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ABSTRACT

The over goal of this project was to understand the physiological mechanisms
by which pineapple (Ananas comosus [L.] Merr.), a species having Crassulacean acid
metabolism (CAM), will respond to the increase in atmospheric CQ, and
environmental temperatures projected to occur over the next century. The treatments
in present study\ consisted of CO, concentrations of near ambient 350 umol mol®! and
twice ambient (700 umol mol™), and day/night temperatures of 30/20, 30/25 and
35/35°C. Experiments were conducted by growing plants in these environments for
six months or more and measuring the physiological responses when plants were
exposed to the two CO, levels, with long-term as plants grown at ambient/elevated
CO, and measured at ambient/elevated CO,, and short-term as plants grown at
ambient/elevated CO, and measured at elevated/ambient CO, environment. The
specific objectives were designed to 1) study the responses in leaf gas exchange and
stomatal conductance to CO, and temperatures, 2) quantify the efrects of CO, and
temperatures on biomass accumulation and partitioning, 3) investigate the some
physiological responses, including accumulation of organic acids, nitrogen and
chlorophyll contents, chlorophyll fluorescence and carboxylating enzyme activities,
and 4) examine the effects of prolonged water deficit to leaf water relations, gas
exchange and acidification under ambient and elevated CO, and three day/night
temperatures.

Two major experiments were conducted. In the first experiment, plants were

grown at ambient CO,, while in the second experiment, the responses of plants to

iv



elevated CO, was examined. After pineapple was adapted to CO, and temperatures in
growth chambers for six months, a water deficit was imposed on some of the plants
by withholding irrigation for two months to study the effect of water deficit. An
additional experiment was conducted in open-top chambers to.examine the response of
pineapple to ambient and elevated CO,.

CAM activity of pineapple was intensified at a day/night temperature
differential of 10 °C, while the relative contribution of the C,-type photosynthetic

pathway to carbon assimilation was enhanced where the daily temperature range was

- 5°C and night temperature of 25 °C. Elevated CO, enhanced daily CO, fixation, but

reduced stomatal conductance, thus increasing water use efficiency, and the effect was
greatest during light period. Carbon isotopic discrimination data indicated that the
relative contribution of C; pathway to CO, fixation was enhanced by elevated CO, at
all temperatures. There was a significant temperature by CO, interaction on leaf gas
exchange. Daytime CO, fixation was greatly increased by elevated CO,, and nocturnal
fixation and acidification were also enhanced, which was in contrast to some studies
on CAM species. Elevated CO, promoted biomass accumulation in pineapple due to
increased net assimilation rate, with the greatest effect at smaller daily temperature
differential of 5 °C. At twice ambient CO,, more biomass was partitioned to stem and
root, but less to leaf. Elevated CO, also enhanced stem and leaf dry matter contents,
and increased leaf thickness and rate of surface area expansion. Leaf nitrogen and
chlorophyll contents were reduced at elevated CO, for plants grown in growth

chambers, but there was no such response for plants grown in open-top chambers due



to improved nutrient management. Prolonged drought reduced leaf water content and
water potential components, with greater effect on plants grown at night temperature
of 25°C. Diurnal gas exchange and stomatal conductance also decreased, and the
effect was greater in the light period. Therefore, the reduction in CQ, fixation due to
stomatal closure was greater for plants grown at elevated CO,, especially, early in the
drought. Reduced nocturnal acidification resulted in CAM-idling for plants grown at
night temperature of 25°C. The decrease in tissue water content and water potential
components were relatively lower in higher CO, environment. Lower night
temperature also help to sustain relative higher leaf water status and accumulation of

organic acids as drought became severe.
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CHAPTER 1

INTRODUCTION

The atmospheric CO, concentration has steadily increased since the beginning
of industrial revolution (Sarmiento and Bender, 1994), largely reflecting the ever-
increasing consumption of fossil fuels. Consequently, air temperature is predicted to
increase as result of the so-called greenhouse effect induced by elevated CO,
concentration (Porter and Carter, 1991). The increased air temperature is expected to
affect world agricultural production (Acock and Allen, 1985; Strain and Cure, 1985).
Considerable progress has been made in understanding the responses of agronomic
crops, specifically the C, species, to the climatic change projected to occur in the next
century (Acock and Allen, 1985; Strain and Cure, 1985). Only a few studies were
found of the physiological responses of CAM species to increasing atmospheric CO,
(Nobel and Hartsock, 1986; Nobel, 1991; Cui et al., 1993). Despite the fact that it is
the most important commercial CAM plant, pineapple has attracted very little
attention. No study was found that examined response of the plants to the combined
effects of CO, and temperature.

The basic goal of this research was to understand the physiological
mechanisms by which species having Crassulacean acid metabolism (CAM), namely
pineapple (Ananas comosus (L.) Merr.), respond to the increased atmospheric CO,
concentration and environmental temperature projected to occur over the next century.

Since water deficit is the most common environmental stress that occurs in the arid



and semi-arid tropics and water status is considered as one of a few environmental
factors that play a dominant role in productivity of CAM crops (Nobel, 1991), the
impact of soil water deficit will also be examined. This research is expected to
provide data that will help to understand how environment influences the growth and
productivity of pineapple in the different environments where it is grown. The major
objective is to quantify the long- and short-term effects of doubl-d CQ, level on the
gas exchange, phys‘ological activities and biomass accumulation of pineapple in three
temperature regimes. In support of these goals, the following specific objectives have
been proposed: 1) measure gas exchange (CO, and H,0, and stomatal conductance)
and the changes in ribulosebisphosphate carboxylase/oxygenase (Rubisco) and
phosphoenolpyruvate carboxylase (PEPCase) activities in response to ambient and
elevated CO,; 2) examine the change in relative amounts of carbon fixation during the
day and at night at varying day/night temperatures that include regimes with
temperature elevated above current ambient levels; 3) quantify the effects of CQO,
concentrations and day/night temperature regimes on the relative C, photosynthetic
activity during the day and biomass accumulation and partitioning, and 4) investigate
the effects of soil water deficit on leaf gas exchange, acidification and water potentials
at two CO, levels and three day/night temperature combinations.

For this study, the basic predications are: 1) elevated atmospheric CO, will
increase biomass production in pineapple mainly by increasing the amount of daytime
CO, assimilation via the C; photosynthetic pathway, 2) a reduced diurnal temperature

fluctuation and the higher night temperatures associated with glcbal warming will



reduce CO, dark fixation, and hence increase the relative amount of C;-type CO,
fixation, and 3) a higher atmospheric CO, concentration and increased air
temperatures will results in more negative carbon isotope compcsition (higher carbon
isotope discrimination against 3C) as a consequence of increased C;-type activity and
reduced CO, dark fixation.

This research will identify some of the physiological regulatory mechanisms
that will increase our ability to predict the responses of pineapple to increased
atmospheric CO,, day/night temperature variations and soil water deficit. Diurnal CO,
fixation and organic acidity measurements were used to investigate the effect of CO,
and temperature on the fixation of carbon into organic acids in the dark. Growth
analysis was needed to evaluate the plant biomass accumulation 2nd partitioning.
Analyses of carbon isotope composition and integrated gas exchange were utilized to
characterize the relative importance of the CAM and C; pathways over the long-term
on plant growth and the fraction of the dry matter fixed by the CAM and C, pathway.
Chlorophyll fluorescence measurements were used to investigate some of Cs-type
photosynthetic characteristics during the light period. At a more biochemical level, the
activities of Rubisco and PEPCase were assessed.

Insight into all of the above factors will improve our understanding of the
physiological regulatory mechanisms of CAM in pineapple, and therefore aid in the
prediction of changes in the carbon economy and primary productivity resulting from
the projected increases in atmospheric CO, level and and global temperature. The

research will thus benefit crop production in arid and semi-arid regions where



agriculture is more sensitive to climate change because of low rainfall and high
evapotranspiration rates. Cuitivation of CAM plants with their high water use
efficiencies have been increasingly recognized as appropriate in those regions,
especially when water for irrigation is not available or salinization caused by previous
irrigation becomes so severe that continued irrigation for growing C; or C, crops
becomes unfeasible (Marzola and Bartholomew, 1979; Cortazar and Nobel, 1990).
Increased knowledge of the behavior of pineapple in a CO,-enricked environment will

make it possible to more fully exploit the economic potential of pineapple.



CHAPTER 2

LITERATURE REVIEW

General View

In the span of a few human generations, the life support system of the earth is
expected to change more rapidly than it has over any comparable period of human
history. Much of this change will be of our own making. In particular, the
atmospheric levels of CO, have steadily increased from 275 to 350 umol mol* over
last two centuries, and this 27% increase has occurred since the beginning of the
industrial revolution (Sarmiento and Bender, 1994). This increase largely reflects the
increased consumption of fossil fuels and other human activities. It is predicted that
the CO, level will double by the middle of next century (Cure and Acock, 1986).

Carbon dioxide is important not only as one of the raw materials of
photosynthesis in green plants, but also as a greenhouse gas that traps infrared
radiation, thus warming the earth’s surface. Some sates that there has been an
increase in mean annual global temperature of approximately 0.3-0.7 °C over last
century (Porter and Carter, 1991). The increased temperature is predicted to affect
world agricultural production (Acock and Allen, 1985; Strain and Cure, 1985).
Besides its projected effects on global climate change, elevated : rmospheric CO, has
important direct effzcts on the physiology and growth of plan:s. At elevated

atmospheric CO, levels, the net CO, fixation, biomass accumulation and water use



efficiency of plants having the C; photosynthetic pathway will ircrease (Acock and
Allen, 1985; Cure, 1986). The increases for C, species expected to be less than for
C, species (Strain and Cure, 1985; Acock, 1990). Very little work has been done so
far on the responses of the plants having Crassulacean acid metabolism (CAM) to
elevated CO,, even though 10% of the earth’s vascular plant species have the CAM
pathway, and some of them, such as pineapple, are cultivated throughout the tropics
and subtropics on a commercial scale.

Pineapple (Ananas comosus [L.] Merr.), a crop native to the tropical
Americas, is grown commercially over a wide range of latitudes from approximately
30° N in India and the Canary Islands to 33° 55 in the southern hemisphere
(Bartholomew and Malézieux, 1994). Total world production of pineapple in 1990
was estimated to be 9,652,000 metric tons with 20 countries producing more than
100,00 MT each (Anon., 1993).

Pineapple apparently is the most important food crop among the few
commercial CAM plants cultivated in the tropics. The plant is a succulent,
herbaceous, perennial plant with its leaves arranged in a dense rosette pattern
(Bartholomew and Malézieux, 1994). There are relatively few stomates per unit leaf
area located only on the abaxial side of the leaves (Krauss, 1949). The primary
pathway of carbon assimilation in pineapple is via CAM and the leaves have a
conspicuous water storage parenchyma (Bartholomew and Kadzimin, 1977) and a
chlorenchyma with vacuoles that occupy approximately 85% of the cell volume (Black

et al., 1982). The presence of CAM contributes to the high water use efficiency of



pineapple. Depending on growing conditions, and particularly the temperature regime
(Neales et al., 1980; Bartholomew, 1982), a substantial amount of CO, may be
assimilated during the day via the C; pathway. The prevailing temperature influences
the relative amount of nocturnal and diurnal CO, fixation, and this effect is reflected
in the wide variation in carbon isotope ratios of leaf samples obtzined from plants
grown at different temperatures in controlled environments (Bartholomew and
Malézieux, 1994). Quantitative data on the effects of solar radiation, water deficit
and temperature on the environmental biology of pineapple are relatively sparse
(Bartholomew and Malézieux, 1994). CO, assimilation by detached pineapple leaves
in light and 21% O, increased with increasing CO, concentration to 540 gmol mol
(Moradshahi et al., 1977). No data were found on the combined effects of CQO, and
temperature on carbon assimilation of pineapple.

Over the last two decades, substantial progress has been made in understanding
the responses of agricultural crops to elevated atmospheric CO, and induced climatic
changes. So far, at least 8 important C; crops (wheat, barley, rice, soybean, cotton,
alfalfa, potato and sweet potato) and 2 major C, species (corn and sorghum) have
been intensively studied (Acock and Allen, 1985; Cure and Acock, 1986). These
studies contribute tremendously to our understanding of the responses of agricultural
crops to climate change. Only a few studies, however, have been done so far on the
responses of CAM species to increasing CO,. Those species include important crops
in the arid and semi-arid tropics that contribute significantly to th= dry matter

production and food supply on about one-third of the earth’s land area (Nobel and



Cortazar, 1991). Various species of agaves and cacti, for example, have been used as
human food for more than 9000 years, and also have been bred, sold and collected
throughout the worid as ornamental plants (Nobel, 1993). Pineapple, the most widely
cultivated CAM crop, makes a considerable contribution to the economy of many
areas of the tropics (Anon., 1990), including Hawaii. Eighteen pineapple varieties
were widely cultivated as major local crops in northern South America (Medina et al.,
1993). Opuntia ficus-indica (prickly pear cactus), another important CAM crop, is
cultivated for its fruits in approximately 25 countries and its young cladodes (stem
segments) are used as a human food and mature cladodes are used as animal forage or

fodder (Cortazar and Nobel; 1990, Nobel, 1993).

Physiology of CAM Plants

Species showing CAM have an inverted pattern of stomatal opening as well as
low stomatal conductance, features that are considered to be of adaptive value to
plants growing in arid and semi-arid environments. CAM is characterized by a
massive diurnal variation in titratable acidity, accounted for mainly by malic acid
accumulation in cell vacuoles in the leaves of most CAM plants (Kenyon et al., 1985;
Klug and Ting, 197%). During nighttime malate accumulation, carbon is mobilized
from a carbohydrate pool, primarily sucrose in pineapple (Borland and Griffiths,
1989; Camal and Black, 1990), and oxidized via glycolysis to phosphoenolpyruvate
(PEP). The PEP is carboxylated via phosphoenolpyruvate carboxylase (PEPCase) to

form oxaloacetate (OAA), which is reduced to form malate (Klug and Ting, 1978).



Recently, Borland and Griffiths (1989) reported that citrate can account for a
significant fraction of the acidity in pineapple supplied with adequate nitrogen.

The generalized pattern of carbon fixation by CAM plants over 24 hours has
been characterized as consisting of four phases (Osmond, 1978). Phase I is the
nocturnal period of carbon fixation and organic acid synthesis and accumulation.
Phase IT occurs at the beginning of the light period when CO, fixation gradually
shifts from carboxylation of PEP to carboxylation of ribulosebisphosphate and is
characterized by a burst of CO, uptake at the onset of illumination. During Phase
ITI, photosynthesis occurs when malate is transported from the vacuole,
decarboxylated, and the CO, thus released is refixed by ribulosebisphosphate
carboxylase/oxygenase (Rubisco) (Klug and Ting, 1978). The stomates are closed
during this phase when malate is degraded because of a high intercellular space CO,
concentration. Phase IV begins when the malate pool becomes depleted, and CO,
fixation exceeds the rate of internal CQ, production. As a result, the intercellular
CO, partial pressure declines and the stomates open. Carbon assimilation during Phase
IV is primarily by Rubisco via the C, pathway, although recent evidence indicates that
PEPCase may become active towards the end of the phase (Cote et al., 1989; Winter,
1985; Griffiths, et al., 1990). The bulk of carbon reduction to carbohydrate occurs
during Phase III and IV (Winter, 1985). Carbon fixation in the four phases is closely
related with irradiance and temperature in Phase III and IV (light period) which affect
carbohydrate accumulation and thus the availability of substrate for acid synthesis in

Phase I (dark period) (Kaplan et al., 1976).



Effects of Elevated CQ, and Induced Temperature Changes on CAM Plants

The carboxylation of PEP approaches saturation at present atmospheric CO,
levels and CAM plants have a finite capacity to fix CO, into orgunic acids at night
(Ting, 1993), so elevated CO, values are not expected to significantly affect CO,
assimilation during phase I. The reaction of CO, with Rubisco is not saturated at
ambient CO, levels. This suggests that elevated atmospheric CO, will increase CO,
assimilation of CAM species primarily during Phase IV. When ambient CO, was
increased from 350 to 650 umol mol?, net CO, fixation of the leaf succulent Agave
deserti and the stem succulent Ferocatus acanthodes were increased by 30% during
the light period with little effect at night (Nobel and Hartsock, 1986). A few studies
indicated that elevated CO, concentrations increased dry matter croduction by CAM
plants (Idso et al., 1986; Black, 1986; Nobel and Hartsock, 1986). In arid and
semiarid climates, growth of Agave vilmoriniana was enhanced under CO, enrichment
(Idso et al., 1986). Increasing CO, from 350 to 650 uL L' over one year enhanced
day matter accumulation by about 30% in A. deserri and F. acanthodes (Nobel and
Hartsock, 1986). At elevated CO, levels, net CO, uptake, water use efficiency and
biomass production of Opuntia ficus-indica grown in open-top chambers were
significantly increased during 23-week period (Cui et al., 1993).

The activities of the carboxylating enzymes Rubisco and PEPcase decreased
after long-term exposure to elevated CO, (Stitt, 1991; Arp, 1991; Rowland-Bamford
et al., 1991; Hogan et al., 1991). Similar results were obtained frc.)m the CAM

species Opuntia ficus-indica (Cui and Nobel, 1993; Israel and Nobel, 1994). At a
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doubled CO, cencentration, nitrogen content in cotton leaves was lowered (Wong,
1990), and both leaf nitrogen and chlorophyll contents declined at elevated CO, in
Opuntia ficus-indica (Cui and Nobel, 1993). Those phenomenon may relate to the so-
called 'non-adaptive’ or ’adaptive’ responses in photosynthetic capacity to elevated
CO, (Stitt, 1991). A non-adaptive response was viewed as a direct inhibition due to
the accumulation of starch or sucrose at higher ambient CO, level, which minimized
or prevented further accumulation of carbohydrate through 1) physical disruption of
the chloroplast due 0 large starch grains, and 2) an increase the iength of the
diffusion path for CO, in the chloroplast (Arp, 1991; Stitt, 1991). The adaptive
response was considered to be an indirect inhibition of some of physiological
processes (Arp, 1991; Stitt, 1991), which readjusts the sink-source balance by
allowing nitrogen and other components to be re-mobilized from the leaves and
invested in sink growth. For example, decrease in protein content may lead to a
reduction in Rubisco activity (Rowland-Bamford et al., 1991). In some studies, the
photosynthetic capacity of C; plants increased at elevated CO, (Long, 1991; Mott,
1991), while others reported that the capacity was reduced (Wong, 1990; Cui and
Nobel, 1993; Israel and Nobel, 1994). Detailed biochemical and physiological studies
are therefore needed to clarify those contradictions.

Increased temperature due to accumulation of greenhouse gases are predicted
to increase evaporation and absolute humidity. This, in turn, will increase nighttime
temperature and decrease the diurnal temperature variation as a result of increased

cloudiness (Taylor and MacCracken, 1990). The temperature change induced by CO,
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and other trace gases could increase the duration of phase IV of CAM plants, and
thus intensify C; fixation relative to CAM fixation. Pineapple, for example, shows
more C;-type fixation when the diurnal temperature variation is small and dark
temperatures are high (Bartholomew and Kadzimin, 1977; Barttolomew, 1982;
Neales et al., 1980). As the day/night temperature differential increases and the night
temperature decreases, dark acidification and nighttime CO, fixation approach their
maximum rates.

Most pineapple is grown in or near coastal or island areas where the climates
tend to be more oceanic than continental, and temperature and humidity extremes are
less severe than they would be for a continental climate at a comparable latitude
(Bartholomew and Kadzimin 1977). A specific feature of the coastal and island areas
is a small differential between maximum and minimum temperature, though there are
still relatively large temporal and spatial variations in temperature due to local
variations in elevation, slope and aspect. Also, there are quite large differences in
mean annual temperature for the areas where pineapple is grown on a commercial
scale (Bartholomew and Kadzimin, 1977). Even though few data are available on the
effects of temperature on pineapple growth and development, temperature appears to
be one of the most important environmental factors determining pineapple distribution
and productivity in the world (Bartholomew and Malézieux, 1994).

Irradiance primarily affects the quantity of CO, assimilatec. by pineapple while
temperature and its range affects both total assimilation and the proportion fixed in the

dark (Bartholomew and Malézieux, 1994). Pineapple will not tolerate temperatures

12



near 0 °C for prolonged periods. High day and low night tempé. -atures favor acid
accumulation and CAM metabolism, and small diurnal temperature variations and a
high nocturnal temperature result in more C;-type carbon fixation in pineapple
(Bartholomew, 1982). Leaf conductance of pineapple, by day and by night, was
strongly influenced by ambient temperature, with cool conditions favoring stomatal
opening (Neales et al., 1980). CAM activity and total carbon assimilation approaches
its maximum at a day/night temperature of about 30/22-24 °C (Bartholomew, 1982).
The optimum day/night temperature for pineapple was considered to be close to 30/20
°C, with an optimum mean temperature around 23 to 24 °C (Neiid and Bosheli 1576).
An important effect of increased temperature could be stomatal closure because
higher temperature could increase leaf photo and dark respirations, thus elevating the
intercellular space CO, concentration. Increased leaf temperature may raise the vapor
pressure gradient between the leaves and the ambient air, thereby resulting in stomatal
closure (Choudhury and Monteith, 1986; Schulze, 1986). Although no data are known
to exist for pineapple, the stomata of some CAM plants do not seem to be as sensitive

to CO, at night as they are during the day (Ting, 1993).

Carbon Stable Isotopes of CAM

Measurement of the stable carbon isotopic composition is a powerful technique
to distinguish between plants having the C; and C, photosynthetic pathways (Smith
and Epstein, 1971). Plants fixing CO, by the CAM pathway often have A"C values

intermediate between C; and C, plants (Bender et al., 1973; Bartholomew and
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Malézieux, 1994). Farquhar et al. (1982) proposed that variation in *°C should be
dependent upon the ratio of intercellular CO, concentrations (c;) to ambient CO,
concentrations (c,) as described by the equation:

3C,. = 8"°C,, -a -(b-a)c/c,
where a is the biophysical discrimination factor arising from differential diffusion of
BC over 2C (4.4 %o) into the leaf, and b is the biochemical discrimination factor due
to Rubisco activity (27 %o). The primary carboxylase of C, photosynthesis, PEPCase,
discriminates much less strongly against 1*C (Reibach and Benedict, 1977). The
resulting effect is that the isotopic signature of plants utilizing the C; pathway for
carbon fixation will differ from those utilizing PEPCase as the primary CO, fixing
enzyme. The carbon isotope ratio of plants can vary from -7 to -35 %o with values
for C, plants ranging from -7 to -15 %o, and values for C; plants range from -20 to -
35 %o (Ehleringer and Osmond, 1989; Ting, 1985). In CAM plants, the proportion
of carbon uptake in the dark (by PEPCase) or in the light (by Rubisco) is directly
indicated by the variation in carbon isotopic composition (Bender et al., 1973;
Osmond, et al., 1973). If growing condition alter the relative proportion of nocturnal
and diurnal CO, assimilation of CAM plants, the isotopic composition of the leaf will
change. The isotopic composition of CAM plants ranges from -10 to -20 %o
(Ehleringer and Osmond, 1989; Ting, 1985). The isotopic composition of pineapple
leaves ranged from -11 %o to about -19 %o, depending largely on the day/night
temperature regimes, particularly nocturnal temperatures (Bartholomew and

Malézieux, 1994). The more negative carbon isotopic composition corresponded to
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higher night temperatures, thereby suggesting that high night temperature enhanced
C;-type carbon assimilation during phase IV. It is clear that carbcr isotope ratios are
a powerful tool to understand the long-term change in the relative proportion of C, vs
C, fixation in CAM plants brought about by variations in CO, levels and

temperatures.
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CHAPTER 3

GAS EXCHANGE OF PINEAPPLE GROWN AT AMBIENT AND ELEVATED

CO, AND THREE TEMPERATURE REGIMES

ABSTRACT

Pineapple (Ananas comosus (L.) Merr.), a species having crassulacean acid
metabolism (CAM), was grown in controlled environment chambers for six months at
day/night temperatures of 35/25, 30/25 and 30/20°C, and near ambient (350 umol
mol™) and elevated CO, (700 umol mol™) levels. The effects of CO, and temperatures
on diurnal change in stomatal conductance, CO, and H,0O exchange rates, and water
use efficiency (WUE) were studied. Stable carbon isotopic discrimination was
analyzed to identify the relative contributions of the C; and CAM pathway to total
carbon accumulation. Gas exchange of the youngest physiologically mature leaf was
measured at low or high CO, for 24 hours every six weeks for 24 weeks. Gas
exchange was also measured on leaves of plants grown at low or high CO, and
exposed for 24 hours to the opposite CO, level to determine the effect of short-term
exposure to CO, levels. Total daily CO, uptake was 306 and 352 umol m? day’,
respectively at low and high CO, for plants grown at 30/20 °C, while the uptake was
187 and 343 umol m™ day*! at low and high CQO, in 35/25 °C regime, and 175 and
346 pmol m? day™ at low and high CO, in 30/25 °C regime. Therefore, effect of CO,
enrichment was greater for plants grown at 35/25 and 30/25 °C. Doubling of the CO,

concentration increased daytime CO, uptake by 4.6, 2.3 and 2.0 times, respectively,
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at 35/25, 30/25 and 30/20°C, but only enhanced nocturnal CO, uptake by about 44%
at 35/25°C and 80% at 30/25°C, resulting in a significant CO, by temperature
interaction on total daily CO, uptake. Stomatal conductance and H,O vapor exchange
rate were lower, and WUE was higher for plants grown at high CO,. The intercellular
space CO, concentration (c;) was about 100 gmol mol? in late afternoon and ranged
from 170 to 365 umol mol?! in the night at both low and high CO,. Carbon isotopic
discrimination of leaf tissue increased by 1.84 %o at 35/25°C, 1.56%o at 30/25 °C and
0.87%o at 30/20°C as CO, was doubled. Both the CO, uptake and carbon isotopic
discrimination data indicated that 5 °C day/night temperature range decreased CAM
activity, while a 10 °C diurnal temperature differential increased the actual and

relative contribution via CAM pathway.

INTRODUCTION

Pineapple is a species having Crassulacean acid metabolism (CAM). The diel
cycle of CO, fixation in CAM plants is characterized by four phases (Osmond, 1978).
Phase I is a nocturnal period of CGO, assimilation catalyzed by the enzyme
phosphoenolpyruvate (PEP) carboxylase (PEPCase), with malic acid being the
primary product accumulated in cell vacuoles. Phase II occurs at the beginning of the
light period when there is a transition from carboxylation of PEP by PEPCase to
carboxylation of ribulosebisphosphate (RuBp) by ribulosebisphosphate
carboxylase/oxygenase (Rubisco). This phase is marked by a rapid increase in CO,

influx upon illumination. During phase III, the stomata are closed, malic acid is
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transported from the cell vacuoles, decarboxylated, and the CO, thus released is
assimilated by Rubisco into carbohydrates. Phase IV occurs late i the light period
and is typical of C;-type photosynthesis with direct CO, fixation via Rubisco. Carbon
assimilation during phase III and IV is almost exclusively via the C; photosynthetic
pathway. Some evidence indicates that PEPCase becomes active towards the end of
phase IV when malate reaches a minimum level (Cote et al., 1989; Winter, 1985;
Griffiths et al., 1990).

Carboxylation of PEP approaches saturation at ambient CO,, while the
carboxylation of RuBP is not saturated at these levels (Ting, 1993). In some CAM
species the capacity to utilize elevated atmospheric CQO, is limited during phase I and
enhancement occurs primarily during Phase IV (Nobel and Hartsock, 1986; Cui, et
al., 1993). But enhanced CO, uptake during phase I was also observed for some
CAM species grown at elevated CO, (Winter, 1985; Nobel a.;ld Israel, 1994; Raveh et
al., 1995). Short-term CO, fixation by pineapple was increased at elevated CO, during
phase IV (Cote et al., 1992), but the long-term impact on diurnal carbon assimilation
was not studied.

Temperature is one of the most important environmental factors influencing
CO, fixation and water use efficiency of pineapple (Bartholomew and Malézieux,
1994). As atmospheric CO, concentration increases, global circulation models
(GCMs) predict that temperature will increase concurrently (White, 1990). In
pineapple, warm night temperature (about 25°C) not only decreases total daily carbon

assimilation, but also reduces the relative amount of fixation during phase I and IV of
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diel CO, uptake (Bartholomew and Kadzimin, 1977; Neales et al., 1980;
Bartholomew, 1982). The interactive effects of CO, and temperature are also of
considerable interest (Hogan et al., 1991; Eamus, 1991), because CO, and
temperatures are expected to increase concomitantly under most global climate change
scenarios. Their combined influence on pineapple physiology is expected to differ
from their separate effects. No reports were found on the interactive effects of CO,
levels and temperatures on gas exchange rates for any tropical plants (Hogan et al.,
1991).

Stable carbon isotopic composition (6'*C) or discrimination (A) estimates the
relative intensity of C; and CAM photosynthetic pathways in CAM species
(Ehleringer and Osmond, 1989; Griffiths, 1992). A lower A value indicates that
tissues are enriched in °C, reflecting a greater relative contribution by CAM to total
CO, fixation, while larger A values indicate that the relative contribution of C,-type
photosynthetic activity is greater (Ehleringer and Osmond, 1983; Griffiths, 1992).
Environmental temperature regulates the relative intensities of C; and CAM
photosynthetic activities in the daily cycle of CO, assimilation, and thus alters isotopic
discrimination values (Holtum, 1983; Griffiths, 1992; Bartholomew and Malézieux,
1994). Analysis of carbon isotopic discrimination in pineapple, therefore, reflects the
relative contribution of the C; and CAM pathways to total carbon gain.

Pineapple is a major crop grown in the tropics and subtropics and is the most
important food crop among the few CAM plants of commercial importance.

Knowledge of the effects of elevated CO, and temperature on pineapple will enhance
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our knowledge of the behavior of this CAM species in a CO,-enriched environment,
expand our understanding of how the crop will respond to global climate change and
make it possible to more fully exploit its economic potential. Th=~ objectives of the
study were to examine the short- and long-term responses of pineapple to ambient and
elevated CO, levels in three temperature regimes by: 1) determining the diurnal
oscillation of CO, and H,O vapor fluxes, stomatal conductance and WUE, 2)
comparing integrated CO, fixation and mean WUE between ambient and elevated CO,
at different temperatures, and 3) examining the interactive effects of CO, and
temperature on gas exchange.

MATERIALS and METHODS
Treatment Design and Environmental Conditions

The effects of CO, levels of 355 + 20 (low) and 710 + 50 pmol mol? (high)
CO, and day/night temperatures of 30/20, 30/25 and 35/25 °C on the growth of
pineapple were studied in controlled environment chambers. The photosynthetic
photon flux density in the growth chambers was maintained at about 400 gmol m? s
at the mid-plant height during a 12 h photoperiod. Humidity in the chambers was not
controlled.

Because only three chambers were available, the effects of temperature on
pineapple were studied at low CO, from November, 1993 to M:v, 1994, followed by
the study at high CO,, which was begun in August 1994 and ended in February,
1995. The temperature treatments were based on the changes that might be expected

to occur at Wahiawa, Hawaii, USA, one of the better pineapple producing ares of the
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world. The mean monthly temperature at Wahiawa ranges from 20.1 °C in February
to 24.3 °C in August (data for 1953-1962). February temperatures are too cool for
optimum growth so fruit tops (crowns) are planted through black plastic mulch to take
advantage of the increased soil temperature under the mulch (Ekern, 1969). Thus,
30/20 °C was considered to be near the optimum for pineapple growth and was used
as the control in the current study.

In both experiments, pineapple crowns from the Smooth Cayenne clone
Champaka 153 were obtained from a local pineapple company a:xd grown for three
months in ~4 liter pots containing a 1:1 (V:V) mixture of Sunshine #4 (a commercial
potting media) and horticultural perlite. The plants were watered once every five
days to keep the media moist, and fertilized once every two weeks with a dilute
nutrient solution containing 0.4% (w/v) urea and 0.5% (w/v) Gaviota Foliar 62
(Brewer Environmental Industries, Honolulu), a commercial soluble fertilizer
containing 12% N, 24% P,0s, 24% K0, 0.04% Mg, 0.10% Fe, 0.013% Cu, 0.01%
B, 0.02% Mo, 0.012% Mn, 0.014% Zn and 0.0005% Vitamin BI.

After the initial 3-month establishment period, about 22 plants were placed in
each of the controlled environment chambers. The low CQO, level was maintained at
near the ambient value by adjusting the rate of air exchange between the growth
chambers and the outside. The high CO, level was established by bleeding pure CO,
from a gas cylinder into the growth chambers. The CO, concentration was
established by adjusting the flow rate of the pure CQ, into the chambers and the rate

of air exchange between the growth chambers and the outside. The CO,
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concentration in the chambers was measured frequently with a Li-Cor 6262 gas
analyzer (Li-Cor, Inc., Lincoln, NB) until the desired set point was established. At
six months after planting, all plants were repotted into ~8 L pots for the remainder
of the experiment to minimize the effects of limited rooting volur on photosynthesis

and growth.

Gas Exchange Measurements

Gas exchange measurements were made on the youngest fully expanded and
the tallest leaf on the plant from the ground level, termed the "D’ leaf in the literature
(Bartholomew and Kadzimin, 1977). The *D’ leaf has been used to index plant
nutrient levels and evaluate the effects of environmental factors on plant water status
and growth of pineapple (Bartholomew and Kadzimin, 1977). Diurnal gas exchange
data were collected on *D’ leaves about once every six weeks durihg the six-month
period. Near the end of each study, 'D’ leaves of plants grown. at low or high CO,
were exposed to the opposite CO, levels for 24 h and gas exchange data were
collected.

Diurnal CO, and H,0 vapor exchanges were measured using a gas exchange
system consisting of a CO, and H,0 IR gas analyzer (Li-6262, Li-Cor, Inc., Lincoln,
Nebraska, USA), a dew point generator (Li-610, Li-Cor, Inc.), and a 1.57-liter
cuvette specifically designed to fit the pineapple leaf. The cuvette had a recirculating
fan and water jacket to control leaf temperature using a temperature-controlled water

bath. A datalogger (21X, Campbell Scientific Inc., Logan, Utah, USA) was used to
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record data and control the operation of the gas exchange systen. 'via solid state relays
and solenoid valves. The diurnal cycle of gas exchange was monitored with a S-
minute averaging interval over 24-h periods and the measurements were made at
approximately 1.5, 3, 4.5 and 5.5 months after planting. At each measurement data
were collected from one "D’ leaf per plant in each treatment. The CO, source for gas
exchange measurements at low CO, was the ambiént air pumped from outside the
building through a 35 L bottle, which served to stabilize fluctuations in the
atmospheric CO, concentration. The elevated CO, source was from a compressed air
cylinder containing 700 pmol mol! CO, (balance air) for short-turm enrichment, and
ambient air plus pure CO, to average 710 + 50 pmol mol” CO, for the long-term

treatments.

Carbon Isotope Discrimination

Leaf carbon isotope discrimination was determined on a subsample of a whole
'D’ leaf that had been oven dried at 70°C and finely-ground. The carbon isotopic
composition of the source air was also measured periodically by collecting air samples
in the growth chambers in 0.5-liter glass ampules that were flan.z-sealed. The natural
abundance ®C/"’C ratios were measured on a SIRA Series II isotope ratio mass
spectrometer (VG Isotech, Middlewich, UK) at the Duke University Phytotron. The

isotopic discrimination (A) was calculated from stable isotope composition (8) as

§,-8,

A= .2 _F
1+SP

(3.1)
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where 9§, is the isotopic composition of air and §, is that of the leaves.

Data Analysis

Instantaneous net CO, and H,0 exchanges, stomatal conductance (g,) and
intercellular CO, concentration (c;) were calculated according to Long and Hallgren
(1985) and Christopher et al. (1989). Instantaneous water use efficiency was

calculated as the ratio of CO, assimilated to H,O vapor transpired (Jones, 1992).

Total net CO, uptake in light, dark and 24 hours were calculated by integrating the 5

minute average values over those periods. Mean WUE was calculated by averaging
values over light, dark and 24-hour periods. Since there were no trends in rates of
CO, fixation with increasing age, all the values calculated were from the data
collected at about 3 months in growth chambers when plants were assumed to fully
adapt to treatments. Sensitivity of carbon fixation to CO, (8) was calculated using a

formula modified from Kirschbaum (1994):

Aa/A,

B = m (3.2)

where A is the daily mean net CO, uptake and c is the CO, concentration in air. AA
= Agp-Asso and AC = Cpp-Css0, Ay =(Ag00F+A350)/2, and ¢, = (Cy0+C350)/2. The
subscripts 350 and 700 refer to low and high CQ, levels. The CO, and WUE data for
the day, night and 24-h period were analyzed by two-way ANOVA and least

significant difference (LSD) by standard methods (Little and Hill, 1977).
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RESULTS

Diel Cycle of Leaf Gas Exchange Rates

Although gas exchange data were collected several times over the six-month
period, there were no consistent changes in leaf gas exchange associated with growth.
Therefore, representative curves for a single 24-h period are presented. Net CO,
uptake occurred predominately duriné phase I and phase IV in all treatments. CO,
uptake in the light reached a maximum within 120 to 150 minutes after phase IV
started, and in most case declined thereafter. CO, uptake in phase I was greater than
any other phase and approached a peak 70 to 90 minutes after the onset of phase I in
all treatments (Fig. 3.1). Nocturnal CO, uptake decreased steeply after the peak was
reached, after which the rates of uptake remained relatively constant rate until the end
of dark period for plants grown at 35/25 and 30/25 °C, or decreased steadily towards
the end of the dark period for plants at 30/20 °C (Fig. 3.1). Phase II was
characterized by short marked increase in CO, fixation immediately after the onset of
the light period, with greater response for plants grown at high CO, (Fig. 3.1). Phase
II was followed by a ’quiescent period’ designated as phase III (Osmond, 1978),
during which stomata were basically closed and measurable net CO, uptake was
absent (Fig. 3.1).

Intercellular space CO, concentration (c;) was on average 2 to 3-fold greater in
phase I than in phase IV, and remained relatively constant over the entire dark period
(Fig. 3.2). Values of c; early in phase IV were very high and dropped rapidly as CO,

assimilation from external environmental CO, increased. Late in phase IV, ¢,
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gradually decreased towards the end of phase IV for plants grown at 35/25 and 30/20
°C, or remained relatively constant at 30/25 °C (Fig. 3.2).

The diurnal course of stomatal conductance (g,) basically paralleled that of net
CO, uptake rate, being lower in the light and much greater in the dark (Fig. 3.3). The
g, values were generally 2 to 3-fold greater for plants grown at low CO, than for
plants at high CO, in the three temperature regimes, with a greater effect occurring
during the early part of phase I (Fig. 3.3). The decrease in g, at high CO, in phase I
was not as great at 30/20 °C as it was at the other two temperatures. H,0O vapor
exchange rates (E) paralleled g, and were lower during the 24 h period for plants
grown at high than at low CO, (Fig. 3.4). The E values in phase IV were greater than

might be expected from the lower g, values during that phase (Fig. 3.4).

Integrated Gas Exchange, Mean c; and ¢;/c, Ratios

As mentioned previously, CO, uptake by pineapple 'D’ leaves was measured
during the six-month growth period. The data were integrated 1o. the day, night and
24-h periods, and combined to illustrate the effect of treatments on the CO,
assimilation by pineapple (Table 3.1). For plants grown at low CO,, CO, uptake in
the light was significantly lower at 35/25°C than in the 30/25 and 30/20 °C
treatments, which were not different (Table 3.1). Nocturnal CO, uptake was
significantly greater at 30/20 °C than at 30/25 and 35/25 °C and the latter rates were
not different (Table 3.1). Therefore, the total daily assimilation over the 24-h period

was also significantly higher at 30/20°C, and then at 30/25 or 35/25 °C, primarily as
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a result of higher nocturnal CO, uptake. The percentage of CO, uptake in the dark
relative to the total daily value was 87.4 and 81.4 at 35/25 and 30/20 °C, and 68.6 at
30/25 °C for plants grown at low CO,. For plants grown at high CO,, CO, uptake in
the light, dark and 24-h periods was similar at all three temperatﬁres (Table 3.1). CO,
fixation in the dark was about 68% of the total value for the 24-h period at 35/25 and
30/20 °C, and about 63% at 30/25 °C for plants grown at high CO,.

CO, uptake in the light at high CO, was 4.6, 2.3 and 2.0 times greater than at
low CO,, respectively, at 35/25, 30/25 and 30/20°C (p<0.01), with no CO, by
temperature interaction (ANOVA not shown). Nocturnal CO, uptake was significantly
greater at high CO, with a 44% increase at 35/25°C and an 80% increase at 30/25°C
(p<0.05). There was no CO, enhancement at 30/20 °C, resulting in a significant
CO,-temperature interaction on nocturnal CO, uptake (p<0.01; ANOVA not shown).
The enhancement in CO, uptake by elevated CO, over the 24-h period was 84 % at
35/25 °C, 97% at 30/25 °C and 15% in 30/20 °C. Relative to the low CO, by
temperature treatments, a simultaneous increase in CQO, level and temperature from
30/20 to 35/25°C or 30/25°C enhanced CO, uptake in the light by 1.9 and 2.3 times
(p<0.001), respectively, but reduced nocturnal CO, uptake by 5.5 (p <0.05) and
13.1% (p<0.01) (Table 1). Thus, the average enhancement in CO, uptake over 24-h
was about 12.5% (p<0.01) when both CO, and temperature were increased.

The short term response to both low and high CO, were very consistent among
the three temperature regimes (Table 3.1). Plants grown at high CO, and measured at

low CO, had higher CO, uptake than plants grown and measured at low CO,,
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particularly for plarts grown at 35/25 and 30/25 °C (Table 3.1). Plants grown at low
CO, and measured at high CO, had higher CO, uptake in the light, dark and 24-h
period than plants measured and grown at low CO, (Table 3.1). Plants grown and
measured at high CO, had higher CO, assimilation than did plants grown at the low
CO, whether measured at high or low CO,, indicating there was no decrease in the
rate of CO, assimilation for pineapple due to long-term acclimation to elevated CO,.

The sensitivity of net CO, uptake to CQO, levels (8) characterizes the
enhancement in CO, assimilation due to the increase in CO, con~entration. The higher
the sensitivity, the greater the enhancement in CO, assimilaticn by elevated CO,. A
value of 1.0 indicates doubling the CO, assimilation as environmental CO, levels were
doubled, while a value of zero indicates that the CO, assimilation is not affected by an
increase in CO, concentration. The value of 8 was greater in the light than in the dark
period (Fig. 3.5). Daytime sensitivity was greatest at 35/25 °C, and nocturnal
sensitivity was greatest at 35/25 and 30/25 °C, with near zero nocturnal sensitivity at
30/20 °C (Fig. 3.5). Therefore, the sensitivities over 24-h were much greater for
plants grown at 35/25 and 30/25°C (Fig. 3.5).

For plants grown at low CQ,, the mean c/c, ratios in phase IV were basically
not affected by temperature treatments, while the values in phase I were 2-3 times
higher and more variable than those in phase IV (Table 3.2). The greatest c/c, in
phase I occurred at 30/20 °C and smallest value occurred at 30/25 °C. At high CO,,
the mean ¢/c, in phase IV was greatest at 30/20 °C and smallest at 30/25°C. The

values in phase I responded to temperature in a manner similar to that for plants
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grown at low CQ, (Table 3.2). The c/c, values were lower in high than in low CQ, in
both phases IV and I, with greater differences observed at 35/25 and 30/25 °C (Table
3.2).

Intercellular space CO, concentration (c) was approximately 200 umol mol™ in
phase I and 100 gmol mol™ in phase IV and for plénts grown at tow CO, (Table 3.2).
At high CO,, c; was highest in phase I and phase IV at 30/20°C, while the values in
the other temperature regimes were greater in phase I and similar in phase IV
compared to those at low CO, (Table 3.2). The temperature response of c; was

basically similar with the that of c¢;/c, ratio (Table 3.2).

Carbon Isotopic Discrimination

For plants grown at low CO,, the carbon isotopic discrimination (4) of 'D’
leaf tissues was significantly greater at 30/25 °C than at 35/25 and 30/20 °C (p<0.01)
and the latter two values were not different (Fig. 3.6). At high CO,, the A value at
30/25 °C was also significantly greater than the values at 35/25 and 30/20 °C
(p<0.001), while the A values for the 35/25 and 30/20 °C treatments were not
different. Elevated CO, significantly increased the A values (p<0.001) by 0.87%o at
30/20 °C, 1.56%o at 30/25°C and 1.84 %o at 35/25°C. Plants grown in an environment
with a daily temperature range of 5°C had the highest A, while plants grown at a
day/night differential of 10°C had relatively lower A values (Fig. 3.6).

Carbon isotcpic discrimination tended to decrease as the ratio of night/day CO,

uptake increased (Fig. 3.7), indicating that discrimination against the heavier '*C
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increased as the relative contribution to total CO, uptake via C, pathway increased. At
low CO,, a greater change in night/day CO, uptake ratio resulted in a relatively small
change in A values, while at high CO,, a slight increase in the ratio resulted in a large

decrease in A values (Fig. 3.7).

Mean Water Use Efficiency

Mean WUE calculated from net CO, and H,0 vapor exchange data of the 'D’
leaves was higher in the dark and lower in the light (Table 3.3). At low CO,, daytime
WUE was significantly lower at 35/25 °C than at 30/25 and 30/20 °C, while nocturnal
WUE was significantly greater at 30/20 °C than at 35/25 and 30/25 °C, resulting in
the highest daily WUE at 30/20 °C, while values at 35/25 and 30/25°C were
comparable (Table 3.3). At high CO,, the effects of temperature on WUE were
consistent with those at low CO,, but the values were greater than those observed at
low CO,, especially in the light (Table 3.3). A simultaneous increase in CO, level and
temperature from 30/20 to 35/25°C, and 30/20°C to 30/25°C significantly enhanced
daytime WUE by 0.81 and 1.32 times, respectively. WUE in the dark decreased
slightly with a simultaneous increase in CO, and temperature, ;o -daily mean WUE
was only increased by 6.3% at 35/25 °C and by 15.8% at 30/25 °C (Table 3.3).

Short-term response in WUE to CO, levels was consistent among the three
temperature regimes. Plants grown at high CO, but measured at. low CQO, for 24 hours
had similar daytime WUE, but lower nocturnal and total daily values compared to that

for plants grown and measured at low CO, (Table 3.3). Plants grown at low CO, but
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measured at high CO, for 24 hours exhibited much greater WUE in the light, dark
and 24-h period than for plants grown and measured at both low and high CO, (Table
3.3).

DISCUSSION

The diel rhythms of CO, exchange rate in pineapple observed in this study
were consistent with the results of previous studies for pineapple reviewed by
Bartholomew and Malézieux (1994). For plants grown at ambient CO,, maximum
CO, uptake rates in the dark were about 2.5-fold greater than the values observed by
Bartholomew (1982) and approximately 2 umol m? s™! greater than those obtained by
Cote et al. (1992), while the maximum rates in the light were about 1.5 gmol m? s’
greater than those observed by Bartholomew (1982) and compar.ble with the values
obtained by Cote et al. (1992). The difference in maximum CO, uptake rates observed
in those studies may be attributable to different day/night temperature regimes and
photoperiod under which pineapple was grown, or growth conditions. No detailed
data on CO, uptake rates were found for pineapple grown long-term at a doubled CO,
level.

The diurnal oscillation in net CO, uptake rate for pineapple exhibited the four
basic phases common to CAM species as described by Osmond (1978). Increasing the

ambient CO, level from 350 to 700 umol mol" and altering day.1ight temperatures
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had little effect on the basic pattern of leaf gas exchange. The sharp peak of net CO,
uptake during phase II presumably reflected the combination of continued CO, uptake
via the CAM pathway and direct fixation of external CO, via the C; pathway (Kluge,
et al., 1982; Winter, 1985; Liittge, 1987). The quick decline in net CO, uptake at the
onset of dark period represents the transition from light-driven C; photosynthesis
during IV to mobilization of reserves required for the synthesis of PEP. It was
unclear why there was a sharp drop in nocturnal CO, uptake after the peak values
were reached for plants grown in 35/25 and 30/25 °C, while lack of such response for
plants grown at 30/20 °C. Elevated dark respiration at higher temperature might be
partially responsible for this decrease, which could also account for the greater CO,
uptake in the dark for plants at 30/20 °C. It is assumed that the Jecrease in net CO,
uptake late in the dark reflected partial saturation of the acid storage capacity in
mesophyll vacuoles as has been previously reported (Kluge and Ting, 1978) or
utilization of the substrate for production of PEP, or both.

Relatively constant c; values during phase I for pineapple grown in both low
and high CO, levels and three temperature regimes were consistent with the change in
¢; during that phase for the CAM species Kalanchoé daigremontiana temporarily
exposed to 100, 330 and 1000 gmol mol? CO, levels (Holtum et al., 1983). Higher c;
in phase I than phase IV for pineapple might be due in part to g.cater stomatal
conductance that prevailed during that phase, which could allow a greater inflow of
external CO,. The lower c; during phase IV might be the combination of 1) a lower

stomatal conductance in the light common to CAM species, 2) direct fixation of
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external CO, via C,-type photosynthetic pathway, and 3) gradual increase in
carboxylation of CO, into malate by PEPCase after the initiation of phase IV (Kluge,
et al., 1982; Winter, 1985). The progressive decline in c; during phase IV for plants
grown at 35/25 and 30/20°C was in agreement with the result obtained for the CAM
species Kalanchoé pinnata (Winter, 1980), and is thought to be consistent with the
increase in external CO, fixation by PEPCase towards the latter part of light period
(Winter, 1980, 1985; Cote et al., 1989). The lower c; early in phase IV for plants
grown in a 30/25°C regime might be an indication of earlier incorporation of CO, into
malate by PEPCase or greater CO, fixation via the C; pathway, which might account
for the greater contribution of CO, uptake in the light in that temperature regime. A
higher c; at elevated CO, could account for reduced g, in those treatments (Farquhar
and Sharkey, 1982; Mansfield et al., 1990), which in turn decreased H,O vapor
exchange rate. This result is in good agreement with the data for some C; species
(Kimball and Idso, 1983).

The greatest total daily CO, uptake at 30/20 °C confirmed that this temperature
regimes near the optimum thermal condition for pineapple growth. The result was
consistent with data obtained for the CAM species Opuntia ficus-indica, Hylocereus
undatus, Agave deserti and Ferocactus acanthodes (Nobel and Hartsock, 1986; Nobel
and Israel, 1994; Raveh et al., 1995), which indicated that total CO, fixation over 24
h was greatest at 25/15 °C, a temperature regime near the optimum for total daily
CO, uptake by these species (Nobel, 1994), for plants grown at both ambient and

twice ambient CO, levels. The data in this study clearly showed that among the three
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temperature regimes, 30/20 °C was the optimal temperature for carbon assimilation of
pineapple grown at both ambient and elevated CO, environment.

The proportion of CO, uptake in the dark is closely related to the day/night
temperature regime: (Bartholomew, 1982; Cote et al., 1992; B holomew and
Malézieux, 1994). The values obtained in this study were similar to those reported by
Bartholomew (1982) for pineapple grown at ambient CO,. In this study, CO, fixation
at ambient CO, was high in both the light and dark at 30/20 °C. Raising the night
temperature of 5 °C reduced CO, dark fixation, while raising the temperature in the
light by 5 °C reduced the fixation in the light. The net effect of a 5 °C diurnal
differential was to reduce the fraction of CO, fixed by CAM while a 10 °C differential
maintained higher fraction of CO, fixed in the dark, but the higher temperature
reduced the total quantity of CO, fixed. It is unclear why elevatiig day temperature
from 30/25 to 35/25 °C produced higher nocturnal CO, uptake than occurred at 30/25
°C, especially for plants grown at low CO,. A temperature differential of 10 °C might
promote nocturnal uptake, and thus compensate for the lower uptake in the light, but
more detailed biochemical and physiological studies are needed before further
interpretation can be made. The higher CO, uptake in the light by pineapple at high
CO, is consistent with the response of C; plants to elevated CO,. The increased A
values at high CO, confirms that elevated CO, enhanced CO, uptake via C,
photosynthetic pathway relatively more than by the CAM pathw-y.

Ziska et al. (1991) reported that neither mean net CO, uptake rate nor plant

dry weight of pineapple was increased after plants had been exposed to doubled CO,
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for three months. The results from the present study clearly show that an increase in
environmental CO, significantly enhanced daily CO, uptake by pineapple grown in
three different temperature regimes. Zhu (chapter 4) also showed that there was a
significant increase in dry weight for pineapple grown at elevated CO,. The increased
net CO, uptake during the light period (phases II and 1V) was consistent with the
response of some C; species (Ziska et al., 1991), where enhancement is attributed to
the fact that carboxylation of RuBP by Rubisco is not saturated at ambient CO, levels
(Bowes, 1991; Stitt and Schulze, 1994). As air temperature increé.ses, the
photorespiration rate will increase (Taiz and Zeiger, 1991). Therefore, greater
enhancement in daytime CO, uptake at high CO, would be expected for plants grown
at 35/25°C than at 30/25 and 30/20 °C due to the partial inhibition of photorespiration
by elevated CO,.

The enhanced nocturnal CO, uptake at elevated CO, for pineapple grown at
35/25 and 30/25 °C was inconsistent with the results obtained for the CAM species
Agave deserti and Ferocactus acanthodes grown at 25/15 °C (Nobel and Hartsock,
1986). For these species daytime CO, uptake was enhanced by nearly 30%, while
nocturnal uptake was basically unaffected as environmental CO, ievel increased from
350 to 650 gmol mol™. Nocturnal carbon fixation by the CAM plants Kalanchoé
daigremontiana and Agave vilmoriniana also were relatively unaffected by elevated
CO, (Holtum et al., 1983; Szarek et al., 1987). However, CO, uptake of the CAM
species Kalanchoe pinnata increased by 30% in the light and 10% in the dark when

the CO, level was raised from 330 to 640 pmol mol”’ (Winter, 1985). When the CQ,
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level was doubled, both day and night CO, uptake were enhanced for the CAM
species Opuntia ficus-indica (Nobel and Israel, 1994) and Hylocereus undatus grown
at 15/5, 25/15, 35/25 and 45/35 °C (Raveh et al., 1995), with greater effects being
observed when plants were grown at higher temperatures. It appears that CO,
enhancement of carbon fixation at night for CAM plants may be a function of the
species or the day/right temperatures, or both. |

In this study, the increased nocturnal CO, uptake at elevated CO, for plants
grown at 35/25 and 30/25 °C could be due in part to the enhanced synthesis of PEP in
the dark as a result of enhanced soluble sugar content at elevated CO, (Cui and
Nobel, 1994), as soluble sugars were considered to be the main source of PEP
production in pineapple leaves during the phase I (Medina et al, 1991). It may also be
possible that elevated CO, reduce dark respiration at higher temperatures, thus
enhancing CO, dark fixation (Amthor, 1991; Nobel et al., 1994). I.t could be further
deduced that for pineapple grown at ambient CO,, the relatively lower daytime CO,
uptake at 35/25 °C and smaller nocturnal uptake at 35/25 and 30/25 °C might be due
partly to elevated photo and dark respirations stimulated by higher temperatures.
Although data on the effect of CO, levels on respiration are scarce and no data were
found for CAM species. Available reports indicated that respiration of some C;
species was reduced at higher CQO, levels, with a greater effect occurring at higher
temperatures (Wong, 1990; Bunce, 1990; Amthor, 1991; Eamus:,; 1991; Hogan et al.,
1991; Long, 1991; Drake and Leadley, 1991; Ziska and Teramura, 1992; Ziska and

Bunce, 1993). Dark respiration was significantly lower in temperate species of
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Triticum aestivum (Gifford et al., 1985), Glycine. max and Lycopersicon esculentum
(Bunce, 1990) and Tabebuia rosea, a tropical tree species (Hogan et al., 1991).

In current study, a simultaneous increase in CO, level, and daily or night
temperatures by 5 °C significantly enhanced total daily CO, uptake in spite of reduced
CO, dark uptake, which was supported by the data of biomasg accumulation in the
same study. The results of current research indicates that elevated CO, could enhance
total daily CO, uptake by pineapple if the global temperatures could increase
concurrently.

The ¢;/c, ratios ranged from 0.6 to 0.8 for C; species and 0.2 to 0.4 for C,
species (Winter, 1935). The c; averaged 220 umol mol? for eight C, species and 100
pmol mol? for four C, species at near a ambient CO, level of 320 umol mol”! (Wong
et al., 1979). For pineapple grown at about 350 umol mol? CO, in this study, the
c¢/c, ratio (~0.55-0.65) and c; (~ 170-240 umol mol™) in phase I were relatively
close to the values observed for C, species, which might indicate that the magnitude
of nocturnal carbon fixation by PEPCase in pineapple was similar to that in C; species
via photosynthetic carbon reduction cycle if g, was the same. While the c/c, ratio
(~0.2-0.3) and c; (~ 100 gmol mol?) in phase IV were basically similar to the values
observed for C, species, implying that carbon assimilation during phase IV might
involve the direct fixation of external CO, into carbohydrates by Rubisco and the
carboxylation of CO, into malate by PEPCase. Data on organic acid accumulation,
instantaneous carbon isotopic discrimination and O,/CQO, exchange for some CAM

species including pineapple (Cote et al., 1989; Griffiths et al., 1990; Winter, 1985;
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Borland et al., 1993; Franco, personal communication) indicated that substantial
amount of external CO, was incorporated into malate during phase IV.

Water use efficiency (WUE) depends on the environmental CO, level (c ), the
¢;/c, ratio and vapor pressure deficit between the leaf intercellular space and ambient
air. Therefore, WUE is a comprehensive index that reflects the effects of both
environmental and physiological factors on leaf gas exchange. '\;Iean WUE
approximated 0.9 and 1.7 mmol CO, m? day*/mol H,O m? day”, respectively, for
six of the most productive C; and C, plants (Nobel, 1994), averaged 5.1 and 5.5
mmol CO, m? day*/mol H,0 m? day”, respectively for the cultivated CAM species
Agave mapisaga and Opuntia ficus-indica (Nobel, 1994). For pineapple in this study,
daily mean WUE averaged 7.9, 6.9 and 9.5 mmol CO, m? day'/mol H,0 m? day’,
respectively, for plants grown at 35/25, 30/25 and 30/20°C in ambient CO,, showing
very high WUE, even among CAM species. The higher daily WUE of pineapple was
due primarily to high WUE in the dark when most carbon was éssimilated by this
species. WUE can be increased in three ways: 1. increase in net CO, uptake, 2.
decrease in water loss via transpiration, and 3. a combination of 1 and 2 (Eamus,
‘1991; Hogan, 1991). Significantly increased WUE for pineapple grown at high CO,
in 35/25 and 30/25 °C regimes was due to simultaneous increase in net CO, uptake
and a decrease in transpiration, while increased WUE at high CO, in 30/20 °C regime
was attributable primarily to rgduced transpiration since CQO, dark fixation was not
enhanced by elevated CO, at this temperature. In addition, intensified CAM activity

also enhances WUE, thus accounting partly for higher mean daily WUE at 35/25 and
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30/20 °C than 30/25 °C for plants grown at low CO,.

In summary, as was expected from the response of C; species, the daytime
CO, uptake via C; pathway in pineapple was significantly increa~cd by elevated COQ,,.
The nocturnal CO, uptake via CAM pathway was also enhanced at elevated CO, for
plants grown at higher temperatures, a response inconsistent with the observations for
C, plants and some CAM species. There are only a few mechanisms that could
account for the enhanced CQO, assimilation in the dark period for CAM species, but
none of them has been confirmed experimentally. Elevated CO, increased daily CO,
uptake, reduced stomatal conductance and transpiration, thus enhanced WUE. A
simultaneous increase in CO, level and temperature also enhancg_d, the total daily CO,
assimilation and WUE in pineapple. Although the enhancement a2 CQ, fixation by
elevated CO, was greater for pineapple grown at 35/25 and 30/25 °C, net CO, uptake
and WUE were consistently greater for plants grown at 30/20°C in both ambient and
twice ambient CO,. It appears that carbon assimilation and WUE in pineapple would
significantly increase in elevated CO, and temperature environment predicted to occur

in the next century.

39



Table 3.1 Integrated net CO, uptake by the youngest physiologically mature leaves of
pineapple grown at two CO, levels and three day/night temperatures. Data are means
(n=4) + SE. Meas./grow refers to CO, uptake measured at specified levels for plants
grown at specified levels.

CO, level Temperature Day Night 24 hours
(meas./grow)
(xmol mol™) °C Net CO, uptake
mmol CO, m? period™
Long-term effect
350/350* 35/25 235+ 3.3 163.2 + 1.2 186.7 + 4.1
30/25 55.1 + 3.6 120.1 + 5.8 175.2 + 9.4
30/20 570+ 1.0 249.2 + 9.8 306.2 + 9.9
700/700° 35/25 107.0 + 0.9 235.6 + 4.8 342.6 + 4.9
30/25 129.1 + 9.9 216.6 + 16.1 345.7 + 25.7
30/20 1144 + 9.8 237.7 + 15.6 352.1 + 6.1
LSD¢ CO,/T 32.0 78.5 89.8
T/CO, 27.4 35.9 43.6
Short-term effect
350/700° 35/25 60.0 + 6.3 198.4 + 7.8 258.4 + 10.5
30/25 67.5 + 3.7 180.3 + 5.9 2478 + 5.6
30/20 68.5 + 4.9 2154 1+ 19.2 283.9 + 16.7
700/350° 35/25 720 + 3.9 199.7 + 38.8 271.7 + 34.9
30/25 96.9 + 14.4 199.2 + 182 296.1 + 3.9
30/20 95.0 + 11.0 271.7 £ 29.0 366.7 + 18.0

% b < Data are means of four, five and two plant leaves, respectively.

4. LSD: Difference required for significance at 0.05 level of probability.
CO,/T and T/CO, refer to LSD values between CO, levels within temperature
treatments and between temperature treatments within CO, levels.
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Table 3.2 Mean ratio of intercellular space CO, (¢) to ambient CO, (c.)

concentration (c;/c,) and mean c; in the dark (phase I) and afternoon (phase 1V) of the

youngest physiologically mature leaves of pineapple grown six months at two CO,
levels and three day/night temperatures. Data are means + SE.

CO, levels Day/night temperature (°C)
(umol mol™) Phase 35/25 30/25 30/20
clc,

350 r 0.553 4+ 0.035 0.458 + 0.021 0.645 + 0.030
|\ 0.293 + 0.040 0.222 4+ 0.040 0.237 £ 0.033

700 I 0.366 + 0.011 0.283 4+ 0.011 0.518 £ 0.021
Ive 0.142 + 0.025 0.107 + 0.009 0.221 + 0.028

¢; (umol mol)

350 r 200 1 13 169 + 7 237 £ 10
Ive 105 + 14 80 + 14 8 + 11

700 b 258 + 7 200+ 9 365 + 16
Ive 106 + 17 79 + 8 177 + 18

* ®, ¢ Data are means of five, six and ten 'D’ leaves, respectively. Each leaf is from

a different plant.
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Table 3.3 Mean water use efficiency (WUE) for the youngest physiologically mature
leaves of pineapple grown at two CO, levels and three day/night temperatures. Data
are means (n=4) + SE. Meas./grow refers to CO, uptake measured at specified
levels for plants grown at specified levels.

CO, level Temperature Day Night 24 hours
(meas./grow)
(umol mol™) °C WUE

Long-term effect

350/350* 35/25 25+04 12.1 +£ 0.7 7.9 + 0.1
30/25 394+0.3 10.7 + 0.2 6.9 +£ 0.3
30/20 3.7+ 0.2 145 + 0.6 9.5 + 0.2

700/700*°  35/25 6.7 + 0.1 13.2 + 0.4 10.1 + 0.1
30/25 8.6 +0.3 13.2 + 0.6 11.0 + 0.4
30/20 84 +0.5 17.4 + 0.5 13.0 + 0.2

LSD¢ CO,/T 1.8 4.5 1.7
T/CO, 1.3 2.6 1.1

Short-term effect

350/700°  35/25 32+0.3 75+ 0.2 5.7 4+ 0.3
30/25 4,0 4+ 0.1 80+03 6.3 +0.2
30/20 3.9 4+ 0.1 10.6 + 0.1 7.5 + 0.2

700/350°  35/25 79 + 1.8 17.4 + 0.4 13.0 + 0.9
30/25 10.0 + 1.3 24.0 + 3.2 16.3 £ 1.3
30/20 13.6 + 0.1 27.6 +£ 2.5 219+ 1.9

* b < Data are means of four, five and two plant leaves, respectively.

4. LSD: Difference required for significance at 0.05 level of probability.
CO,/T and T/CO, refer to LSD values between CO, levels within temperature
treatments and between temperature treatments within CO, levels.
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Fig. 3.1 Net CO, exchange rates of the youngest physiological matrure
leaves of pineapple grown at two CO,, and three day/night temperatures.

Dark bars refer to the dark period. Data were collected about three
months after the treatments were started.
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Fig. 3.2. Intercellular space CO, levels (c) of the youngest physiological
mature leaves of pineapple at two CO, and three day/night temperatures.

Dark bars refer to the dark period. Data were collected about three months
after treatments were started.
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Fig. 3.3 Stomatal conductance (g,) of the youngest physiological
mature leaves of pineapple grown at two CO, levels and three day/night

temperatures. Dark bars refer to the dark period. Data were collected
about three months after treatments were stared
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Fig. 3.4. H,0 exchange rates of the youngest physiological
mature leaves of pineapple grown at two CO, levels and three

day/night temperatures. Dark bars refer to the dark period. Data
were collected about three months after treatments were started.
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Fig. 3.5 Sensitivity (B) of total CO, uptake to an increase
in CO, levels during the day, night and 24-h periods by the
youngest physiological mature leaves of pineapple grown
at three day/night temperatures.
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the mean ratio of night/day CO, uptake by the youngest physiological
mature leaves of pineapple at two CO, levels and three day/night
temperatures.
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CHAPTER 4
BIOMASS ACCUMULATION AND PHOTOSYNTHETIC CHARACTERISTICS

OF PINEAPPLE IN RESPONSES TO ELEVATED CO, AND TEMPERATURES

ABSTRACT

The effects of CO, and temperatures were studied on some of the
photosynthetic characteristics of pineapple (Ananas comosus (L.) Merr.), a species
having crassulacean acid metabolism (CAM). The primary focus of this study was on
biomass accumulation and partitioning, leaf titratable acidity (TA), tissue sap
osmolarity, leaf chlorophyll and nitrogen contents. Plants were grown in controlled
environment chambers at day/night temperatures of 35/25, 30/25 and 30/20 °C with
near ambient (350 umol mol?) and twice ambient (700 umol mol') CO,. For plants
grown at ambient CO,, net assimilation rate (NAR) was 1.46 g m? day™ at 30/20°C, a
value about 22% greater than those at 35/25 and 30/25°C, with little difference
between 35/25 and 30/25 °C treatments. Elevated CO, increased the NAR of
pineapple grown at 35/25, 30/25 and 30/20°C, respectively, by 76, 123 and 68%.
Therefore, the growth enhancement by elevated CO, was greatest for plants grown at
small diurnal temperature differential of 5 °C and warm night temperature.
Simultaneous increase in CO, levels and day/night temperature from 30/20 to 35/25
°C or night temperature from 30/20 to 30/25 °C enhanced NAR by 45 and 84%,
respectively. Increased plant growth at elevated CO, partitioned .more biomass to stem

and root, but less to leaf. Greater leaf area expansion and thickress at elevated CO,
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indicated that leaf growth was also enhanced. At twice ambient CO,, nocturnal
accumulation of organic acids was enhanced, while leaf chlorophyll content was

reduced.

INTRODUCTION

Consumption of fossil fuels and deforestation over the past century have
resulted in a steady increase in the atmospheric CO, concentration (Sarmiento and
Bender, 1994; Porter and Carter, 1991). Global climate models predict that
atmospheric temperature will rise 1.5 to 4.5°C by the middle of the next century
(Bakin, 1993). Increased atmospheric CO, levels increase the phqtosynthesis and dry
matter accumulation of plants having the C; photosynthetic pathway but have a
minimal effect on C, plants. To date, the effects of elevated CO, and temperature
have been intensively studied on at least eight important C, crops (wheat, barley, rice,
soybean, cotton, alfalfa, potato and sweet potato) and 2 major C, species (corn and
sorghum) (Acock and Allen, 1985; Cure and Acock, 1986). Available studies
indicated that elevated CQO, significantly increased the growth in some other C; crops
(Gifford et al., 1985; Idso et al., 1987; Yelle et al., 1989; Peet et al., 1986; Hogan et
al., 1991). Only a few studies were found to examine the effecté,.of CQ, enrichment
on some CAM species, including Kalanchoé daigremontiana (Holtum et al., 1983),
Agave deserti, Ferocactus acanthodes and Opuntia ficus-indica (Nobel and Hartsock,
1986; Cui and Nobel, 1994; Nobel, 1991; Israel and Nobel, 1994). Elevated CO,

increased the daily carbon fixation and biomass accumulation of the CAM species
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(Nobel and Hartsock, 1986; Idso et al,. 1986; Cui et al., 1993; Nobel et al., 1994).
The enhancement was primarily due to increased CO, fixation in the light with little
enrichment in the night (Nobel and Hartsock, 1986; Cui et al., 1993). But enhanced
fixation in the dark was also found for some CAM species grown at elevated CO,
(Winter, 1985; Black, 1986; Nobel and Israel,1994; Raveh et al., 1995). Leaf
nitrogen and chlorophyll contents were found to decrease for the CAM species
Opuniia ficus-indice (Cui and Nobel, 1994; Nobel et al., 1994) and some C,; plants
(Rowland-Bamford et al., 1991; Coleman et al., 1991; Wong, 1990; Ryle and Powell,
1992) after plants were exposed to elevated CO, for extended period.

The environmental physiology of pineapple (Ananas comosus (L.) Merr.) was
recently reviewed by Bartholomew and Malézieux (1994) including the effect of
various day/night temperature regimes. No studies were found that examined the
combined effects of elevated CO, and temperatures on growth and organic acid
accumulation of pineapple, the world’s most important commercial CAM species. The
principal objective of this study was to investigate the biomass zccumulation and other

physiological responses of pineapple to elevated CO, and temperatures.

MATERIA nd METHODS
Plant Materials and Treatments
Fruit top (crowns) from the Smooth Cayenne clone Champaka 153 were
obtained from a local pineapple company and were grown in artificial media in pots

for three months prior to imposing the treatments. The potting media consisted of a
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1:1 (by volume) mixture of Sunshine #4 (a commercial potting mixture) and
horticultural Perlite. The plants were watered every five days and fertilized once per
two weeks with a dilute nutrient solution containing 0.4% (w/v) urea and 0.6% (w/v)
Gaviota Foliar 62 (Brewer Environmental Industries, Honolulu), a commercial soluble
fertilizer mix consisting 12% N, 24% P,0s, 24% K,0, 0.04% Mg, 0.10% Fe,
0.013% Cu, 0.01% B, 0.02% Mo, 0.012% Mn, 0.014% Zn and 0.0005% Vitamin
BI.

Plants were grown in controlled environment chambers with CO, level of 350
+30 (low) umol mol! CO, from November, 1993 to May, 1994 in the first
experiment, and 700 350 (high) gmol mol! CO, from August 1994 till February,
1995 in the second experiment because only three chambers were available. In each
experiment, day/night temperatures were 35/25, 30/25 and 30/2C °C. The
photosynthetic photon flux density in the growth chambers was maintained at about
400 umol m? s at the mid-plant height during a 12 h photoperiod. The temperature
treatments were based on the data obtained at Wahiawa, Hawaii, USA, one of the
better pineapple producing ares of the world. The mean monthly temperature at
Wahiawa ranges from 20.1 °C in February to 24.3 °C in August (data for 1953-1962).
February temperatures are too cool for optimum growth so fruit tops (crowns) are
planted through black plastic mulch to take advantage of the increased soil
temperature under the mulch (Ekern, 1969). Thus, 30/20 °C wa: considered to be
near the optimum for pineapple growth and was used as the control in the current

study.
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After three months of the initial establishment, about 22 plants were placed in
each of the chambers. The low CO, level was maintained by adjusting the rate of air
exchange between the growth chambers and the outside. The high CO, level was
established by bleeding pure CO, from a gas cylinder into the growth chambers. The
CO, concentration was achieved by adjusting the flow rate of the pure CO, into the
chambers and the rate of air exchange between the growth chambers and the outside.
The CO, concentration in the chambers was measured frequently with a Li-Cor 6262
gas analyzer (Li-Cor, Inc., Lincoln, NB) until the desired set pofnt was established.
At six months after planting, all plants were repotted into ~8 L pots for the
remainder of the experiment to minimize the effects of limited rooting volume on

photosynthesis and growth.

Physiological Measurements and Data Sampling
Biomass Data

Fresh and dry weights of leaves, stems and roots were measured on three to
four plants per treatment about eVery six weeks for a period of at least 24 weeks. Dry
weight was determined after oven-drying at 70 °C for two weeks. Green leaf area was
measured using a Li-Cor Li-3100 leaf area meter (Li-Cor, Inc, Lincoln, Nebraska,
USA).
Leaf Tissue Titratable Acidity and Osmolarity

Leaf titratable acidity (TA) and osmolarity were measured on four 'D’ leaves

per treatment collected at end of dark period (predawn) and end of the photoperiod
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(afternoon). The leaf was split longitudinally and one-half was removed at dawn and
frozen at -75°C to disrupt the cell membranes. The second segment of the leaf was
harvested in the afternoon and similarly frozen. To determine TA, two 1.3 cm
diameter leaf discs were collected from the middle one-third of each frozen leaf
segment, ground in a mortar with ~20 ml of distilled water, arnd the total volume
was titrated to pH 7.2 using 0.01 N NaOH. Leaf sap was extracted from frozen-and-
thawed tissues and the osmolarity of the leaf sap was determined using a 5500 vapor

pressure osmometer (Model 55008, Wescor Inc. Logan, Utah, USA).

Chlorophyll and Nitrogen Contents

Leaf chlorophyll content was determined using the techniques described by
Coombs et al. (1985) and Ranjith et al., (1995). The leaves were, frozen at -75 °C and
ground to a powder in liquid nitrogen. Chlorophyll was extracte_d by grinding 200 mg
of frozen leaf sample with 80 % (V/V) acetone, and adjusting the final volume to 20
ml by adding 80 % acetone. The mixture was incubated overnight at room
temperature (22°C) and centrifuged at 12000 g for 1 minute. The absorbance of the
leaf supernatant was read at 647 and 664 nm wavelengths with a spectrophotometer
(Spectronic 21, Bausch & Lomb, New York), and chlorophyli content was calculated
according to Coombs et al. (1985).

Leaf total nitrogen (N) content was determined using the.same leaf tissue
powder used for the chlorophyll measurement by the micro-kjeldahl technique at the

Agricultural Diagnostic Service Center, University of Hawaii, Manoa. The data were
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reported as the percentage N in the leaf on a dry weight basis (W/W %).

Carboxylating Enzyme Activities

Attempts to assay the activities of phosphoenolpyruvate carboxylase (PEPCase)
and ribulosebisphosphate carboxylase/oxygenase (Rubisco) were according to the
methods described by Ranjith et al. (1995) for sugarcane. The 'D’ leaf tissues were
freshly harvested and ground to a power in liquid nitrogen. A 1 g sample of powder
was added to 4 ml of extraction solution containing 100 mM Bicine (pH 8.1), 1%
(W/V) PEG 6000, 7.5 mM DTT and 1 mM EDTA Na,. Then, tissue extracts were
centrifuged at 4°C for 12 minutes at 15,000 g. For the determination of Rubisco
activity, 1 ml of tissue extract supernatant was mixed with 1 ml of activation sclution
consisting of 100 mM Bicine (pH 8.1), 20 mM MgCl, and 20 mM NaHCO;, and the
mixture was incubated for 20 minutes to activate Rubisco. The reaction of Rubisco
was initiated by adding 200 ul of activated enzyme extract to 800 ul of Rubisco assay
mixture consisting of 100 mM Bicine (pH 8.1), 5 mM DTT, 0.1 mM EDTA Na,, 0.4
mM RuBP, 20 mM MgCl,, 10 mM NaHCO, and 0.5 uCi NaH"“CO;. The reaction of
PEPcase was initiated by adding 200 ul of enzyme extract to 800 ul of PEPcase assay
mixture consisting of 100 mM Bicine (pH 8.1), 5 mM DTT, 0.: mM EDTA Na,, 5
mM PEP, 5 mM Na glutamate, 10 mM MgCl,, 10 mM NaHCO; and 0.5 uCi
NaH"“CO,. The reaction was terminated after 2 minutes at 22°C by adding 70 ul of 1
M HCI, and the reaction vials were kept in an oven at about 50°C for 3 hours to

remove unfixed CO,. A 5 ml aliquot of scintillation fluid was added to the solution
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in the vial and the radioactivity was determined by a scintillation counter (Beckman
LS 1801, Beckman Instruments, Inc. California, USA).

Because of difficulties in obtaining reasonable levels of activities, the method
was slightly modified several times to increase the MC specific activities. The first
modification was to raise the Bicine pH from 8.1 to 8.8 to minimize the pH change
due to the acidity of the pineapple leaf. The second modification was to increase the
amount of NaH"CO, and reduce the amount of NaHCO, in order to raise the %C
concentration in the assay mixture. This procedure enabled the enzymes to combine
more radioactive carbon into carbohydrates during the reaction. The last modification,
based on the method described by Black (Personal communication, 1995), was to add
10 uM Leupetin and 2% (W/V) PVPP to the extraction buffer to inhibit the leaf tissue
protease during enzyme extraction. The activities of both pineapple and sugarcane

were measured to confirm that the technique worked appropriately.

Growth Analysis

Dry matter partitioning was assessed by calculating stem weight, root weight
and leaf weight to total plant dry weight ratios, which were then expressed as the
percentage of dry weight in stem (SWR), root (RWR) and leaf (LWR) relative to the
total plant dry weight. The mean relative growth rate (RGR) and net assimilation rate

(NAR) over the entire growing periocd (Chiariello et al,. 1989) were calculated as:

1nW,-1nW
aw _ T (4.1)

1
RGR = =
wWdt t,-t,
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aw . 2(W,-W,) (4.2)

NAR =
dt (A,+4,) (t,-t))

2l

where W is total dry weight, A is green leaf area, t is time, and the subscripts 1 and
2 refer to samples collected at beginning (1) and end (2) of treaiments.

Mean leaf e:pansion rate (LER) over the entire growing period was calculated

da _ 2,-4 (4.3)

LER = 94 _
dt  T,-t

-

Specific leaf weight (SLW), a measure of leaf thickness, was calculated as the
ratio of leaf dry weight to green leaf area (Chiariello et al., 1989). Dry matter content
of leaf (or stem) was also calculated as the percentage of leaf (or.stem) dry weight

relative to fresh weight of leaf (or stem).

RESULTS

Growth Responses

Average total dry weight per plant (W) was consistently higher at 30/20 °C
than at 35/25 and 30/25 °C in low CO, (Fig. 4.1). While in high CQ,, the differences
in W, between temperature treatments were much smaller and more variable (Fig.
4.1); final W, after six months of growth was about 30 and 20 ¢ greater at 30/25 and
30/20 °C, respectively, than at 35/25 °C. The initial W, of plants'grown at high CQO,
were 15 g smaller than that of plants grown in low CQ,, yet the final W, after six

months was 32, 62 and 40 g greater in high CO,, respectively, at 35/25, 30/25 and
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30/20 °C (Fig. 4.1). Therefore, biomass accumulation of pineapple during six-month
growth period was greater for plants grown in high CO, at all temperatures.

Average leaf surface area per plant (A;) was somewhat variable and
differences between temperature treatments were small (Fig. 4.1). The final A, after
six-month of growth was 860 and 760 cm? greater at 35/25 and 30/25 °C than at
30/20 °C in low CO,, and 580 and 265 cm? greater at 35/25 and 30/20 °C than at
30/25 °C in high CO,. Therefore, the final A, was always greatest for plants grown in
the 35/25 °C regimes at both ambient and twice ambient CO,. The initial A, was 913
cm? greater for plants grown at low than high CO,, and the final A, after six months
was 530 and 1000 cm? greater at 35/25 and 30/25 °C in low than high CO,, and
comparable between Low and high CO, at 30/20 °C. ‘

In low CO,, net assimilation rate (NAR) was greater at 30/20 °C than at other
two temperatures, while NAR values at 35/25 and 30/25 °C were not different (Table
4.1). In high CO,, NAR was greatest at 30/25 °C and smallest at 35/25 °C (Table
4.1). NAR was 0.76, 1.23 and 0.69 time greater for plants grown at high CO, than
the values in low CO,, respectively, at 35/25, 30/25 and 30/20 °C. Relative growth
rate (RGR) was also highest at 30/20°C, and about 6% lower at 35/25 and 30/25°C
for plants grown at low CO,, and greatest at 30/25°C and smallest at 35/25°C for
plants at high CO, (Table 4.1). Elevated CO, enhanced RGR by 57% at 35/25 °C,
70% at 30/25° and 56% at 30/20°C (Table 4.2). Simultaneous increases in CO, level
and temperatures from 30/20 to 35/25 and 30/25 °C enhanced NAR by 45 and 84%,

and RGR by 48 and 60%, respectively.
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Leaf area expansion rate (LER) was greatest at 35/25 °C and smallest at 30/20
°C for plants grown at low CO, (Table 4.1). At high CO,, LER was still greatest at
35/25 °C but smallest at 30/25 °C, with relatively smaller temperature effect (Table
4.1). LER was 13, 4 and 28% greater at high than at low CO,, respectively, at 35/25,
30/25 and 30/20 °C. Simultaneous increases in CO, level and temperatures from
30/20 to 35/25 or 30/25 °C increased LER by 35 or 21%, respectively.

Mean dry matter contents (DMC) of leaf and stem were consistently higher
during six-month growth period for plants grown at high CO, (Table 4.2). Although
the CO, effect on DMC was not consistent along plant age, the average increase in
DMC during six months was about 8-10% in leaf and 14-16% in stem at 35/25 and
30/20 °C, and 16% in leaf and 26% in stem at 30/25 °C. There was no consistent
effects of plant age and temperature treatments (Table 4.2).

At low CO,, day/night temperature had no consistent effect on stem weight
ratio (SWR), while at high CO,, SWR was greatest at 30/25 °C and lowest at 35/25
°C (Table 4.3). Root weight ratio (RWR) was greater at 30/20 °C and smaller at
35/25 °C in low CO,. RWR in high CO, was greater at 30/25°C and smaller at 35/25
°C (Table 4.3). Leaf weight ratio (LWR) at low CO, was greater at 35/25 and 30/25
°C than at 30/20 °C. In high CO,, the LWR in the 35/25°C regime was comparable
with that in low CQO,, while LWRs in other two temperature regimes were lower than
those in low CO, (Table 4.3). Based on data from the final harvest, elevated CO,
enhanced dry matter partitioning to stem (SWR) by 8 and 23 %, respectively, gt 35/25

and 30/25 °C, with 1.4% reduction at 30/20 °C; elevated CO, also enhanced dry
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matter partitioning to root (RWR) by 37 and 24 %, respectively, at 30/25 and 30/20
°C; partitioning to leaf (LWR) was generally reduced at high CO, by 5 and 2% at
30/25 and 30/20 °C with only 1% increase at 35/25°C; simultaneous increases in CO,
level and day/night temperature from 30/20 to 35/25 decreased SWR and RWR by 10
and 23 %, respectively, while increased LWR by 3%; simultaneous increases in CO,
level and night temperature from 30/20 to 30/25 increased SWR and RWR by 16 and
20%, respectively, but decreased LWR by 3%.

Specific leaf weight (SLW), which is positively correlated with leaf thickness
(Chiariello et al., 1989), generally increased with plant age, wit: the greatest
response at 30/20 °C (Fig. 4.2). The effect temperature on SLW was relatively
smaller than that of CQ,, and also increased with plant age (Fig. 4.2). Elevated CO,
significantly increased SLW for plants grown in all temperature regimes, with the
greatest effect at 30/25 °C, and comparable response at 35/25 and 30/20°C (Fig. 4.2).
The similar curve shape within a temperature regime suggested that the relation
between SLW and plant age was temperature specific rather than CO, dependent (Fig.

4.2).

Physiological Responses

As expected for a species with CAM, the predawn titratable acidity (TA) in
pineapple leaves was substantially higher than afternoon values and increased with
plant age (Fig. 4.3). At low CO,, predawn TA was highest at 30/20 °C and lowest at

30/25 °C throughout the six-month period (Fig. 4.3). At high CO,, predawn TA

61



values were greater than those at low CQO,, with the greatest effect occurring to plants
grown at 30/25 °C; the response to temperature was similar during the early part of
growth period, but the TAs at 35/25 °C dropped below the values at 30/25 °C during
the late part of the growth period (Fig. 4.3). The effect of CO, enrichment on
predawn TA levels decreased during the late part of growth period. The afternoon TA
values were unaffected by CO,, temperature and plant age (Fig. 4.3).

Predawn osmolarity at high CO, was 35 to 40 mmol kg™ greater than at low
CO, in the 35/25 and 30/25 °C regimes, but about 18 mmol kg™ smaller than at low
CQ, in the 30/20 °C regime (Fig. 4.4a). Afternoon osmolarity was 50 to 5SS mmol kg’
! greater at high than at low CO, in all temperature regimes (Fig. 4.4b), and was
approximately 120 to 190 mmol kg lower than predawn values, depending on the
CO, levels and temperatures (Fig. 4.4). Predawn osmolarity and TA were linearly
correlated at both low (r?=0.706, p<0.05) and high CO, (=0.645, p<0.05), while
afternoon osmolarity and TA values were not statistically correiated (data not shown).

Mean nitrogen (N) content of D’ leaves at the final harvest was 1.79, 1.80
and 1.62%, respectively at 35/25, 30/25 and 30/20 °C for plants grown in low CO,,
and 1.53, 1.63 and 1.62%, respectively at 35/25, 30/25 and 30/20 °C for plants
grown in high CO,. Therefore, leaf N content was reduced at elevated CO, in the
35/25 and 30/25 °C regimes, but the differences was only significant at 35/25 °C
(p<0.05). Leaf Chlorophyll content was consistently highest at 30/25 °C and lowest
at 35/25 °C at both low and high CO, during six months of growth (Fig. 4.5).

Elevated CO, appeared to reduce the effect of temperature on the chlorophyll content.
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Mean leaf chlorophyll content at the final harvest was significantly lower (p<0.01) at
high CO, by 31, 26 and 27%, respectively, at 35/25, 30/25 and j0/20 °C (data not
shown).

Attempts to measure the Rubisco and PEPCase activities using the original and
modified methods were unsuccessful. The radioactivity counts were about 3000 to
4000 for sugarcane leaves, and approximately 300 to 500 for pineapple leaves, and 40
to 50 for background levels (data not shown). The reasons for the low activities of
pineapple leaves is not known. No differences due to treatments could be detected.

DISCUSSION

When grown at ambient CO,, biomass accumulation of pineapple was greater
for plants at 30/20 °C due to a higher NAR, as a result of greater fixation of external
CO, in the light (chapter 3), and organic acid accumulation in the dark. Although
initial dry weights of were smaller for plants grown at high CO,, greater dry weight
at the final harvesting indicated that biomass accumulation was significantly enhanced
by elevated CO, at all three temperatures. As CO, was doubled, more dry matter was
partitioned to stem and root, thereby leading to relatively lower LWR. Increased
RWR for pineapple grown at elevated CO, was consistent with rﬁe observation for the
CAM species Opuntia ficus-indica, which showed that root growth was enhanced at
elevated CO, (Cui and Nobel, 1994). Leaf growth was also enhanced at elevated CO,
as evidenced by greater LER and SLW. It appears that higher temperature of 35/25

°C increased leaf surface area at both CO, levels, while relatively lower temperature
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of 30/20 °C promoted the effect of CO, enhancement on leaf area. Increased LER at
high CO, indicated that leaf area could be greater for plants grown at elevated CQ, if
the initial A; was the same for plants at both ambient and twice ambient CO,. All
these growth enhancements on pineapple were attributable primarily to increased NAR
induced by elevated CO,. This effect was greater for pineapple grown at relatively
higher temperatures, which was consistent with the theoretical prediction on the
photosynthetic response to CO, and temperature in C; species (Mcmurtrie and Wang,
1993; Kirschbaum, 1994). Data in carbon isotope discrimination and carbon
assimilation indicated that plants grown at 35/25 and 30/25 °C responded relatively
more to doubled CO, than did plants at 30/20 °C (chapter 3). This greater effect of
CO, enrichment for plants grown at higher temperatures might be due partially to
reduced photo and dark respirations at elevated CO, as indicated earlier (chapter 3).

The available data shows that stem dry matter (DMC) and starch contents of
pineapple were positively correlated (Barthomlomew and Paull, 1986). Thus, the
increased stem DMC observed at high CO, might have resulted .*om an increased
starch content in the stem. Although no data are available on the relationship between
leaf DMC and leaf starch content for pineapple, other studies indicate that increased
leaf thickness at elevated CO, could be due partially to the greater accumulation of
carbohydrates such as starch (Arp, 1991; Rowland-Bamford et al., 1990). The largest
increase in DMC at elevated CO, for plants grown at 30/25 °C may partly account for
the greatest enhancement in plant dry weight in this temperature regime. It was

evident that the responses in dry matter accumulation, biomass partitioning and leaf



thickness to elevated CO, was greatest for plants grown at smaller diurnal temperature
range and warm night temperature (30/25 °C), which was due to the greater
enhancement in both C; and CAM-type activities in that temperattire regime. Data in
this study indicated that simultaneous increase in CO, level and day/night temperature
or night temperature by 5 °C was expected to enhance both growth rate and leaf area
in pineapple.

Increased predawn TA levels with plant age suggest that CAM activity of
pineapple intensified with the age during the six months of growth. For plants grown
at ambient CO,, the temperature response of predawn TA levels was completely
consistent with the nocturnal CO, fixation reported previously and the dry matter
accumulation at the three temperatures. At twice ambient CO,, the predawn TA level
was not consistent with the CO, fixation and biomass accumulation. These results may
suggest that at ambient CO,, accumulation of organic acids accounted for the major
proportion of total carbon fixed, while at doubled CQO,, the fixation of external CO,
via C; photosynthetic pathway contributed relatively more to biomass accumulation
than was the case at ambient CQ,. Greater TA levels for plants grown at high than at
low CO, indicated that accumulation of organic acids in the dark was enhanced by
elevated CO,. The greatest CO, enrichment in TA levels at 30/25 °C suggested that
elevated CO, favored the nocturnal synthesis of organic acids for plants grown at
smaller diurnal temperature range of 5 °C, a resuit fairly consistent with the growth
data where the greatest enhancement in NAR and RGR at elevated CO, also occurred

in this temperature regime. Decreased CO, enrichment in TA levels at 35/25 and
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30/20 °C during the late part of growth period may reflect reduced CAM activity due
possibly to an inadequate nutrient supply or limitation in rooting volume for plants
grown at elevated CO,. |

Studies on cultivated and wild Ananas comosus species by Sideris et al.(1948)
and Medina et al. (1993) indicated that the concentration of orga-nic acids in leaf
tissue neared the maximum, while soluble sugars approached a minimum at the end of
dark period. Therefore, the predawn osmolarity level, which reflects the concentration
of solutes in leaf sap, was primarily determined by the predawn TA levels, thus
explaining the good correlation between predawn TA and osmolarity. Greater
afternoon osmolarity at high CO, may be attributable to increased synthesis of organic
acids in the dark, which may enhance decarboxylation of these acids into soluble
photosyntheses in the light, or direct fixation of external CO, via C; pathway, or
both.

Reduced chlorophyll content for pineapple grown at high CO, was consistent
with the observation of Cui and Nobel (1994), which showed that Leaf chlorophyll
and nitrogen contents concomitantly decreased in the CAM specics Opuntia ficus-
indica after plants had been exposed to elevated CO, for three months. Leaf nitrogen
and chlorophyll contents generally are closely corrected, and decrease in level
nitrogen level may result in reduced chlorophyll content (Stitt, 1991; Bowes, 1991).
But there was no consistent relationship between them in this study. Leaf nitrogen
content was also reduced in a higher CO, environment for the C; species Oryza sativa

(Rowland-Bamford, 1991), Gossypium hirsutum (Wong, 1990), Abutilon theophrasti,
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Sinapis alba and C, species Amaranthus retroflexus (Coleman et al., 1991) and
lobololly pine (Pinus taeda) (Tissue et al., 1993). The decrease in chlorophyil and
nitrogen contents may be an adaptive response of plants to elevated CQO, during a
long-term exposure.

In summary, at ambient CO,, the greatest plant dry weight and titratable acid
levels at 30/20 °C confirmed that 30/20 °C is the optimal temperature regime for
pineapple growth among the three temperatures. Elevated CQO, increased biomass
accumulation of pineapple grown at three day/night temperatures due in part to
increased fixation of external CO, into organic acids in the dark. This conclusion is
further supported by the results of net CO, fixation. CO, enrichment had a greater
effect for plants grown at temperatures of 30/25 and 35/25 °C. Simultaneous increase
in CO, levels and day/night temperature or night temperature by 5 °C enhanced the
growth rate and lear area in pineapple. This suggests that the pincapple growth could
be expected to increase in the environment having elevated atmospheric CO, and
temperatures. If the day/night temperature differential decreases and night temperature
increases as predicted, the growth enhancement would be greatest based on the results
of this study. The increased leaf surface area at twice ambient CO, could provide
more assimilatory apparatus, thereby enhancing photosynthesis. Reduced leaf nitrogen
and chlorophyll contents might be due to the physiological responses to elevated CO,,
but nutrient management and rooting space could be other important concerns, which

need further studies.
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Table 4.1 Mean values of relative growth rate (RGR), net assimilation rate (NAR)
and leaf expansion rate (LER) of pineapple grown six months at two CQ, levels and

three day/night temperatures.

Growth CO, levels Day/night temperature (°C)
parameters (umol mol™?)
35/25 30/25 30/20
NAR (g m? day™)* 350 1.20 121 1.46
700 2.11 2.69 2.46
RGR (g kg day™)* 350 6.70 6.68 7.10
700 10.54 11.36 11.09
LER (cm? day)* 350 27.68 27.17 23.17
700 31.35 28.13 29.60

. Values are calculated from the initial biomass data and the data for the final harvest

made after six months of growth.
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Table 4.2 Mean leaf and stem dry matter contents (DMC) (n=3-4) of pineapple
plants grown six months at two CO, levels and three day/night temperatures

Parameters CO, levels Days* Day/night temperature (°C)
(zmol mol?)
35/25 30/25 30/20
Leaf DMC (%) 350 45 11.7 10.7 11.0
98 12.3 11.6 11.6
142 12.5 13.0 12.3
190 11.4 12.1 12.9
700 40 12.4 12.9 12.4
90 13.7 14.8 12.8
132 12.7 13.4 12.9
180 13.9 13.7 13.5
Stem DMC (%) 350 45 10.1 10.8 11.0
98 11.2 10.7 11.5
142 11.0 11.2 13.1
190 11.1 10.9 12.8
700 40 13.3 12.9 13.0
90 13.2 15.2 13.7
132 12.1 12.3 14.3
180 11.7 - 14.0 14.0

* Days after plants were exposed to treatments in growth chambters.
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Table 4.3 Stem (SWR), root (RWR) and leaf weight ratio (LWR) (n=3-4) of
pineapple grown six months at CO, levels and three day/night temperatures. Data are
expressed as the percentage of stem, root and leaf dry weights relative to total plant
dry weight.

Growth CO, levels Days* Day/night temperature
O
parameters  (umol mol?) 35/25 30/25 30/20
SWR (g g 350 98 7.3 6.66.4
142 7.1 7.37.4
190 6.1 6.97.3
700 90 6.8 8.58.5
132 6.9 8.37.4
180 6.6 8.57.2
RWR (g g 350 98 5.6 6.39.1
142 5.4 6.78.5
190 7.0 6.57.4
700 90 54 8.27.2
132 6.7 8.66.9
180 - 5.7 8.99.2
LWR (g g") 350 o8 87.2 87.184.4
142 87.5 86.184.1
190 86.9 86.685.4
700 90 87.7 83.684.3
132 86.4 83.185.7
180 87.8 82.583.6

* Days after plants were exposed to treatments in growth chambers.
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Fig. 4.1 Plant dry weight (W) and leaf area (A) of pineapple grown
for six months at two CO, levels and three day/night temperatures.

Data are means of 3 to 4 plants per treatment.
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Fig. 4.4 Leaf sap osmolarity of the youngest physiologically mature leaf
of pineapple grown six months at two CO, levels and three temperatures

Close symbols:700 umol moi™; open symbols: 350 umol mol™. Predawn
data: a; afternoon data: b.
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Fig. 4.5 Chlorophyll content (n=3 to 4) of the youngest physiologically
mature leaves of pineapple during six months of growth at near

ambient (350 umol mol") and elevated (700 umol mot™) CO,and
three day/night temperatures.
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CHAPTER 5
WATER RELATIONS, GAS EXCHANGE AND ACIDIFICATION
DURING DROUGHT FOR PINEAPPLE GROWN AT AMBIENT AND

ELEVATED CO, AND THREE TEMPERATURES

ABSTRACT

The effect of water deficit on leaf water potential components, gas exchange
and titratable acidity of pineapple (Ananas Comosus (L.) Merr.), a species having
crassulacean acid metabolism (CAM), was studied under near ambient (350 umol mol
1) and elevated (700 umol mol™) CO, levels and day/night temperatures of 35/25,
30/25 and 30/20 °C. Water was withheld from nine-month-old plants for two months.
Leaf relative water content (RWC), titratable acidity (TA), total leaf water potential
and osmotic potential, and chlorophyll fluorescence (F./F,) were measured every 10
days during a two-month period. CO, and H,0 vapor exchange rates were measured
every 5 days for 30 days, after which the diurnal gas exchange réte was negligible.
The decrease in leat’ water content during the drought was slower for plants grown at
30/25 and 30/20 °C and at high CO,. After withholding watering for 10 days, total
net CO, uptake in the light decreased from 27-37 to 13-15 mmol m? at 35/25 and
30/25 °C, and from 57 to 30 at 30/20 °C for plants grown at low CO,, but from 78-80
to 12-14 mmol m? at 35/25 and 30/25 °C, and from 73 to 29 mmol m? at 30/20 °C
for plants grown at high CO,, while the decrease in total CO, uptake in the dark Iwas
relatively closer. Therefore, the total daily CO, uptake decreased more rapidly for

1.
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plants grown at high than low CO,. Stomatal conductance and H,O vapor exchange
were much lower at high CO,, thus, leaf water content and water potential were
higher during the drought. As a result of reduced nocturnal CO,I uptake, predawn TA
levels dropped to less than 20% of the original values after 40 days of drought for
plants grown at 35/25 and 30/25 °C, while plants grown at 30/20 °C still maintained
about 33-36% of the original level at the end of drought period. Leaf osmotic and
water potentials initially were higher at low than at high CO, but the values decreased
more rapidly over time at low CO, than they did at high CO,. F/F,, values increased

early in drought period, and then consistently decreased as water deficit continued.

INTRODUCTION

Species with crassulacean acid metabolism (CAM) have i/ery low consumptive
water loss relative to mesophytic plants due to such morphological, anatomical and
physiological characteristics as inverted stomatal rhythm, low conductance in the light
and small leaf surface to volume ratios (Osmond, 1989; Nobel, 1994). Pineapple, for
example, sustains transpiration rates approximately one-tenth to one-twenty-fifth of
those for mesophytic species (Ekern, 1965; Joshi et al., 1965; Neales et al., 1968;
Bartholomew and Malézieux, 1994). These attributes permit CAM species to tolerate
long periods of drought. Severe drought, however, still depresses endogenous
physiological activities in CAM plants (Guralnick and Ting, 1987; Goldstein et al,
1991; Bastide et al., 1993).

A large amount of world agricultural land is located in areas having hot, arid
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climates where crop production is largely limited by water availability (Parry, 1990).
Soil water status is one of three important environmental factors in predicting the
productivity of the CAM species Agave deserti, Ferocactus acanthodes and Opuntia
Jicus-indica (Nobel and Hartsock, 1986; Nobel, 1991). A soil water deficit can
significanily aiier the diurnal gas exchange pattern of CAM plants (Kluge and Ting,
1978). After prolonged drought, stem succulents have negligible CO, or H,O vapor
exchange and greatly damped nocturnal accumulation of organic acids due to the
internal re-fixation of respiratory CO, (Szarek et al., 1973), which is termed CAM-
idling (Ting, 1985).

Pineapple exhibits the typical features of CAM plants, showing substantial C;-
type CO, uptake in the light when well watered, but when plants are under water
stress, most CO, is fixed at night (Bartholomew and Kadzimin, 1977; Bartholomew
and Malézieux, 1994). Quite a few studies have been conducted on the impact of
water availability on tissue water relations, stomatal responses, net CO, uptake and
acidification of CAM species (Goldstein et al., 1991; Kluge and Ting, 1978; Smith et
al., 1987; Guralnick and Ting, 1987; Bastide et al., 1993). However, no studies were
found where the phyvsiological responses of CAM species to wafcr deficit were
examined for plants grown at different CO, levels and temperatures. The interactive
effects of CO, and temperature on the gas exchange characteristics of CAM species
are expected to be quite different when soil water availability is limited. For instance,
with watering twice weekly, the dry weight of the CAM plant Agave vilmoriniana was

not significantly increased when the environmental CO, level was raised from 350 to
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675 pmol mol*; however, when the irrigation was slightly greater than that in natural
conditions (dry treatment), biomass at 675 umol mol® increased substantially relative
to that obtained at 350 umol mol™ (Idso et al., 1986). The hypothesis to be tested in
this study was that better water status will be maintained at elevated than ambient CO,
when pineapple is grown ﬁnder prolonged drought. The objectivé of this study was to
examine the responses of leaf water relations, diurnal gas exchange and nocturnal
titratable acidity of pineapple, a species with Crassulacean acid metabolism, to water
deficit when growing at near ambient and elevated CO, levels and in three day/night

temperature regimes.

MATERIALS and METHODS

Plant Materials and Environmental Conditions

Pineapple crowns from the Smooth Cayenne clone champaka 153, obtained
from a local pineapple company, were initially grown in pots outdoors for three
months and then in controlled environment chambers for six months to fully adapt
plants to the CO, and temperature treatments. Then, a water deficit was imposed on a
subset of the plants by completely withholding irrigation for up to 70 days, while the
control plants were watered every five days to keep the potting media moist. The
photosynthetic photon flux density in the growth chambers was maintained at about
400 pmol m2 s at the mid-plant height during the 12 h photoperiod. Air humidity in.
the chambers was not controlled. The treatments consisted of near ambient (355 +£20

pmol mol™) and elevated (710 +50 pumol mol™) CO, concentrations, and day/night
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temperatures of 35/25, 30/25, and 30/20°C. The plants were grc-)"v;/n in 8-liter pots in a
1:1 (by volume) mixture of sunshine #4 (a commercial potting r',*-.;lledia) and
horticultural perlite. Because the number of growth chambers was limited, two
experiments were performed. The first experiment was begun in May and ended in
July, 1994, and the plants were grown at low CO,. The second experiment was begun .
in Jan. and ended in March, 1995, and the plants were exposed to high CO,. The
elevated CO, level in the second experiment was achieved by bleeding pure CO, into
the growth chambers, and the CO, level was maintained by adjusting the flow rate
from a cylinder containing pure CO, and the air exchange rate between the growth
chambers and the outside. The CO, concentration in the chambers was measured

frequently until the desired set point was established.

Physiological Measurements
Gas Exchange

All measurements were made on the youngest fully expanded and the tallest
leaf on the plant from the ground level, termed the ’D’ leaf in the pineapple literature
and the tissues of choice for indexing growth, nutrient and water status of plants
(Bartholomew and Kadzimin, 1977). Diurnal CO, uptake and 1.Q vapor exchange
were measured using an open gas exchange system consisting of a 1.57-liter leaf
cuvette with a recirculating fan and water jacket connected to a refrigerated water
bath to control the leaf temperature, a CO,/H,0 infra red (IR) gas analyzer (Li-6262,

Li-Cor, Inc., Lincoln, Nebraska, USA), and a dew point generator (Li-610, Li-Cor,
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Inc.). A datalogger (21X, Campbell Scientific Inc., Logan, Utah, USA) was used to
record data and control the operation of the gas exchange system via solid state relays
and solenoid valves. The diurnal cycle of gas exchange was monitored with a 5-
minute averaging interval over 24-h periods and the measurements were made at
approximately 5, 10, 15, 20 and 30 days after withholding irrigatjon. The.CO,
sources for gas exchange measurements were the ambient air pumped from outside
the building in the first experiment, and ambient air plus pure CQ, from a cylinder
containing pure CO, to average 710 + 50 umol mol” CO, in the second experiment.
Net CO, and H,0 exchange rates, stomatal conductance (g,) were calculated according
to the procedures of Long and Hallgren (1985) and Christopher et al. (1989).
Titratable Acidity, Osmotic and Water Potentials

Leaf titratable acidity (TA) and osmolarity were measured on one 'D’ leaf
from each of four plants per chamber collected at the end of the dark period
(predawn) and 15 minutes before the start of the next dark period (afternoon). The
"D’ leaf for determining TA and osmolarity was split longitudinaily and one-half was
removed at predawn and frozen at -75°C to disrupt the cell membranes. The second
segment of the leaf was harvested in the late afternoon and similarly frozen. To
determine TA, two 1.3 cm diameter leaf discs were collected from the middle one-
third of each frozen leaf segment, ground in a mortar with 20 ml of distilled water,
and the total volume was titrated to pH 7.2 using 0.01 N NaOH. Tissue osmolarity
was measured on leaf sap extracted from freeze-thawed tissues with a vapor pressure

osmometer (5500S, Wescor Inc. Logan, Utah, USA), and then converted to osmotic
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potential (y,) according to the Van’t Hoof relation (Nobel, 1991). A fresh leaf disc
for determining water potential(y,) was collected from the middle-third of the leaf.
The ,, values were measured using a thermocouple psychrometer (Decagon Devices,
Pullman, Washington). The instrument was calibrated against standard calibration
solutions, and the values were converted to y,, using the Van"t Hoof relation (Nobel,
1991).
Relative Water Content (RWC)

Leaf RWC was measured on leaf discs at the beginning (morning) and end
(afternoon) of the photoperiod at 10-day intervals over the 70-day drought period.

RWC was calculated by the equation:

fresh weight - dry weight

RWC = X 100 (5.1)

turgid weight - dry weight

Chlorophyll Fluorescence

Chlorophyll fluorescence was measured using a portable SF-20 plant
productivity fluorometer (Richard Brancker Research Ltd. Ottawa, Ontario, Canada).
This technique permits fast in-situ measurement of initial fluorescence yield (F) and
maximum fluorescence yield (F,) (dark adapted). Variable fluorescence (F,) was
calculated as F-F,, and the photochemical efficiency was estimated as F,/F,, (Jones,
1992). F, and F,, values were measured on dark-acclimated (30 minutes) D’ leaves
about 15 minutes before the onset of morning illumination (phase II)) and 4 hours
after midday (phase IV) when the C;-type photosynthetic activity was expected to be

high. Since only a few measurements of F/F, were made for plants grown at low
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CO,, only data collected every 10 days for 70 days for plants grown at high CO, are

presented.

RESULTS

Water Relations

Both predawn and afternoon relative water content (RWC) decreased
continuously over the 70-day period, and the rate of decrease was more rapid at
temperatures of 35/25 and 30/25 °C than at 30/20 °C (Fig. 5.1). At the onset of the
water deficit, leaf RWC was somewhat higher for plants grown at low CO, compared
to plants grown at high CO, (Fig. 5.1). By the end of the drought, predawn RWC
was comparable between low and high CO, for plants grown at 35/25 and 30/25 °C,
and 6.5% lower at high CO, for plants grown at 30/20 °C
The effect of CO, levels on the RWC was not consistent among temperature regimes.
Decrease in RWC was comparable at both low and high CO, for plants grown at
30/20 °C, while RWC decreased more rapidly at low than at high CQO, for plants
grown at 35/25 and 30/25 °C (Fig. 5.1). The difference in RWC between temperature
treatments was about 3-fold greater for plants grown at low CO, than at high CO,
near the end of drought period (Fig. 5.1). Afternoon RWC similar to predawn values.
Therefore, for plants grown at elevated temperatures, leaf tissues of pineapple
conserved more water at high CQO, than at low CO, after a 70-day drought.

Predawn water potential (¥,) at low CO, dropped markedly during the two-

month drought, with the greatest decline at 35/25 and 30/25 °C (Fig. 5.2). At high
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CO,, predawn v,, was more negative at the onset of the water deficit and steadily
increased, followed by a slight decrease after 40 days of drought (Fig. 5.2). Changes
in the predawn osmotic potentials (y,) was smaller than but similar to the changes in
Y., for plants grown at both low and high CO, during the drought period, with the
exception of the treatment at 30/20 °C in high CO, which remained relatively constant
during the drought period (Fig. 5.2). Predawn turgor pressure (y,) decreased steadily
for plants grown at low CO,, but at high CO, the v, values initially increased and
then remained relatively constant at 35/25 and 30/25 °C or decreased at 30/20 °C for

rest of drought period (Fig. 5.2).

Gas Exchange, Acidification and Chl Fluorescence

Measurement of gas exchange and stomatal conductance started five days after
the onset of drought, before which net CO, uptake remained relatively constant (Zhu,
unpublished data). After withholding watering for 10 days, the CO, exchange rate
dropped substantially (Fig. 5.3). The greatest decrease occurred early in the light
(phase II) or more in the late afternoon (phase IV) (Fig. 5.3). After 10 days without
watering, CO, exchange rates were reduced relatively more at high than at low CQ,,
especially in the 30/25 and 35/25 treatments (Fig. 5.3). In addition to the damped
amplitude, at or after 15 days of drought, nocturnal CO, uptake underwent a phase
shift, reaching the peak uptake rate at the end of the dark period.rather than at the
beginning (Fig. 5.3).

The diurnal stomatal conductance (g,) exhibited a pattern similar to that for
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CO, uptake (Fig. 5.4). g, decreased steadily with time after drorjght started, with
greater reduction for plants grown at high CO, and elevated temperatures (35/25 and
30/25 °C) (Fig. 5.4). After 15 days of drought, stomata opened later in the night, and
the maximum g, shifted towards the end of dark period, especially at high CO, (Fig.
5.4). H,0 vapor exchange rates were consistent with data for g, (Fig. 5.5). The rate
of decrease in H,0 vapor exchange with increasing water deficit was also greater for
plants grown at high CO, and at elevated temperatures (Fig. 5.5). After about 15 days
of water stress, H,O vapor exchange rates at high CO, increased in a stepwise fashion
during the later part of phase I (Fig. 5.5).

Total net CO, uptake over the light and dark periods decreased substantially
during the 30-day period after the onset of drought for plants grown at both low and
high CO,, with the greatest reduction in the light period (Table 5.1). At low CQO,, the
decrease in CO, uptake in the light was comparable among the three temperature
regimes, while the decrease in nocturnal uptake was much greater at 35/25 and 30/25
°C (Table 5.1). At high CO,, CO, uptake in both the light and dark decreased more
rapidly at 35/25 and 30/25 °C than at 30/20 °C (Table 5.1). The decrease in CO,
uptake was much greater for plants grown at high CO, during the =arly drought
period. The decrease in total H,O vapor exchange was basically analogous to that of
net CO, uptake, with a greater decrease occurring at high CQ, and at the higher
temperatures of 35/25 and 30/25 °C (Table 5.1).

Predawn titratable acidity (TA) was greatly reduced by water deficit, and

gradually approached the afternoon values as drought continued for plants grown at
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35/25 and 30/25 °C, while afternoon TA values were unaffected by CO, levels or
temperature treatments (Fig. 5.6). Predawn TA levels at 30/20 °C remained much
higher than the afternoon values, even at the end of drought period (Fig. 5.6). Initial
TA values at the low and high CO, levels were comparable for plants grown at 35/25
°C, and greater in high CQ, at 30/25 and 30/20 °C. After 10 days of withholding

water that there weve no consistent effects of CQ, levels on leaf TA values (Fig. 5.6).

For well watered plants, both predawn and afternoon F,/F,, values remained
relatively constant over the 70-day drought (Fig. 5.7). For water-stressed plants,
predawn F/F, increased slightly at the onset of water deficit, followed by a steady
decrease until the end of the drought, while the afternoon values increased for nearly
30 days, and then decreased thereafter (Fig. 5.11). On most days, the highest values
were obtained from plants grown at 30/20 °C. Similar changes in F,/F,, to drought
was also observed for plants grown at low CO,, but detailed dat: for the entire
drought period were not collected. For plants under water stress, the greatest F,/F,
values were consistently obtained at 30/20 °C, while the lowest values were measured
at 30/25 °C during most of the drought period and shifted to 35/25 °C regime near the

end of the drought (Fig. 5.7).

DISCUSSION
Although pineapple is a drought avoidant plant (Bartholomew and Malézieux,

1994), withholding watering for two months significantly reducs.! the leaf RWC. The
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day/night temperature regime had a greater effect on leaf RWC than did CO, levels.
Due to the fact that stomatal conductance in the light decreased.;r'a;‘pidly early in the
drought, the leaf gas exchange primarily occurred in the dark. Thus, night
temperature played a major role in controlling CQ, and H,0 vapor exchange, leaf
water content and water potential components during the drought. Leaf RWC did
decrease more slowly at high than at low CO, during the drought, and the diurnal
fluctuations were smaller between temperature treatments for plants grown at high
CO,. This was the consequence of decreased leaf transpiration due to reduced
stomatal conductance at high CO,. The slight increase in leaf RWC for plants grown
at high CO, and 30/20 °C during the initial phase of the droughf_résulted possibly
from the reduced transpiration and stomatal conductance induced by both high CO,
and water deficit, while water absorption by the root system continued when the soil
was still moist.

At onset of drought, the more negative water potential components for plants
grown at high than at low CO, might be due to the lower initial leaf RWC and the
greater leaf sap osmolarity as a result of greater accumulation of organic acids in
those plants when soil was moist. There was no obvious explanation for the lower
RWC occurred early in the drought for plants grown at high CO,. It was unclear why
water potential components increased for plants grown at high CO, during the early
half of drought period.

CO, uptake in pineapple was more sensitive to water deficit in the light than in

the dark, a response common to CAM species (Kluge and Ting, 1978; Winter, 1985;
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Winter et al., 1992; Cote et al., 1992). Elevated CO, enhanced CO, uptake of
pineapple relatively more in the light than in the dark (Zhu, 1996), thus accounting
for the greater decrease in CO, uptake for plants grown at high CO, as the drought
continued. Maximum stomatal opening of pineapple as indicating by g, occurred later
in the dark as water deficit became severe, and similar results have been obtained for
some CAM species (Nobel, 1994). As a resuit, the maximum nocturnal CO, and H,0
exchange rates shifted towards the end of dark period, which in turn lowered the
nocturnal gas exchange and predawn TA values. This effect on leaf gas exchange was
particularly evident for plants grown at elevated CO, and 25 °C night temperature.
During the drought, stomates became fully closed in the light and opened later in the
dark. Therefore, during the drought period, nocturnal temperature was the key factor
in controlling leaf gas exchange, by its direct effect on stomatal aperture, and
indirectly by reducing tissue water content. This explains the greater reduction in
daily CO, uptake at nighttime temperature of 25 °C than occurred at 20 °C.

With adequate water supply, nocturnal CO, uptake and acidification of
pineapple were enhanced by elevated CO, (chapter 3, 4). Similar results were
obtained early in the drought, but as water became depleted and stress more severe,
the enhancement due to elevated CO, disappeared. The combination of water deficit
and elevated CO, resulted in a rapid closure of the stomata. This combined effect
could reduce the carbon gain contributed by elevated CO,, as occurred with well-
watered plants, decrease the nocturnal CO, uptake, and thus sacrifice CO, assimilation

to conserve tissue water. Greatly but continued damped diurnal fluctuations in TA
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levels as the drought proceeded indicated the occurrence of CAM-idling in pineapple
leaf tissue. CAM-idling is characterized by continued but very low diurnal oscillations
in organic acids due to almost solely to the refixation of respiratdry CO, with no
apparent fixation of external CO, (Szarek et al., 1973; Ting, 19%5). This CAM-idling
was particularly pronounced for plants grown at 35/25 and 30/25 °C after about 40
days of drought, but was not observed for plants grown at 30/20 °C, even after two-
months of water deficit. In the latter treatment, leaves continued to assimilate external
CO, in the dark with about 33-36% of the original raies. The above data indicated
that in a warm dark-period environment, soil water deficit might impose a relatively
but not an absolutely greater limitation on leaf gas exchange and-acidification for
pineapple grown at high CO, than does the current environment.',"[

Photochemical efficiency (F/F,) describes the proportion of absorbed light
energy used by photochemical processes, e.g. generation of ATP and NADPH (Jones,
1992). Increased F,/F, values in pineapple early in the drought period indicated that
C,-type photosynthetic activity was enhanced by mild water stress. F,/F,, values also
increased during the early stages of water deficit for Clusia uvitana, a facultative
CAM species (Winter et al., 1992). Greater F,/F,, values might indicate that rate of
decarboxylation of organic acids was increased, resulting in a release of a large
amount of CO, internally (Winter et al., 1992), and therefore enhancing the
production of carbohydrates via the C; pathway. Elevated CO, assimilation in the dark
was also observed during the initial phase of drought for pineapple grown at 30/25

and 30/20°C in this study. Similar results were also reported for pineapple by others
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(Cote et al., 1992; Zhu, unpublished data). Nocturnal CO, uptake was enhanced up to
nine days after withholding watering from the facultative CAM species Clusia uvitana
(Winter et al., 1992). Idso et al. (1986) reported that the growth rates of the CAM
plant Agave vilmoriniana were significantly increased at elevated CO, when plants
received slightly more water than was available in natural conditions, while the well-
watered plants (irrigated twice per week) lacked such a response. Higher nocturnal
acidification would result in greater decarboxylation of the organic acids in the light
and thus raise the c; value, which might account for the increased ‘F‘,/F,,, ratio during
the early period of drought for pineapple under water stress. These evidences might
indicate that mild water stress could either temporarily enhance the assimilatary
capacity in pineapple, such as the increase in PEPcase activity (Cote et al., 1992), or
imply that the irrigation practice used in this study provided more water than was
required. After extended drought, the stronger quenching in F./F,, values for plants
grown at higher temperatures may suggest greatly reduced c; levels due presumably to
substantially damped nocturnal accumulation of organic acids.

In conclusion, although pineapple can survive in habitats where water is
scarce, water deficit will inevitably impose limitations on its physiological activities.
The decrease in CO, fixation due to water deficit was more rapid for plants grown at
elevated CO, and temperatures than was true at ambient levels. Thus, in an
environment where elevated CO, and temperatures are predicted to occur in the next
century, CO, fixation of pineapple would be reduced more rapidly than would occur

in the current environment if a soil water deficit occurred. However, greater tissue
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water content and leaf turgor pressure would help sustain some of physiological

activities, such as CAM-idling, for a longer period during the prolonged water deficit.
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Table 5.1 Responses of integrated net CO, uptake and H,O vapor exchange to water
deficit during the indicated periods for the youngest physiologically mature leaves of

pineapple grown at two CO, levels and three day/night temperatures.

CO, levels (umol mol?)

Day/night temperature (°C)

35/25 30/25 30/20
Time* Day Night Day Night Day Night
Net CO, uptake (mmol m? period™?)
350 05 27.0 208.1 37.0 227.0 57.3 360.2
10 147 169.0 13.3 1944 29.5 3533
15 23 869 32 84.7 4.7 258.1
20 1.7 56.4 1.9 34.5 23 1723
30 0.2 10.1 0.6 16.6 1.2 129.4
700 05 78.1 287.0 80.2 224.4 73.0 280.4
10 11.8 136.8 14.1 141.1 28.8 260.2
15 1.5 8.2 29 745 7.2 184.1
20 1.2 38.4 2.2 57.4 2.1 111.2
30 0.6 9.0 1.8 426 1.9 91.0
H,0 vapor exchange (mol m? period™)
350 05 11.4 17.1 8.2 18.7 13.2 19.5
10 94 155 5.6 15.2 69 225
15 3.0 9.1 3.0 7.5 3.7 18.8
20 1.1 5.4 1.8 5.5 2.8 10.7
30 0.4 2.3 0.4 5.4 0.4 7.3
700 05 10.1 17.4 89 15.2 7.6 129
10 9.2 11.7 34 10.0 4.9 12.9
20 0.2 7.0 0.9 5.4 0.6 8.3
30 0.2 2.8 0.4 3.7 0.4 4.6
15 0.1 0.4 0.3 3.3 0.2 2.9

*: Days after withholding irrigation.
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Fig. 5.1 Relative water content (RWC) the youngest physiological
mature leaves of pineapple grown at two CO, levels and three

day/night temperatures during a 70-day drought period. a,b; predawn;
c.d; afternoon.
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Fig. 6.5 H,0 vapor exchange rates of the youngest physiological
mature leaves of pineapple grown at two CO, levels and three
temperatures measured on 5, 10, 15, 20 and 30 days after

withholding irrigation. Shaded bars indicate the dark period.
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Fig. 5.6 Titratable acidity (TA) during a 60-day drought period for the
youngest physiologically mature leaves of pineapple grown at two CO,

and three day/night temperatures. Close symbols; predawn TA; open
symbols: pm TA.
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CHAPTER 6

PHYSIOLOGICAL RESPONSES TO AMBIENT AND ELEVATED CO,
IN PINEAPPLE GROWN IN OPEN-TOP CHAMBERS
ABSTRACT
Pineapple (Ananas comosus (L.) Merr.), a species having crassulacean acid

metabolism (CAM), was grown in open-top chambers for four months at near ambient
(~330 umol mol™) and elevated (~730 umol mol?) CO, levels to study the effect of
elevated CO, on growth and physiological responses. The mean day/night air
temperature in the chambers was about 40/24°C. The non-photochemical quenching
coefficient (qy) of leaves was about 45% lower in the early moming for plants grown
at high CO,. Both photochemical quenching (q) and qy in the afternoon were
comparable between low and high CO, levels. Thus, the chlorophyll fluorescence
kinetics indicated that the fixation of external CQ, via the C; pathway was enhanced
in the morning, but not in the afternoon, possibly due to the high leaf temperature.
The diurnal differential in titratable acidity of plants at high CO, reached 347 mmol
H* m?2, which was up to 42% greater than that obtained from plants at low CO,.
Carbon isotopic discrimination (A) of plants was 3.75 %o at low CO, and 3.17%o at
high CO,, indicating that CQ, uptake via the CAM pathway was enhanced more by
elevated CO, than was uptake via the C; pathway. Average plant dry weight was 180
(g plant?) at high CO, and 146 (g plant®) at low CO,, with more biomass partitioned
to stem and root but less to leaf for plants grown at high CO,. Leaf thickness was

11% greater at high than at low CO,. There was no effect of CO, levels on leaf
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nitrogen or chlorophyll contents after a four-month exposure to elevated CO,.

INTRODUCTION

Atmospheric CO, levels have steadily increased from 275 to 350 pL L since
the beginning of the industrial revolution (Sarmiento and Bender, 1994). The CO,
level has been predicted to double by the middle of the next century (Cure and
Acock, 1986). Biomass accumulation by plants that fix CO, via the C, photosynthetic
carbon reduction cycle (C; plants) was substantially increased in elevated CO, but had
little effect on C, species (Cure and Acock, 1986). As might be expected from the
responses of C, species, elevated CO, had little effect on nocturnal CO, assimilation
of some CAM species, but did enhance carbon assimilation of these species in the
light (Nobel and Hartsock, 1986; Szarek et al., 1987). However, other studies with
CAM plants showed that CO, uptake also increased in the dark at elevated CO,
(Winter, 1985; Black, 1986; Nobel and Israel,1994; Raveh et al., 1995). A few
studies indicated that nitrogen (N) content in leaf tissue of some C; plants decreased
after prolonged exposure to elevated CO, (Rowland-Bamford et al., 1991; Coleman et
al., 1991; Wong, 1990; Ryle and Powell, 1992). The reduction in N content was
partially responsible for the decreases in tissue chlorophyll content and activity of
ribulosebisphosphate carboxylase/oxygenase (Rubisco) (Sage et al., 1987).

Pineapple (Ananas comosus (L.) Merr.), a species having Crassulacean acid
metabolism (CAM), exhibits the four phases of CO, fixation typical of CAM species

(Osmond, 1978). Phase I occurs in the dark when CQ, is assimilated by the enzyme
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phosphoenolpyruvate (PEP) carboxylase (PEPCase) and stored as malic acid in cell
vacuoles. Phase II occurs at the beginning of the light period during the transition
from the carboxylation of PEP by PEPCase to carboxylation of ribulosebisphosphate
(RuBP) by ribulosebisphosphate carboxylase/oxygenase (Rubisco). During phase III,
the stomates are closed, malic acid is decarboxylated and the CO, thus released is
assimilated by Rubisco into carbohydrates via the C; cycle. Phase IV occurs later in
the light period when external CO, is directly fixed via the C, pathway.

Chlorophyll (Chl) fluorescence induction kinetics (Kautskv effect) is a
powerful method for studying the responses of photosynthetic characteristics to
various environmental factors (Krause and Weis, 1984; Krause, 1991). Fluorescence
signals permit the estimation of the photochemical (gp) and non-photochemical (qy)
fluorescence quenching coefficients, and the photochemical efficiency of photosystem
II (PSII) (F,/F,) (Jones, 1992). The coefficient g, is a measure of the proportion of
excitation energy captured by open centers of PSII (Krause and Weis, 1984, 1988;
Krause, 1991; Jones, 1992). The coefficient q, estimates the proportion of energy that
does not contribute to biochemical processes in photosynthesis, hut is lost through
such process as the thermal dissipation of excitation energy (Hormann et al., 1994;
Raskin et al.,1993). The ratio of variable (F,) to maximum (F,) fluorescence _(F‘,/Fm)
is an indicator of the proportion of absorbed light energy used in photochemical
processes and measures the efficiency of the open centers to transport electrons
(Jones, 1992). Chl fluorescence kinetics thus can help to interpret the results of the

effects of environmental factors on plant photosynthesis (Guralnick et al., 1992).

102



Stable carbon isotopic discrimination (A) is an effective technique for
determining the relative contribution of the day (C;) and night (CAM) CO, fixation
pathways to total carbon assimilation in CAM species (Ehleringer and Osmond, 1989;
Griffiths, 1988; Griffiths, 1992). Smaller A values indicate enrichment in *C relative
to '?C in leaf tissues, reflecting higher CAM activity, while higfzer A values indicate
relatively greater C,-type activity (Ehleringer and Osmond, 1989; Griffiths, 1992).
Therefore, A value provides an effective tool for characterizing the integrated effect
of both C; and CAM activities in carbon assimilation of pineapple. This study was
designed to investigate the growth and photosynthetic responses of pineapple (Ananas
comosus (L.) Merr.), a species with CAM, to near ambient and elevated CO, in open-

top chambers.

MATERIA nd METHODS

Plant Materials and Chamber Conditions

Fruit tops (crowns) of smooth cayenne pineapple obtained from a local
pineapple company were grown in pots in a 1:1 (by volume) mixture of black cinder
and horticultural vermiculite for four months from Jan. 1 to April 30, 1995 prior to
imposing the CO, treatments. Then the plants were exposed to near ambient (330
+20 pmol mol?) and elevated (730 +35 umol mol?) CO, levels in open-top
chambers for four months from May 1 to Aug. 31, 1995 in a greenhouse at the
University of Hawaii, Manoa campus. The plants were grown in ~ 4-liter pots for

five months and then transferred to ~ 8-liter pots for the remainder (three months) of
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the experiment. Transplanting was done to minimize the effect of limited rooting
volume on plant growth. There were six plants in each chamber. Plants were irrigated
twice weekly with a dilute nutrient solution specifically developed for pineapple
(Bartholomew, personal communication), consisting of 0.5mM KH,PO,, 0.82 mM
MgSO,.7H,0, 0.5mM K;SO,, 2.5mM NH,NO,;, 0.5mM CaCl, (anhydrous), 5S0uM
H;BO,;, 9uM MnCl,.4H,0, 1uM ZnS0,.7H,0, 0.3uM CéSO.,.SHzo, 0.1uM
H,M00,.H,0, and 0.1uM Fe.3BO. The pots were completely flushed with water
every month to prevent the accumulation of nutrients in the potting media. This
practice provided plants with an optimum nutrient supply and minimized any nutrient
toxicity that might occur during the experimental period.

The open-top chambers, which were 1.5 m long, 1.3 m wide and 1.4 m tall,
consisted of a frame covered with transparent mylar film. A table fan (~20 cm in
diameter) was used in each chamber o circulate the air. Elevated CO, was achieved
by bleeding pure CO, into the open-top chamber and the CO, concentration was
maintained by adjusting the flow rate from the cylinder containing pure CO,. The CO,
concentration in the chambers was measured with an IR gas analyzer (Li-6262, Li-
Cor, Inc, Lincoln, Nebraska, USA) until the desired set point was established. Daily
air and leaf temperature were measured periodically using fine-wire thermocouples
and a datalogger (21X, Campbell Scientific Inc., Logan, Utah, USA). Leaf
temperature was measured by inserting the thermocouples into the tissue of the
youngest fully expanded and tallest leaf on the plant from the ground level, termed

the 'D’ leaf in the pineapple industry (Bartholomew and Kadzimin, 1977). The 'D’
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leaf has been used to index plant nutrient levels and evaluate the effects of
environmental factors on plant growth aﬁd physiology (Bartholomew and Kadzimin,
1977). Air temperature was monitored at the mid-plant height with thermocouples
shaded with aluminum foil. Photosynthetic photon flux density, measured by a Li-Cor
quantum sensor (Li-Cor, Inc., Lincoln, Nebraska, USA), was maintained at about 500
pmol m? s! at midday at the mid-plant height on sunny days usiglg shade cloth, which

also prevented the air temperature inside the chambers from greatly exceeding 40°C.

Physiological Measurements and Growth Analysis
Carbon Isotopic Discrimination

Relative abundance of *C and "C in leaf tissue was determined on a
subsample of the D’ leaf. The leaf tissues were oven dried at 70°C and finely
ground. The natural abundance *C/™C ratios of the leaf tissue was measured on a
SIRA series II isotope ratio mass spectrometer (VG Isotech, Midglewich, UK) at the
Duke University Phytotron. The natural abundance *C/"C ratios of source air in the
open-top chambers was measured by collecting air samples in 250 ml pyrex gas
collecting tubes. The carbon isotope composition of the air samples was measured on
a mass spectrometer (Finnigan MAT 252, Finnigan Corp., Germany) in the Isotope
Laboratory of the Institute of Geophysics, University of Hawaii. The data on stable
carbon isotope composition (§'*C) were used to calculate carbon isotope

discrimination (A) by the equation:

§ -6 ‘
A= 4% (6.1)
P
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where 9, is the isotopic composition of air, and §, is that of the leaves.
Chlorophyll Fluorescence Kinetics

Fluorescence induction kinetics (The Kautsky effect) was measured using a
PAM 101 chlorophyll fluorometer (Walz, Effeltrich, Germany). The measurement
was made at about 8:00 am (phase II) and 5:00 pm (phase IV) when C;-type
photosynthesis was expected to be high based on an earlier study of leaf gas exchange
of pineapple in the greenhouse (Zhu, unpublished data). Fluorescence data were
collected every two weeks after plants had been exposed to CO, treatments for one
month. The plants were dark acclimated for about 30 minutes and the fluorescence
intensity of the "D’ leaves was detected following the procedure described by Jones
(1992) and Guralnick et al. (1992). Leaves were illuminated with modulated light
(PPFD = 2-4 umol m? s™) to induce the initial fluorescence yield (Fp), followed by a
saturating pulse (PPFD =2200 umol m? s) to create maximum fluorescence (F,, dark
adapted) and peak value of fluorescence {(F,(t), light adapted), and further by actinic
light (PPFD =350 umol m? s™) to drive photosynthesis and thus increase fluorescence
yield. The resulting fluorescence induction curve was recorded on a strip chart
recorder. Variable fluorescence (F,) was calculated as F_-F, and photochemical
efficiency of PSII was estimated as F,/F,, (Jones, 1992). The photochemical (qp) and
non-photochemical (qy) were calculated using the equations descnbed by Jones (1992)

and Guralnick et al. (1992).

Titratable Acidity and Osmolarity
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Leaf titratable acidity (TA) and osmolarity were measured on one 'D’ leaf
from each of six plants per chamber collected at the beginning and end of the light
period. The "D’ leaf was split longitudinally and one-half was removed at dawn and
frozen at -75°C to disrupt the cell membranes. The second segment of the leaf was
harvested in the late afternoon and similarly frozen. To determine TA, two 1.3 cm
diameter leaf discs were collected from the middle one-third of each frozen leaf
segment, ground in a mortar with ~20 ml of distilled water, and the total volume
was titrated to pH 7.2 using 0.01 N NaOH. Osmolarity was measured on leaf sap
extracted from frozen-thawed tissues with a vapor pressure osmometer (55008,

Wescor Inc. Logan, Utah, USA).

Chlorophyll and Nitrogen Contents

Leaf chlorophyll content was determined using the techniques described by
Ranjith et al., (1995). The leaves were frozen at -75°C and ground to a powder in
liquid nitrogen. Chlorophyll was extracted by grinding 200 mg of frozen leaf sample
with 80 % (V/V) acetone, and adjusting the final volume to 20 ml by adding 80 %
acetone. The mixture was incubated overnight at room temperature (22°C) and
centrifuged at 12000 g for 1 minute. The absorbance of the leaf supernatant was read
at 647 and 664 nm wavelengths with a spectrophotometer (Spectronic 21, Bausch &
Lomb, New York), and chlorophyll content was calculated according to Coombs et
al. (1985).

Leaf total nitrogen (N) content was determined using the. same leaf tissue
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powder used for the chlorophyll measurement by the micro-kjeldahl technique at the
Agricultural Diagnostic Service Center, University of Hawaii, Manoa. The data were

reported as the percentage N in the leaf on a dry weight basis (W}W %).

Growth Analysis

Fresh and dry weights of leaves, stems and roots were measured on
comparable planting material at the beginning of the experiment to establish the initial
weights, and at the end of the experiment to obtain the final growth data. Dry weight
was determined after oven-drying at 70 °C for two weeks. Green leaf area was
measured using a Li-3100 leaf area meter (Li-Cor, Inc, Lincoln,i Nebraska, USA).
Stem weight ratio (SWR), root weight ratio (RWR), leaf weight.i"étio (LWR), relative
growth rate (RGR) and net assimilation rate (NAR) were calculaied as described by
Chiariello et al. (1989). Specific leaf weight (SLW), a parameter positively related to
leaf thickness (Chiariello et al., 1989), was determined as the ratio of leaf dry weight
to green leaf area. Tissue dry matter contents (1- water content) were calculated from

fresh and dry weight measurements.

RESULTS and DISCUSSION
The average daytime (7:30 am to 6:30 pm) air and leaf temperatures were
39.6 and 41.5 °C, and night (6:30 pm - 7:30 am) air and leaf te.:iperatures were 24.2
and 24.1 °C during the experimental period. The high day temperature that prevailed

during the study resulted from the fact that it was carried out during midsummer and
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the absence of good temperature control in the greenhouse. The night temperatures
were typical of these occurring at night during the summer in Honolulu. The g, value
from plants grown at high CO, was slightly higher than the values for plants grown at
low COQ, in both phase II and phase IV but the differences were not significant (Table
6.1). The qy value for plants grown ét high CO, was 45% lower than for plants
grown at low CO, in phase II, but the values in phase IV were similar (Table 6.1).
Greater CO, fixation results in a decrease in qy and increase in qp as result of a
reduced pH gradient across the thylakoid membranes due to faster consumption of
ATP and NADPH (Guralnick et al., 1992). The qy and g, data ror pineapple suggest
that photosynthetic CO, uptake via C, pathway was significantly greater in the phase
II for plants grown at high CQ,, but not in phase IV. With near optimum day
temperatures, photosynthetic CO, uptake via the C; pathway in pineapple occurred
mainly in phase IV, while uptake in phase II was very minor because of its short
duration (Bartholomew, 1982; Cote et al., 1991). Thus, in this study it was assumed
that CO, uptake via the C, pathway during phase IV was largely suppressed by the
40°C temperature. The F,/F,, values at high CO, were slightly but not significantly
greater than those at low CO, in the both phase II and IV (Table 6.1), indicating that
the photochemical efficiency of pineapple leaves was not significantly enhanced by
elevated CO, under the conditions of this study.

Plants grown at low CO, had a slightly but significantly greater carbon isotopic
discrimination value (A) in 'D’ leaf tissues than did plants grown at high CO, (Fig.

6.1). This response was in contrast to the results obtained in an earlier growth-
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chamber study with lower day/night temperatures, where the A values were
significantly greater at 700 than at 350 umol mol’ CO, (chapter 3). The A values
from this study indicated that in a 40/24°C temperature regime, the relative
contribution of the CAM pathway to total CO, uptake was greater_ for pineapple
grown at high than at low CO,.

Predawn (nocturnally accumulated) and afternoon TA values were significantly
greater at high than at low CO, (Table 6.2), but the differences in the afternoon
values were small (Table 6.2). The diurnal difference in TA (ATA) between predawn
and afternoon, a measure of net dark CO, fixation (Griffiths, 1988), was also
significantly greater for plants grown at high CO, (Table 6.2). Therefore, the TA data
clearly indicated that phase-I CO, uptake via the CAM pathway was considerably
enhanced by elevated CO,. Both carbon isotopic discrimination and TA data showed
that the integrated effect of CO, enrichment over 24 hours was z:eater in the dark
than in the light. This result was not consistent with other studies on the CAM species
(Szarek et al., 1987; Nobel and Hartsock, 1986). As noted previously, nocturnal
carbon assimilation via PEPCase was reported to be insensitive to CO, enrichment
causing researchers to assume that carboxylation by PEPCase saturate at ambient CO,
levels (Winter, 1985; Bowes, 1991). Photosynthetic rates of C, plants, which also
utilize PEPCase, saturate at an intercellular space CO, concentration (c;) of about 200
pmol mol? (Taiz and Zeiger, 1991). The mean c; values during the dark period for
pineapple grown at 35/25°C, a temperature regime relatively clcse to that inside the

open-top chambers in this study, averaged 200 and 260 umol mol’, respectively at
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350 and 700 umol mol?! CO, levels (chapter 3). If it can be assujr:r‘led that
carboxylation via Pi2PCase in pineapple saturates at about 200 p;mol mol*! CO,, the
enhanced nocturnal CO, uptake of pineapple by elevated CO, could not be interpreted
in terms of PEPCase activity. The greater carbon assimilation and accumulation of
organic acids during the dark period for plants grown at high CO, might result from
some other physiological responses to elevated CO,, such as reduced dark respiration
at high CO, (Amthor, 1991; Nobel and Israel, 1994) or enhanced synthesis of PEP in
the dark as a result of increased soluble sugar content (Cui and Nobel, 1994) which
was considered to be the main source of PEP synthesis in pineap;;le during the dark
period (Medina et a!, 1991). But none of these effects has been confirmed
experimentally.

Both predawn and afternoon osmolarity were significantly higher at high than
at low CO,, with a greater effect on the predawn values (Table 6.2). The greater
predawn osmolarity at high CQO, is attributed primarily to the higher nocturnal organic
acid levels (Medina et al., 1991; 1993). The elevated osmolarity in the afternoon at
high CO, may result from greater accumulation of assimilates, such as soluble sugars,
in leaf tissues (Medina et al., 1993; Cui and Nobel, 1994), sinc¢ ',soluble sugars in
pineapple leaves generally approached a maximum towards the end of the light period
(Sideris et al., 1948; Medina et al., 1993).

Biomass accumulation over the four-month of growing period was significantly
greater at high than at.low CO, (Table 6.3). The higher reiative growth rate (RGR) at

elevated CO, was due primarily to a greater net assimilation rate (NAR) because leaf
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area was slightly but not significantly greater (Table 6.3). Enhanced plant growth at
elevated CO, was also observed for the CAM species Agave deserti and Ferocactus
acanthodes (Nobel and Hartsock, 1986), Agave vilmoriniana (Idso et al., 1986) and
Opuntia ficus-indice (Cui and Nobel, 1994). At high CO,, more biomass was
partitioned to root and stem, and less to leaf, thus, accounting f&;r the significantly
greater fraction of plant biomass incorporated into stem (SWR) ard root (RWR), and
the smaller portion partitioned to leaf (LWR) (Table 3). Leaf thickness (SLW) was
significantly greater at high CO, (Table 3). The CAM species Opuntia ficus-indica
also had greater cladode thickness when plants were grown at high CO, (Nobel et al.,
1994; Nobel and Israel, 1994). Pineapple stem dry matter content (DMC) was
significantly greater for plants grown at high CO,, but there was no effect on the leaf
DMC (Table 6.3). Pineapple stem DMC and stem starch content are positively
correlated (Bartholomew and Paull, 1986). Thus, greater stem DMC may indicate
increased stem starch content at high CO,. '

The lack of a significant effect of high CO, on the leaf nitrogen and
chlorophyll contents in this experiment (Table 6.4) was in contrast to the results
obtained earlier (chapter 4). The different responses in the two studies was attributed
to improved nutrient management in this study as a result of the use of a specially
prepared nutrient solution and more frequent application of nutrients to the plants.
Leaf chlorophyll and nitrogen contents decreased for the CAM species Opuntia ficus-
indica after plants had been grown at elevated CO, for about three months (Cui and

Nobel, 1994). Leaf nitrogen content also declined as CO, increased for the C; plants
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Oryza sativa (Rowland-Bamford et al, 1991), Gossypium hirsutum (Wong, 1990),
Abutilon theophrasti, Sinapis alba and lobololly pine (Pinus taeda) (Tissue et al.,
1993), and the C, species Amaranthus retroflexus (Coleman et al., 1991). Most of
those reports clearly stated that the nutrients applied were sufficient to prevent
nitrogen deficiency. However, the results from this study indicated that with careful
nutrient management and adequate rooting volume, long-term exposure to high CO,
did not reduce leaf nitrogen or chlorophyll contents if complete nutrients were applied
twice a week. Further investigation may be needed to understand the fundamental
cause of the decrease in tissue nitrogen and chlorophyll contents in response to
elevated CO,.

The results of this study indicated the growth of pineapple was enhanced after
four-month exposure to elevated CO,, even in a high day temperature. Further, the A
and TA data demonstrated unequivocally that this enhancement was mainly the result

of greater nocturnal CO, fixation.
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Table 6.1 Chlorophyll fluorescence kinetics coefficients (n=6) of the youngest
physiologically mature leaves of pineapple grown at ambient (330 umol mol) and

elevated (730 umol mol™) CO, in open-top chambers

CO, level T test

Parameters (gpmol mol)
330 730

qp (morning) ' 0.727 0.841 NS
qp (afternoon) 0.809 0.897 NS
qn (morning) 0.681 0.377 *
qy (afternoon) 0.643 0.651 NS
F,/F, (morning) 0.831 0.864 NS
F,/F,, (afternoon) 0.790 0.833 NS

* ** and NS; Statistically significant at 0.05 (*) and 0.01 (**) levels of probability,

and non-significant at 0.05 (NS).
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Table 6.2. Titratable acidity and osmolarity of the youngest physiologicaliy mature
leaves (n=6) of pineapple grown at near ambient (330 umol mol?) and elevated (730
pmol mol™) CO, in open top chambers. TA is titratable acidity and A(TA) is diurnal
TA differential.

Parameters CO, level) T test
(wmol mol™*)

330 730
TA (mmol H* m?)
06/30/95 (predawn) 225.5 293.2 >k
08/31/95 (predawn) 278.2 384.3 *k
TA (mmol H* m?)
06/30/95 (afternoon) 31.6 32.9 *
08/31/95 (afternoon) 35.4 374 *
A(TA) (mmol H* m?)
06/30/95 194.0 260.3 . **
08/31/95 242.8 3470 *k

Osmolarity (mmol kg™)
08/31/95 (predawn) 418.4 504.5 **

Osmolarity (mmol kg)
08/31/95 (afternoon) 441.2 484.0 *

* **. Defined in table 6.1
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Table 6.3. Growth responses to CO, levels for pineapple grown at near ambient (330 pmol
mol ') and elevated (730 umol mol™) CO, in open top chambers. W, and A, are plant dry
weight and leaf area. Data were mean of six plants per treatment.

Parameters CO, level © T test
(umol mol™)

330 730
W, (g plant?) 146.0 180.1 o
A, (cm? plant™) 6404 6746 NS
NAR (g m? d*) 1.64 2.23
RGR (g kg* d*) 7.08 8.83
SWR (%) 7.2 9.8 *
RWR (%)° 8.7 11.6 o
LWR (%) 84.1 78.7 **
SLW (g cm?) 0.019 0.021 *x
DMC (stem) (%) 11.20 13.12 xx
DMC (leaf) (%) 11.35 11.21 NS

* Data are expressed as percentage of stem, root and leaf dry weights relative to total plant
dry weight.
*, %% NS; defined in table 6.1

Table 6.4. Chlorophyll and nitrogen contents in the youngest physiologically mature leaves
(n=6) of pineapple grown at near ambient (330 umol mol ') and elevated (730 pmol mol™) in
open top chambers

Parameters CO, level T test
(pmol mol™)
330 730
Total N (%) 1.28 1.20 NS
Chlorophyll
content (uM) 3.83 4.03 NS

NS; defined in table 6.1
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CHAPTER 7

SUMMARY

In the current project, studies have been conducted to examine the responses of
pineapple to CO,, temperature and water deficit. The primary focus of this study was
to examine the effects of CO, and temperatures on leaf gas exchange, titratable
acidity, carbon isotopic composition, biomass accumulation and partitioning, as well
as some of the relevant physiological characteristics. Besides, the leaf water relation,
gas exchange and accumulation of organic acids during the drought were studied for
plants grown at two CQ, levels and three temperatures.

Greater day/night temperature differential of 10 °C intensified CAM activity of
pineapple, while smaller diurnal temperature range of 5 °C and warm night
temperature of 25°C enhanced the relative contribution of daytime CO, fixation via C;
pathway to total carbon assimilation. Elevated CO, significantly increased total daily
CO, uptake and reduced stomatal conductance, thus enhanced water use efficiency,
with greatest effect during the light period. Nocturnal CQ, fixation and acidification
also increased, which was in contract to data obtained for some CAM species. Carbon
isotopic discrimination data of leaf tissues indicated that elevated CO, increased the
relative contribution of carbon fixation via C,-type photosynthetic pathway, with the
greater effect on plants grown in higher temperatures. Elevated CO, largely increased
the CO, fixation for plants grown at 35/25 and 30/25 °C, while the enhancement was

relatively smaller at 30/20 °C. Therefore, there was CO, by temperature interaction
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on plant net CO, uptake.

Elevated CO, increased biomass accumulation of pineapple as a result of
enhanced NAR. This effect was greater for plants grown at higher temperatures,
which was in good agreement with the data of CO, assimilation obtained from
pineapple in this study and some C; species in other studies. At elevated CO, more
biomass was partitioned to stem and root, but less to leaf. However, leaf growth was
also promoted as indicated by greater leaf thickness and surface area expansion. These
responses were greatest for plants grown at smaller daily temperature range of 5 °C
and warm night temperature of 25 °C. Leaf and stem dry matter contents were greater
at elevated CO,, which may be due to increased starch content. Simultaneous increase
CO, levels and day/night temperature or night temperature by 5 °C also enhanced the
growth rates of pineapple.

In elevated CO,, nocturnal acidification was enhanced, a result being in
contract with the studies on some CAM species. This response \7as also greatest for
plants grown at 30/25 °C. Afternocn osmolarity was greater for plants grown at
elevated CO,, which was due presumably to increased decarboxylation of organic
acids or the fixation of external CO, into carbohydrates. Decreased chlorophyll and
nitrogen contents may relate with physiological acclimation to increased CO,,
insufficient nutrient application or limitation of rooting volume.

Prolonged drought significantly reduced leaf water content, water and osmotic
potentials. The effect was greater for plants grown at higher night temperature of

25°C. Total daily CO, fixation and stomatal conductance also reduced during the
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drought, with the greatest effect in the light and at elevated COz.l Reduced CO, dark
fixation resulted in a decrease in accumulation of organic acids 'i'rxll the dark, with a
result of CAM-idling occurring to plants grown at night temperature of 25°C after
drought became severe. Elevated CO, reduced the water loss form leaf tissue as a
consequence of decreased stomatal opening. This response only occurred to plants
grown at night temperature of 25 °C. Leaf potential components at elevated CO, were
sustained at relatively higher levels during the late part of drought, which may help
maintain some of physiological activities of pineapple at relatively higher level that
might not be possible at lower potentials. Decrease in leaf water content was
relatively lower for plants grown at night temperature of 20 °C, thus the nocturnal
CO, fixation and accumulation of organic acids were maintained at relatively greater
rates during the drought period.

The study of pineapple grown in open-top chambers indicated that plant dry
weight was greater for plants grown at elevated CO, due to enhanced NAR. This
growth enhancement resulted primarily from greater accumulation of organic acids in
the dark at elevated CO,. Data of chlorophyll fluorescence indicated that the fixation
of external CQO, via C; photosynthetic pathway was largely suppressed presumably by
a ~40 °C temperature. Therefore, nocturnal CO, fixation was e:ﬁi)ected to play more
important role in daily carbon fixation than was for plants grown at more favorite
temperatures. Leaf nitrogen and chlorophyll contents did not decrease after four
months of exposure to elevated CO, as a result of improved nutrient management.

In general, at ambient CO,, pineapple grown at 30/20 °C had the greatest

120



carbon fixation, organic acid synthesis and biomass accumulation, while plants grown
at 30/25 °C had the smallest growth rate. In elevated CO, and temperatures, the effect
of CO, enhancement was greater for pineapple grown at relatively higher temperature
of 35/25 and 30/25 °C. If drought would occur at elevated CO, and temperature
environment, the decrease in CO, fixation would be more rapid than it would be at
current atmospheric conditions, but leaf water content and water potential components
would be maintained at relatively greater levels than could for plants grown at

ambient CO,.
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APPENDIX A

Integrated net CO, uptake over day, night and 24-h periods by the youngest
physiologically mature leaves of pineapple grown at near ambient and elevated CO,
levels and three day/night temperatures. Data are presented as sequence of
observations.

Temperature Observations Day Night - 24 hours

“C) Net CO, uptake

mmol CO, m? period™

Grown and measured at 350 pmol mot*

35/25 1 33.5 226.6 260.0
2 72.8 233.8 306.6
3 17.4 183.2 200.6
4 34.9 159.1 193.9
5 21.1 153.6 174.7
6 20.7 158.6 179.3
7 13.9 153.1 167.0
8 15.0 168.0 182.9

30/25 1 78.1 147.7 225.8
2 60.9 155.4 216.3
3 55.0 104.1 159.2
4 45.1 109.2 154.3
5 60.5 136.3 196.9
6 59.9 130.8 190.5
7 59.0 135.9 194.8
8 53.4 125.6 179.1

30/20 1 48.9 187.6 236.6
2 70.1 250.1 320.2
3 69.0 246.5 3155
4 54.0 285.8 339.8
5 54.0 205.5 259.5
6 50.1 259.1 309.2
7 56.2 162.3 198.5
8

54.4 223.5 277.8
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Grown and measured at 700 umol mol™

72.6
39.8
80.6
88.5
113.7
115.0
110.8
70.0
79.3
98.9
78.1

134.9
87.4
90.4

129.9

145.9

140.8
99.6

108.0

101.3
83.9
80.3

106.5
167.7
115.1
107.3
96.3
108.8
145.1
99.0
93.3
134.3
93.0
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195.0
209.0
306.9
206.2
258.8
236.9
240.5
182.3
210.8
182.7
287.0

225.6
211.9
155.8

158.8 -

276.9
232.8
198.0
244.3

- 223.9

193.3
221.2

222.3
346.4
200.6
233.3
276.8
239.9
200.6
218.6
197.2
197.7
270.4

267.6
248.9
387.5
294.7
372.5
351.8
351.3
252.3
290.2
281.5
365.1

360.5
299.3
246.2
288.7
422.7
373.6
297.6
352.2
325.2
277.7
301.5

328.8
514.2
315.6
340.6
373.1
348.8
345.7
317.6
290.5
332.0
363.4
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Grown at 700 and measured at 350 umol

47.5
50.5
71.8
47.8
76.3

59.4
67.1
68.1
82.4
60.3

54.2
82.3
57.3
74.3
74.3

215.9
196.6
220.6
178.7
180.4

179.9
173.6
165.2
178.1
204.8

300.6
200.7
192.7
184.3
198.8

263.5
247.1
298.4
226.5
256.6

239.3
240.6
233.3
260.5
265.1

354.8
283.0
250.0
258.6
273.1

Grown at 350 and measured at 700 zmol

77.6
66.4

117.2
76.6

110.5
79.4
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144.8
254.6

173.4
225.0

230.7
312.7

222.4
321.0

290.6
301.5

341.3
392.1
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