minimal effects for
other cultivars at either growth irradiance (Figure 4A, open versus
closed bars) or saturating irradiance (Figure 4B, open versus
closed bars).

At ambient CO,, NPQ varied from 0.66 to 1.09 across the
cultivars when measured at growth irradiance (Figure 4C, open
bars). Measuring at saturating irradiance considerably increased
these values and ranged from 1.24 to 1.59 across the cultivars at
ambient CO, (Figure 4D, open bars). Elevated CO, significantly
decreased NPQ for Shepody but had minimal effects on other
cultivars when measured at growth irradiance (Figure 4C, open
versus closed bars). At saturating light, we observed significant
decrease in NPQ for Russet Burbank in addition to Shepody under
elevated CO, conditions as compared to their counterparts at
ambient CO, (Figure 4D, open versus closed bars).

As expected, measuring at saturating irradiance substantially
increased excitation pressure for all cultivars relative to when
measured at growth irradiance at either ambient CO, (Figure 4E
versus 4F, open bars) or elevated CO, (Figure 4E versus 4F, closed
bars). Although elevated CO, inhibited excitation pressure for all
cultivars by up to 23% as compared to their ambient controls, the
inhibition was only significant for AC Novachip and Kennebec
when measured at growth irradiance (Figure 4E, open versus closed
bars). When measured at saturating irradiance, elevated CO,
significantly suppressed excitation pressure by 17%, 31% and 23%
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for Kennebec, Russet Burbank and Shepody respectively but had
minimal effects for AC Novachip and Atlantic (Figure 4F, open
versus closed bars).

Effects of elevated CO, on leaf protein and
chlorophyll content

Growth at elevated CO, significantly increased the total leaf
protein content by 33% for Atlantic but significantly decreased by
25% for Shepody as compared to their ambient controls (Table 1).
Minimal differences in the total leaf protein content were observed
for AC Novachip, Kennebec and Russet Burbank under elevated
versus ambient CO, growth conditions (Table 1).

We observed a trend of lower leaf chlorophyll content per unit
leaf area for all cultivars upon growth and development at elevated
CO, compared to at ambient CO,. However, these reductions were
only significant and decreased by 25%, 34% and 21% for Atlantic,
Kennebec and Russet Burbank respectively (Table 1).

Discussion

There is an utmost need to double the current yield of major
food crops to secure the nutritional requirements of the rising
global population over the next 50 years (Murchie et al., 2009). Such
increasing food demand comes at a time when the atmospheric CO,
concentration is expected to continue to rise in the future. Thus, it is
crucial to identify specific crop species, cultivars and characteristics
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Effects of elevated CO, on electron transport rates (A, B), non-photochemical quenching (C, D) and excitation pressure (E, F) of five potato genotypes
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! (open bars) and elevated CO, of 750 pumol CO, mol™ (closed bars). Measurements were obtained
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SE. Significant differences of the means between ambient versus elevated CO,-grown plants within each cultivar are indicated by the symbol
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to develop and exploit new strategies aim at enhancing yield
potentiality under predicted future CO, environment. As a fourth
major and staple food crop, potato could be a candidate food crop to
fulfill the increased nutritional demand and keep pace with the
growing population worldwide (FAOSTAT, 2021). Understanding
how potato plants senses and responds to future increase in
atmospheric CO; at the physiological, biochemical and molecular
level is therefore, important to maintain viable potato industries
globally. The effects of long-term growth and development at
elevated CO, on photosynthesis, respiration and biomass
accumulation have been extensively studied in several plant
species for decades, but experimental results have varied widely.
Most of the studies reveal that elevated CO, enhances tuber yield
and rates of photosynthesis for potatoes, however there is limited
in-depth studies on effects of elevated CO, across different
commercial potato cultivars. In this study we asked the question,
whether CO,-stimulation of tuber yield and photosynthetic
characteristics varies across potato genotypes using five
commercial cultivars.

Consistent with previous studies (Hogy and Fangmeier, 2009;
Wheeler et al., 2019; Chen and Setter, 2021), growth at elevated CO,
substantially increased total tuber yield for Russet Burbank and
Shepody (Figure 1A, open versus closed bars). However, elevated
CO, had minimal effects on total tuber yield for AC Novachip,
Atlantic and Kennebec. We recorded total tuber number to assess
whether the differential increase in total tuber yield across potato
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cultivars under elevated CO, was associated with variations in tuber
number. Although growth at elevated CO, increased total tuber
number significantly for Atlantic and Shepody, elevated CO, had
minimal effects on tuber number for AC Novachip, Kennebec and
Russet Burbank (Figure 1B, open versus closed bars). In contrast,
elevated CO, significantly increased the average tuber size for Russet
Burbank but minimally decreased the size for Shepody (Figure 1C,
open versus closed bars). This suggests that the CO,-enhancement of
tuber yield for Shepody and Russet Burbank was due in part to
increased tuber number and size respectively under elevated CO,.
Lee et al. (2020) revealed that the increase in tuber yield under
elevated CO, was mainly accounted for by larger mean tuber size
rather than by tuber number. Similarly, elevated CO, enhanced tuber
yield by 40% at either at 550 or 680 umol CO, mol ™’
increase in tuber size with tuber number having minimal effect

owing to
(Donnelly et al., 2001). In our study, when taken all cultivars
together, we conclude that the variations in stimulation of tuber
yield across cultivars under elevated CO, was associated with the
differences in increase in tuber number and size or combination of
both, depending on the cultivars, under elevated CO.,.

During photosynthesis, CO, is assimilated to carbohydrates
using ATP and NADPH through Calvin-Benson cycle in the source
leaves (Stitt et al., 2010; Rochaix, 2011; Foyer et al., 2012; Paul, 2013;
Sharkey, 2021). The photosynthetic end product, sucrose, is
subsequently translocated via phloem loading into the
underground stem where it is converted to starch, which then
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accumulates in the stolon giving rise to tuber formation (Dahal
et al, 2019). It is therefore, the tuber yield, number and size of
potato crop are determined primarily by an effective coordination of
these processes between the source (photosynthesis) and sink
(tuber). Since carbohydrate is the major component of potato
tubers, we asked the questions whether CO,-stimulation of rates
of photosynthesis contributed to increased tuber yield under
elevated CO,. The increased in tuber yield for Russet Burbank
and Shepody (Figure 1A, open versus closed bars) was consistent
with significant increase in the rates of photosynthesis under
elevated CO, (Figure 2A, open versus closed bars). In contrast,
although we observed a significant increase in the rates of
photosynthesis for AC Novachip under elevated CO, (Figure 2A,
open versus closed bars.), the CO,-stimulation of tuber yield was
not significantly different (Figure 1A, open versus closed bars). The
minimal increase in the rates of photosynthesis for Atlantic and
Kennebec under elevated CO, was at par with minimal increase in
the tuber yield. Taken together, we can conclude that the increase in
the rates of photosynthesis under elevated CO, does contribute,
in part to the enhanced tuber yield under elevated CO,. This is
consistent with previous study by Wheeler et al. (2019), who
revealed that the increase in tuber yield under elevated CO, was
associated with the CO,-stimulation of rates of photosynthesis.
Similarly, Yubi et al. (2021) reported an increase in the rates of
photosynthesis, which was reflected in to higher tuber yield under
elevated CO,. The CO,-stimulation of tuber yield was in fact, more
pronounced when combined with higher growth temperature (Yubi
etal, 2021). The results obtained for AC Novachip suggests that the
other phenomenon such as the source-sink relationship can change
under elevated CO, (Fleisher et al., 2008; Lee et al., 2020).
Additionally, the translocation of sucrose from source leaves
to underground stem and the conversion of sucrose to
starch in the stolon could play a regulating role to determine
tuber yield under elevated CO, (Dahal et al, 2019). So, the
further study needs to evaluate the effects of elevated CO, on
carbon partitioning to different tissues, carbon translocation to
stolon and starch synthesis.

One of the important physiological response of the plants to
elevated CO, is an increase in water use efficiency (Leakey et al,
2009; Cao et al., 2022). The cultivars Kennebec, Russet Burbank and
Shepody exhibited a substantial increase in iWUE than did AC
Novachip and Atlantic under elevated CO, at growth irradiance
(Figure 2C, open versus closed bars). This was consistent with
significant increase in the rates of photosynthesis for Russet
Burbank and Shepody, and minimal changes for remaining other
cultivars under elevated CO, at growth irradiance (Figure 2A, open
versus closed bars). In contrast to the rates of photosynthesis, except
for Kennebec and Shepody, elevated CO, had minimal effects on
transpiration rates for all other cultivars at growth irradiance
(Figure 3A, open versus closed bars). Additionally, there were
only minimal changes in stomatal conductance between elevated
versus ambient CO,-grown plants for all five cultivars (Figure 3C,
open versus closed bars). This suggests that the increased iWUE of
potato cultivars under elevated CO, was contributed mainly by
enhanced rates of photosynthesis while transpiration rates and
stomatal conductance having varying impact under elevated CO,.
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Previous studies have suggested that higher water use efficiency of
potato plants grown under elevated CO, was accounted for by
decreased stomatal conductance and lower transpiration rates in
addition to increased rates of photosynthesis (Fleisher et al., 2008;
Kaminski et al., 2014). However, our current study clearly
reveals that the differential stimulation of iWUE of potato
cultivars under elevated CO, was mainly accounted for by the
differential stimulation of rates of photosynthesis under elevated
CO, (Figure 2A, open versus closed bars) while stomatal
conductance and transpiration rate had minimal effects.

In vivo Chlorophyll a (Chl a) fluorescence measurements have
been extensively used to evaluate the PSII photochemistry and
structure, photosynthetic efficiency and overall plant performance
under various growth conditions (Baker, 2008). Chl a fluorescence is
a useful technique to non-destructively monitor the flux of light
energy absorbed through photosynthetic pigments. For instance, with
this technique researchers can estimate the partitioning of absorbed
light energy towards i) PSII photochemistry, where the energy is used
to initiate ETR generating ATP and NADPH that are eventually
utilized in carbon assimilation, or ii) non-photochemical quenching
initiated thermal dissipation mechanisms of excess energy (Baker,
2008). The light energy that is not utilized by PSII photochemistry
can also be measured as proportion of closed PSII reaction centres (1-
qP) known as excitation energy (Huner et al., 1998).

Although growth at elevated CO, significantly increased the
rates of photosynthesis for AC Novachip, Russet Burbank and
Shepody relative to their ambient controls (Figure 2A, open
versus closed bars), we observed a significant increase in ETR for
AC Novachip only under elevated CO, as compared to at ambient
CO, (Figure 4A, open versus closed bars). As described earlier, ETR
generates energy in the form of ATP and NADPH, which are then
consumed by Calvin-Benson cycle to assimilate CO,. Our
expectation was that the growth at elevated CO, should increase
ETR to meet the ATP and NADPH demand for enhanced carbon
assimilation under elevated CO,. In fact, for Atlantic and Kennebec,
although elevated CO, minimally increased the rates of
photosynthesis, it minimally decreased ETR as compared to at
ambient CO,. It could be possible that the ATP and NADPH
generated through ETR may have been diverted to carboxylation
reaction from that of photorespiratory oxygenation reaction of
Rubisco. We suggest that enhanced carbon assimilation at
elevated CO, was due in part to suppressed photorespiration as
more CO, relative to O, is available for Rubisco carboxylation
reactions. However, this needs to be confirmed in the future
research. Since growth at elevated CO, stimulated rates of
photosynthesis particularly for AC Novachip, Russet Burbank and
Shepody relative to their ambient controls, and had minimal effects
on ETR, we should be expecting less NPQ under elevated CO, for
these cultivars. However, we observed a significant inhibition in
NPQ for Shepody only at elevated CO, as compared to at ambient
CO, (Figure 4C, open versus closed bars). Although excitation
pressure (1-qP) was reduced for all cultivars upon growth at
elevated CO, relative to their counterparts at ambient CO,, these
reductions were only significant for AC Novachip and Kennebec
(Figure 4E, open versus closed bars). These all further confirm that
the enhanced rates of photosynthesis under elevated CO, was
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mainly accounted for by increased Rubisco carboxylation and
decreased photorespiration with minimal effects of elevated CO,
on ETR, NPQ and 1-qP.

Although the effects of elevated CO, on crop yield,
photosynthetic performance and water use efficiency have been
studied for many crop species, including potato, there is little
information on cultivar specific growth and yield of this
economically important crop under elevated CO,. Elucidating
how various potato cultivars respond to predicted increase in
atmospheric CO, at the physiological, biochemical and molecular
level is important to identify CO,-governed key traits that can be
used to breed high yielding varieties under future CO, scenario.
Taken together, our results suggest a considerable differences in
photosynthetic performance, water use efficiency, tuber yield, leaf
protein and pigment content among cultivars under elevated CO,.
We suggest that, based on the target traits, breeder may include
specific cultivar in their breeding programs to breed new cultivars
that can outperform under rising atmospheric CO,. We further
suggest that the future study needs to be concentrated on carbon
metabolism, carbon translocation, and photosynthetic protein and
enzyme activities to fully understand the CO, regulation of
photosynthetic performance and tuber yield of potatoes.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Author contributions

KD: Writing - original draft, Writing - review & editing. MM:
Methodology, Writing - review & editing. TG: Methodology,
Writing - review & editing.

References

Aien, A., Pal, M., Khetarpal, S, and Pandey, S. K. (2014). Impact of elevated
atmospheric CO, concentration on the growth, and yield in two potato cultivars. J.
Agr. Sci. Tech. 16, 1661-1670.

Ainsworth, E. A, and Long, S. P. (2005). What have we learned from 15 years of free
air CO, enrichment (FACE)? A meta-analytic review of the responses of
photosynthesis, canopy properties and plant production to rising CO,. New Phytol.
165, 351-372. doi: 10.1111/j.1469-8137.2004.01224.x

Ainsworth, E. A., and Rogers, A. (2007). The response of photosynthesis and
stomatal conductance to rising CO,: mechanisms and environmental interactions.
Plant Cell Environ. 30, 258-270. doi: 10.1111/j.1365-3040.2007.01641.x

Arnon, D. L. (1949). Copper enzymes in isolated chloroplasts: polyphenoloxidases in
Beta vulgaris. Plant Physiol. 24, 1-15. doi: 10.1104/pp.24.1.1

Arp, W.J. (1991). Effects of source-sink relations on photosynthetic acclimation to
elevated CO,. Plant Cell Environ. 14, 869-875. doi: 10.1111/j.1365-3040.1991.tb01450.x

Baker, N. R. (2008). Chlorophyll fluorescence: a probe of photosynthesis in vivo.
Annu. Rev. Plant Biol. 59, 89-113. doi: 10.1146/annurev.arplant.59.032607.092759

Beals, K. A. (2019). Potatoes, nutrition and health. Am. J. Potato Res. 96, 102-110.
doi: 10.1007/s12230-018-09705-4

Birch, P. R. ], Bryan, G., Fenton, B., Gilroy, E., Hein, L, Jones, J. T., et al. (2012).
Crops that feed the world. Potato: are the trends of increased global production
sustainable? Food Sec. 4, 477-508. doi: 10.1007/s12571-012-0220-1

Frontiers in Plant Science

11

10.3389/fpls.2023.1287825

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was conducted through financial support from Agriculture and
Agri-Food Canada, Government of Canada.

Acknowledgments

KD acknowledges the financial support from the Agriculture
and Agri-Food Canada, Government of Canada. The authors also
acknowledge John Gillan, Scott Anderson, Margaret McLaughlin,
and Ryan Forbes for their assistance in growing and watering plants
in the growth chambers.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Byeon, S., Song, W., Park,, M., Kim, S., Kim, S., Lee, H. T,, et al. (2021). Down-
regulation of photosynthesis and its relationship with changes in leaf N allocation and
N availability after long-term exposure to elevated CO, concentration. J. Plant Physiol.
265, 153489. doi: 10.1016/j.jplph.2021.153489

Cao, Q,, Li, G, and Liu, F. (2022). Elevated CO, enhanced water use efficiency of
wheat to progressive drought stress but not on maize. Front. Plant Sci. 13. doi: 10.3389/
fpls.2022.953712

Cao, W., Tibbetts, T. W., and Wheeler, R. M. (1994). Carbon dioxide interactions
with irradiance and temperature in potatoes. Adv. Space Res. 14, 243-250. doi: 10.1016/
0273-1177(94)90304-2

Chen, C.-T., and Setter, T. L. (2021). Role of tuber developmental processes in response of
potato to high temperature and elevated CO,. Plants 10, 871. doi: 10.3390/plants10050871

Cheng, S. H., Moore, B. D., and Seemann, J. R. (1998). Effects of short and long-term
elevated CO, on the expression of Ribulose 1,5-bisphosphate carboxylase/oxygenase
genes and carbohydrate accumulation in leaves of Arabidopsis thaliana (L.) Heynh.
Plant Physiol. 116, 715-723. doi: 10.1104/pp.116.2.715

Cure, J. D., and Acock, B. (1986). Crop responses to carbon dioxide doubling: a
literature survey. Agric. ForestMeteorol. 38, 127-145. doi: 10.1016/0168-1923(86)90054-7

Dahal, K., Kane, K., Sarhan, F., Grodzinski, B., and Hiiner, N. P. A. (2012). Cold
acclimation inhibits CO,-dependent stimulation of photosynthesis in spring wheat and
spring rye. Botany 90, 433-444. doi: 10.1139/b2012-007

frontiersin.org


https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1111/j.1365-3040.2007.01641.x
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1111/j.1365-3040.1991.tb01450.x
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1007/s12230-018-09705-4
https://doi.org/10.1007/s12571-012-0220-1
https://doi.org/10.1016/j.jplph.2021.153489
https://doi.org/10.3389/fpls.2022.953712
https://doi.org/10.3389/fpls.2022.953712
https://doi.org/10.1016/0273-1177(94)90304-2
https://doi.org/10.1016/0273-1177(94)90304-2
https://doi.org/10.3390/plants10050871
https://doi.org/10.1104/pp.116.2.715
https://doi.org/10.1016/0168-1923(86)90054-7
https://doi.org/10.1139/b2012-007
https://doi.org/10.3389/fpls.2023.1287825
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Dahal et al.

Dahal, K, Li, X. Q., Tai, H., Creelman, A., and Bizimungu, B. (2019). Improving
potato stress tolerance and tuber yield under climate change scenario — a current
overview. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00563

Dahal, K., and Vanlerberghe, G. C. (2018). Growth at elevated CO, requires
acclimation of the respiratory chain to support photosynthesis. Plant Physiol. 178,
82-100. doi: 10.1104/pp.18.00712

Dahal, K., Weraduwage, S. M., Kane, K., Rauf, S. A., Gadapati, W., Savitch, L. V., et al.
(2014). Enhancing biomass production and yield by maintaining enhanced capacity for
CO, uptake in response to elevated CO,. Can. J. Plant Sci. 94, 1075-1083. doi: 10.4141/
cjps2013-151

Donnelly, A., Craigon, J., Black, C. R, Colls, J. J., and Landon, G. (2001). Elevated
CO, increases biomass and tuber yield in potato even at high ozone concentrations.
New Phytol. 149, 265-274. doi: 10.1046/j.1469-8137.2001.00015.x

Drake, B. G., Gonzalez-Meler, M. A., and Long, S. P. (1997). More efficient plants: a
consequence of rising atmospheric CO,? Annu. Rev. Plant Physiol. Plant Mol. Biol. 48,
609-639. doi: 10.1146/annurev.arplant.48.1.609

Ehlers, 1., Augusti, A, Betson, T. R,, and Schleucher, J. (2015). Detecting long-term
metabolic shifts using isotopomers: CO,-driven suppression of photorespiration in C,
plants over the 200 century. Proc. Natl. Acad. Sci. 112, 15585-15590. doi: 10.1073/
pnas.1504493112

Engineer, C. B., Hashimoto-Sugimoto, M., Negi, J., Israelsson-Nordstrém, M.,
Azoulay-Shemer, T., Rappel, W. J., et al. (2016). CO, sensing and CO, regulation of
stomatal conductance: advances and open questions. Trends Plant Sci. 21, 16-30.
doi: 10.1016/j.tplants.2015.08.014

FAOSTAT (2021). Available at: https://www.fao.org/faostat/en/#data/QCL
(Accessed August 23, 2023).

Finnan, J. M., Donnelly, A., Burke, J. I, and Jones, M. B. (2002). The effects of
elevated concentrations of carbon dioxide and ozone on potato (Solanum tuberosum L.)
yield. Agric. Ecosyst. Environ. 88, 11-22. doi: 10.1016/s0167-8809(01)00158-x

Finnan, J. M., Donnelly, A., Jones, M. B., and Burke, J. I. (2005). The effect of elevated
levels of carbon dioxide on potato crops. J. Crop Improv. 13, 91-111. doi: 10.1300/
J411v13n01_06

Fleisher, D. H., Condori, B., Barreda, C., Berguijs, H., Bindi, M., Boote, K., et al.
(2021). Yield response of an ensemble of potato crop models to elevated CO, in
continental Europe. Eur. J. Agron. 126, 126265. doi: 10.1016/j.€ja.2021.126265

Fleisher, D. H., Timlin, D. J., and Reddy, V. R. (2008). Elevated carbon dioxide and
water stress effects on potato canopy gas exchange, water use, and productivity. Agric.
For. Metereol. 148, 1109-1122. doi: 10.1016/j.agrformet.2008.02.007

Foyer, C. H., Neukermans, J., Queval, G., Noctor, G., and Harbinson, J. (2012).
Photosynthetic control of electron transport and the regulation of gene expression.
J. Exp. Bot. 63, 1637-1661. doi: 10.1093/jxb/ers013

Gervais, T., Creelman, A., Li, X.-Q., Bizimungu, B., Koeyer, D. D., and Dahal, K.
(2021). Potato response to drought stress: physiological and growth basis. Front. Plant
Sci. 12. doi: 10.3389/fpls.2021.698060

Goudriaan, J., and de Ruiter, H. E. (1983). Plant growth in response to CO,
enrichment, at two levels of nitrogen and phosphorous supply. 1. Dry matter,
leaf area and development. Neth. J. Agric. Res. 31, 157-169. doi: 10.18174/njas.v31i2.
16955

Hogy, P., and Fangmeier, A. (2009). Atmospheric CO, enrichment affects potatoes:
1. Aboveground biomass production and tuber yield. Eur. J. Agron. 30, 78-84.
doi: 10.1016/j.€ja.2008.07.007

Huner, N. P. A., Oquist, G., and Sarhan, F. (1998). Energy balance and acclimation to
light and cold. Trends Plant Sci. 3, 224-230. doi: 10.1016/S1360-1385(98)01248-5

Igarashi, M., Yi, Y., and Yano, K. (2021). Revisiting why plants become N deficient
under elevated CO,: Importance to meet N demand regardless of the fed-form. Front.
Plant Sci. 12. doi: 10.3389/fpls.2021.726186

IPCC. (2007). “Climate change 2007: the physical science basis,” in Proceedings of the
Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Eds. S. Solomon, D. Qin, M. Manning,
Z. Chen, M. Marquis, K. B. Averyt, et al (Cambridge: Cambridge University Press), 996.

Ji, G., Xue, H., Seneweera, S., Ping, L., Yu-Zheng, Z.,, Qui, D., et al. (2015). Leaf
photosynthesis and yield components of mung bean under fully open-air elevated CO,.
J. Integr. Agric. 14, 977-983. doi: 10.1016/52095-3119(14)60941-2

Kaiser, E., Zhou, D., Heuvelink, E., Harvinson, J., Morales, A., and Marcelis, L. F. M.
(2017). Elevated CO, increases photosynthesis in fluctuating irradiance regardless of
photosynthetic induction state. J. Exp. Bot. 68, 5629-5640. doi: 10.1093/jxb/erx357

Kaminski, K. P., Korup, K., Nielsen, K. L., Liu, F., Topbjerg, H. B., Kirk, H. G., et al.
(2014). Gas-exchange, water use efficiency and yield responses of elite potato (Solanum
tuberosum L.) cultivars to changes in atmospheric carbon dioxide concentration,
temperature and relative humidity. Agric. For. Meteorol. 187, 36-45. doi: 10.1016/
j.agrformet.2013.12.001

Katny, M. A. C,, Hoffmann-Thoma, G., Schrier, A. A., Fangmeier, A., Jager, H. J., and
van Bela, A. J. E. (2005). Increase of photosynthesis and starch in potato under elevated
CO, is dependent on leaf age. J. Plant Physiol. 162, 429-438. doi: 10.1016/
1.jplph.2004.07.005

Katul, G., Manzoni, S., Palmroth, S., and Oren, R. (2010). A stomatal optimization
theory to describe the effects of atmospheric CO, on leaf photosynthesis and
transpiration. Ann. Bot. 105, 431-442. doi: 10.1093/aob/mcp292

Frontiers in Plant Science

12

10.3389/fpls.2023.1287825

Kimball, B. A, and Idso, S. B. (1983). Increasing atmospheric CO,: effects on crop
yield, water use and climate. Agric. Wat. Man. 7, 55-72. doi: 10.1016/0378-3774(83)
90075-6

Kramer, P. J. (1981). Carbon dioxide concentration, photosynthesis, and dry matter
production. Bioscience 31, 29-33. doi: 10.2307/1308175

Lammertsma, E. 1., de Boer, H. J., Dekker, S. C., Dilcher, D. L., Lotter, A. F., and
Wagner-Cremer, F. (2011). Global CO, rise leads to reduced maximum stomatal
conductance in Florida vegetation. Proc. Natl. Acad. Sci. 108, 4035-4040. doi: 10.1073/
pnas.1100371108

Larson, E., Howlett, B., and Jagendorf, A. (1986). Artificial reductant enhancement of
the Lowry method for protein determination. Anal. Biochem. 155, 243-248.
doi: 10.1016/0003-2697(86)90432-X

Lawson, T., Craigon, J., Black, C. R,, Colls, J. J., Tulloch, A.-M., and Landon, G.
(2001). Effects of elevated carbon dioxide and ozone on the growth and yield of
potatoes (Solanum tuberosum) grown in open-top chambers. Environ. pollut. 111, 479—
491. doi: 10.1016/50269-7491(00)00080-4

Leakey, A. D. B, Ainsworth, E. A., Bernacchi, C.J., Rogers, A., Long, S. P., and Ort, D.
R. (2009). Elevated CO, effects on plant carbon, nitrogen, and water relations: six
important lessons from FACE. J. Exp. Bot. 60, 2859-2876. doi: 10.1093/jxb/erp096

Lee, Y.-H., Sang, W.-G., Baek, J.-K., Kim, J.-H., Shin, P., Seo, M.-C,, et al. (2020). The
effect of concurrent elevation in CO, and temperature on the growth, photosynthesis,
and yield of potato crops. PloS One 15, €0241081. doi: 10.1371/journal.pone.0241081

Long, S. P., Ainsworth, E. A,, Rogers, A., and Ort, D. R. (2004). Rising atmospheric
carbon dioxide: plants FACE the future. Ann. Rev. Plant Biol. 55, 591-628.
doi: 10.1146/annurev.arplant.55.031903.141610

Mackowiak, C. L., and Wheeler, R. M. (1996). Growth and stomatal behavior of
hydroponically cultured potato (Solanum tuberosum L.) at elevated and super-elevated
CO,. J. Plant Physiol. 149, 205-210. doi: 10.1016/s0176-1617(96)80196-9

MacNeill, G. J., Mehrpouyan, S., Minow, M. A. A,, Patterson, J. A., Tetlow, I. J., and
Emes, M. J. (2017). Starch as a source, starch as a sink: the bifunctional role of starch in
carbon allocation. J. Exp. Bot. 68, 4433-4453. doi: 10.1093/jxb/erx291

Magliulo, V., Bindi, M., and Rana, G. (2003). Water use of irrigated potato (Solanum
tuberosum L.) grown under free air carbon dioxide enrichment in central Italy. Agric.
Ecosyst. Environ. 97, 65-80. doi: 10.1016/s0167-8809(03)00135-x

Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence: a practical guide.
J. Exp. Bot. 51, 659-668. doi: 10.1093/jexbot/51.345.659

Miglietta, F., Lanini, M., Bindi, M., and Magliulo, V. (1997). Free air CO, enrichment
of potato (Solanum tuberosum, L.): design and performance of the CO, fumigation
system. Glob. Change Biol. 3, 417-427. doi: 10.1046/j.1365-2486.1997.00076.x

Miglietta, F., Magliulo, V., Bindi, M., Cerio, L., Vaccari, F. P., Loduca, V., et al. (1998).
Free air CO, enrichment of potato (Solanum tuberosum L.): development, growth and
yield. Glob.Change Biol. 4, 163-172. doi: 10.1046/j.1365-2486.1998.00120.x

Moore, B. D., Cheng, S. H., Sims, D., and Seemann, J. R. (1999). The biochemical and
molecular basis for photosynthetic acclimation to elevated atmospheric CO,. Plant Cell
Environ. 22, 567-582. doi: 10.1046/j.1365-3040.1999.00432.x

Murchie, E. M, Pinto, M., and Horton, P. (2009). Agriculture and the new challenges
for photosynthesis research. New Phytol. 181, 532-552. doi: 10.1111/j.1469-
8137.2008.02705.x

NASA (2023) Global climate change: vital sign of the planet. Available at: https://
climate.nasa.gov/vital-signs/carbon-dioxide/ (Accessed August 21, 2023).

Pammenter, N. W, Loreto, F., and Sharkey, T. D. (1993). End-product feedback
effects on photosynthetic electron transport. Photosyn. Res. 35, 5-14. doi: 10.1007/
BF02185407

Paul, M. (2013). Photosynthesis. plastid biology, energy conversion and carbon
assimilation. Ann. Bot. 111, ix-ix. doi: 10.1093/aob/mcs281

Paul, M. ], and Foyer, C. H. (2001). Sink regulation of photosynthesis. J. Exp. Bot. 52,
1383-1400. doi: 10.1093/jexbot/52.360.1383

Rochaix, J. D. (2011). Reprint of: regulation of photosynthetic electron transport.
Biochim.Biophys. Acta 1807, 878-886. doi: 10.1016/j.bbabio.2011.05.009

Sharkey, T. D. (2021). “Photosynthesis | Photosynthetic carbon dioxide fixation,” in
Encyclopedia of Biological Chemistry 3 edition. Ed. J. Jez (Oxford: Elsevier), 399-412.
doi: 10.1016/B978-0-12-819460-7.00011-6

Sicher, R. C., and Bunce, J. A. (1999). Photosynthetic enhancement and conductance
to water vapor of field-grown Solanum tuberosum (L.) in response to CO, enrichment.
Photosynth.Res. 62, 155-163. doi: 10.1023/A:1006327931675

Sicher, R. C., and Bunce, J. A. (2001). Adjustments of net photosynthesis in
Solanum tuberosum in response to reciprocal changes in ambient and elevated
growth CO, partial pressure. Physiol. Plant 112, 55-61. doi: 10.1034/j.1399-
3054.2001.1120108.x

Stitt, M., Lunn, J., and Usadel, B. (2010). Arabidopsis and primary photosynthetic
metabolism — more than the icing on the cake. Plant J. 61, 1067-1091. doi: 10.1111/
j.1365-313X.2010.04142.x

Stitt, M., and Quick, W. P. (1989). Photosynthetic carbon partitioning: its regulation
and possibilities for manipulation. Physiol. Plant 77, 633-641. doi: 10.1111/j.1399-
3054.1989.tb05402.x

Tcherkez, G. G. B, Farquhar, G. D., and Andrews, T. J. (2006). Despite slow catalysis
and confused substrate specificity, all ribulose bisphosphate carboxylases may be nearly

frontiersin.org


https://doi.org/10.3389/fpls.2019.00563
https://doi.org/10.1104/pp.18.00712
https://doi.org/10.4141/cjps2013-151
https://doi.org/10.4141/cjps2013-151
https://doi.org/10.1046/j.1469-8137.2001.00015.x
https://doi.org/10.1146/annurev.arplant.48.1.609
https://doi.org/10.1073/pnas.1504493112
https://doi.org/10.1073/pnas.1504493112
https://doi.org/10.1016/j.tplants.2015.08.014
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1016/s0167-8809(01)00158-x
https://doi.org/10.1300/J411v13n01_06
https://doi.org/10.1300/J411v13n01_06
https://doi.org/10.1016/j.eja.2021.126265
https://doi.org/10.1016/j.agrformet.2008.02.007
https://doi.org/10.1093/jxb/ers013
https://doi.org/10.3389/fpls.2021.698060
https://doi.org/10.18174/njas.v31i2.16955
https://doi.org/10.18174/njas.v31i2.16955
https://doi.org/10.1016/j.eja.2008.07.007
https://doi.org/10.1016/S1360-1385(98)01248-5
https://doi.org/10.3389/fpls.2021.726186
https://doi.org/10.1016/S2095-3119(14)60941-2
https://doi.org/10.1093/jxb/erx357
https://doi.org/10.1016/j.agrformet.2013.12.001
https://doi.org/10.1016/j.agrformet.2013.12.001
https://doi.org/10.1016/j.jplph.2004.07.005
https://doi.org/10.1016/j.jplph.2004.07.005
https://doi.org/10.1093/aob/mcp292
https://doi.org/10.1016/0378-3774(83)90075-6
https://doi.org/10.1016/0378-3774(83)90075-6
https://doi.org/10.2307/1308175
https://doi.org/10.1073/pnas.1100371108
https://doi.org/10.1073/pnas.1100371108
https://doi.org/10.1016/0003-2697(86)90432-X
https://doi.org/10.1016/s0269-7491(00)00080-4
https://doi.org/10.1093/jxb/erp096
https://doi.org/10.1371/journal.pone.0241081
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1016/s0176-1617(96)80196-9
https://doi.org/10.1093/jxb/erx291
https://doi.org/10.1016/s0167-8809(03)00135-x
https://doi.org/10.1093/jexbot/51.345.659
https://doi.org/10.1046/j.1365-2486.1997.00076.x
https://doi.org/10.1046/j.1365-2486.1998.00120.x
https://doi.org/10.1046/j.1365-3040.1999.00432.x
https://doi.org/10.1111/j.1469-8137.2008.02705.x
https://doi.org/10.1111/j.1469-8137.2008.02705.x
https://climate.nasa.gov/vital-signs/carbon-dioxide/
https://climate.nasa.gov/vital-signs/carbon-dioxide/
https://doi.org/10.1007/BF02185407
https://doi.org/10.1007/BF02185407
https://doi.org/10.1093/aob/mcs281
https://doi.org/10.1093/jexbot/52.360.1383
https://doi.org/10.1016/j.bbabio.2011.05.009
https://doi.org/10.1016/B978-0-12-819460-7.00011-6
https://doi.org/10.1023/A:1006327931675
https://doi.org/10.1034/j.1399-3054.2001.1120108.x
https://doi.org/10.1034/j.1399-3054.2001.1120108.x
https://doi.org/10.1111/j.1365-313X.2010.04142.x
https://doi.org/10.1111/j.1365-313X.2010.04142.x
https://doi.org/10.1111/j.1399-3054.1989.tb05402.x
https://doi.org/10.1111/j.1399-3054.1989.tb05402.x
https://doi.org/10.3389/fpls.2023.1287825
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Dahal et al.

perfectly optimized. Proc. Natl. Acad. Sci. 103, 7246-7251. doi: 10.1073/
pnas.0600605103

United Nations, DESA and Population Division (2022) World Population Prospects
2022. Available at: https://www.un.org/development/desa/pd/.

van der Kooi, C. J., Reich, M., Léw, M., De Kok, L. J., and Tausz, M.
(2016). Growth and yield stimulation under elevated CO, and drought: a meta-
analysis on crops. Environ. Exp. Bot. 122, 150-157. doi: 10.1016/j.envexpbot.2015.
10.004

Wheeler, R. M., Fitzpatrick, A. H., and Tibbitts, T. W. (2019). Potatoes as a
crop for space life support: Effect of CO,, irradiance, and photoperiod on leaf
photosynthesis and stomatal conductance. Front. Plant Sci. 10. doi: 10.3389/
fpls.2019.01632

Wheeler, R. M., and Tibbitts, T. W. (1997). Influence of changes in day length and
carbon dioxide on growth of potato. Ann. Bot. 79, 529-533. doi: 10.1006/
anbo.1996.9999

Frontiers in Plant Science

13

10.3389/fpls.2023.1287825

Wheeler, R. M, Tibbitts, T. W., and Fitzpatrick, A. H. (1991). Carbon dioxide effects
on potato growth under different photoperiods and irradiance. Crop Physiol. Metabol.
31, 1209-1213. doi: 10.2135/cropscil991.0011183X003100050026x

Wujeska-Klause, A., Crous, K. Y., Ghannoum, O., and Ellsworth, D. S. (2019). Lower
photorespiration in elevated CO, reduces leaf N concentrations in mature eucalyptus
trees in the field. Global Change Biol. 25, 1282-1295. doi: 10.1111/gcb.14555

Xu, Z. Z., Shimizu, H., Yagasaki, Y., Ito, S., Zheng, Y. R, and Zhou, G. S. (2013).
Interactive effects of elevated CO,, drought, and warming on plants. J. Plant Growth
Regul. 32, 692-707. doi: 10.1007/s00344-013-9337-5

Yubi, Y., Jun, L., Haiyang, N., and Xiuyun, Z. (2021). Combined impact of elevated
CO, concentration and climatic warming on potato yield and quality in semi-arid
regions. Pot. Res. 64, 97-113. doi: 10.1007/s11540-020-09466-w

Zheng, T., Yu, Y., and Kang, H. (2022). Short-term elevated temperature and CO,
promote photosynthetic induction in the C; plant Glycine max, but not in the C4 plant
Amaranthus tricolor. Funct. Plant Biol. 49, 995-1007. doi: 10.1071/FP21363

frontiersin.org


https://doi.org/10.1073/pnas.0600605103
https://doi.org/10.1073/pnas.0600605103
https://www.un.org/development/desa/pd/
https://doi.org/10.1016/j.envexpbot.2015.10.004
https://doi.org/10.1016/j.envexpbot.2015.10.004
https://doi.org/10.3389/fpls.2019.01632
https://doi.org/10.3389/fpls.2019.01632
https://doi.org/10.1006/anbo.1996.9999
https://doi.org/10.1006/anbo.1996.9999
https://doi.org/10.2135/cropsci1991.0011183X003100050026x
https://doi.org/10.1111/gcb.14555
https://doi.org/10.1007/s00344-013-9337-5
https://doi.org/10.1007/s11540-020-09466-w
https://doi.org/10.1071/FP21363
https://doi.org/10.3389/fpls.2023.1287825
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	The enhancement of photosynthetic performance, water use efficiency and potato yield under elevated CO2 is cultivar dependent
	Introduction
	Materials and methods
	Plant materials, growth conditions and experimental set-up
	Growth characteristics
	Tuber yield, tuber number and size
	Physiological and biochemical measurements and analyses
	Measurements of photosynthesis, water use efficiency and stomatal characteristics
	Chlorophyll a fluorescence measurements
	Determination of total leaf protein and chlorophyll content
	Statistical analysis

	Results
	Effects of pot size on tuber yield, tuber number and size
	Effects of elevated CO2 on growth characteristics
	Effects of elevated CO2 on tuber yield, tuber number and size
	Effects of elevated CO2 on the rates of photosynthesis
	Effects of elevated CO2 on instantaneous water use efficiency and stomatal characteristics
	Effects of elevated CO2 on fluorescence parameters
	Effects of elevated CO2 on leaf protein and chlorophyll content

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


