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ABSTRACT. The effect of elevated root zone temperature (+0, +4, +6, +8, and +11 8C) on growth rates and carbon
partitioning of ‘USU-Apogee’ spring wheat (Triticum aestivum L.) plants growing at constant air temperature (24 8C)
in Turface was investigated. This experiment was performed to determine if wheat growth responded to elevated root
zone temperature (RZT) and if so, to determine the temperatures for those responses. The RZT treatments were
initiated 5 d after planting (DAP) to prevent RZT effects on germination from affecting results. The effects of
increased RZT on development and carbon partitioning were determined from data collected during destructive
harvests at 7, 15, 22, and 28 DAP. At a constant air temperature of 24 8C, reduced plant height was observed by
15 DAP at 30 8C RZT (+6 8C), and reduced leaf area was observed by 22 DAP at 28 8C RZT (+4 8C). Changes in leaf
photosynthesis and stomatal conductance (gS) were not observed until 35 8C RZT (+11 8C), which was lethal by 22
DAP. Changes in carbon partitioning resulted in decreased leaf mass and increased stem and head mass fractions as
well as accelerated development of reproductive structures. Although elevated RZT temperatures above air
temperature affected physiological and morphologic parameters, they did not change plant phenology.

The challenge of modern agriculture lies in sustaining high
production rates while managing biotic and environmental
pressures that reduce yield. In nature, environmental pressures
are brought about by climatic changes, and in controlled
environment production systems, they result from subsystem
failures or poor control of key environmental parameters
(Monje et al., 2003). Generally, high temperature stress reduces
crop yield because it negatively affects several plant physio-
logical processes, including photosynthesis, respiration,
growth, development (phenology and morphology), and parti-
tioning (White and Reynolds, 2003). However, quantifying
crop responses to temperature has been difficult because
different plant organs typically experience different thermal
regimes (Monteith and Unsworth, 1990), the observed accli-
matization responses vary according to the conditions a plant
has been growing in, and the various physiological processes
responding to temperature changes can interact to affect overall
growth and yield (White and Reynolds, 2003).

It is important to measure temperature in a physiologically
meaningful manner when studying plant development. In
wheat, air temperature is a primary factor determining the
phyllochron (e.g., the rate of leaf appearance) (McMaster et al.,
2003), but soil temperature near the crown may better reflect
shoot apex temperature than air temperature because the shoot
apex of annual grass crops is located in the crown until the
developmental stage of jointing (McMaster and Wilhelm,
2003). However, heating the shoot apex at crown depth of
spring wheat by +3 �C does not speed up phenologic develop-

ment or leaf appearance rates probably because leaf growth
may occur above the soil surface (McMaster et al., 2003).

Several studies have examined root zone temperature (RZT)
effects in lettuce (Lactuca sativa L.) (He et al., 2001), wheat
(Guedira and Paulsen, 2002; Kirkham and Ahring, 1978), and
creeping bentgrass (Agrostis stolonifera L.) (Rachmilevitch
et al., 2006; Xu and Huang, 2000). Root zone temperature can
alter shoot growth responses by influencing the temperature of
the shoot apical meristem (McMaster et al., 2003), modifying
hormonal balance (Tachibana et al., 1997; Wang et al., 2004),
and altering water and nutrient uptake (Bowen, 1991).
Although the most important factors responsible for reduced
yield of wheat at high temperature are the reduction in the
length of the growth cycle and the duration of grain fill (White
and Reynolds, 2003), RZT has been reported to influence the
response of plant growth rates to high air temperature.

Increasing RZT from 12 to 25 �C generally improves root
functions related to supplying water and nutrients to shoots,
leading to decreased root-to-shoot ratios, improved gas
exchange, and increased chlorophyll content (Awal et al.,
2003). Increasing RZT from 25 to 30 �C increases root-to-
shoot ratios (Awal et al., 2003) and can increase photosynthetic
rates (Ziska, 1998). However, further increases in RZT can lead
to growth inhibition by reducing nutrient uptake and chloro-
phyll content (Du and Tachibana, 1994), disturbing plant water
relations and reducing gS (Behboudian et al., 1994) or altering
plant chemical signaling (Dodd et al., 2000; Tachibana et al.,
1997; Wang et al., 2004).

Elevated RZT in the heat shock range (�35 �C) appears to be
more critical than air temperature in controlling plant growth.
Earlier leaf senescence was observed in wheat exposed to 35 �C
RZT and a 16-h photoperiod (Kuroyanagi and Paulsen, 1988).
Tomato (Solanum lycopersicum L.) plants growing at 36 �C
RZT for 20 d exhibited decreased shoot growth and P uptake
compared with plants growing at 25 �C RZT (Klock et al.,
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1997). The probable causes for growth reductions at high RZT
(37 �C) are increased respiratory costs for maintenance and ion
uptake (Rachmilevitch et al., 2006).

Kirkham and Ahring (1978) studied the effect of RZT on
leaf temperature and internal water status of wheat at a constant
air temperature (25 �C) and ambient CO2 concentration
(380 mmol�mol–1). Plant height and gS were greatest when air
and root temperatures were similar, but plant height, water
potential, and gS decreased when RZT exceeded air tempera-
ture. Guedira and Paulsen (2002) reported that applying
differential shoot and root temperatures to maturing wheat
plants affected kernel mass. Increasing shoot temperature to
30 �C and keeping the roots at 15 �C decreased kernel mass by
40%, whereas holding the shoots at 15 �C and increasing the
roots to 30 �C decreased kernel mass by 57% compared with
maintaining the whole plant at 15 �C. The greater reduction in
kernel mass from higher root temperature than from high shoot
temperature suggests that roots may regulate partitioning
during grain filling. In another RZT study conducted with
vegetative winter wheat grown in elevated CO2, the develop-
mental stage of the crop determined the severity of damage
experienced by the plant. Increases in RZT and N supply
reduced allocation to roots and leaves and increased allocation
to the stem, although an effect on carbon assimilation rate was
not observed (Gavito et al., 2001). Furthermore, RZT affected
mainly nutrient uptake and plant size during vegetative growth
and its effects on root and shoot phenology became evident
toward the end of vegetative growth.

This study was conducted in preparation for the Photosyn-
thesis Experiment Subsystem Testing and Operation (PESTO)
spaceflight experiment. PESTO examined the effects of micro-
gravity on photosynthetic and growth rates using 21-d-old crop
stands of ‘USU-Apogee’ wheat (Monje et al., 2005; Stutte et al.,
2005). ‘USU-Apogee’ was grown aboard the International
Space Station (ISS) in the Biomass Production System [BPS
(Orbitec, Madison, Wis.)]. The BPS consists of four automated
plant growth chambers providing active control of air temper-
ature, relative humidity, CO2 concentration, root zone mois-
ture, and light level during spaceflight. Like in most spaceflight
plant growth chambers, RZT was not controlled because of
power limitations to the BPS imposed by the ISS (Morrow and
Crabb, 2000). Although gravity does not change RZT directly,
the lack of gravity in space reduces buoyancy-driven heat
transfer, and even well-ventilated hardware (e.g., root modules)
is expected to be hotter than on earth (Monje et al., 2003).
Therefore, the effects of elevated RZT on the vegetative growth
of ‘USU-Apogee’ were studied to determine if increased RZT
might confound growth responses observed in PESTO. The
objectives were to determine the RZTs at which plant growth
and carbon partitioning are affected as well as determine which
physiological and morphologic responses might occur when
these RZTs are exceeded.

Materials and Methods

CULTURAL CONDITIONS. ‘USU-Apogee’ spring wheat was
chosen for the PESTO experiment because it is a high-yielding
semidwarf cultivar (40 cm tall) suited for growth in controlled
environments (Bugbee and Koerner, 1997). ‘USU-Apogee’
reaches the booting stage by 20 d after planting (DAP) and
anthesis by 33 DAP (Monje and Bugbee, 1998). This is 7 to 8 d
faster than that of field-grown wheat reported by McMaster

et al. (2005), but the 12- to 13-d duration between the booting
and anthesis stages is the same as in the field. The experiments
were conducted in 264-cm2 (18.2 cm · 14.5 cm) by 3-cm-deep
root modules. Each root module was packed with �500 g of
Turface (calcined montmorillonite clay sifted to 1 to 2 mm;
Profile Products, Buffalo Grove, Ill.) mixed with Osmocote
(The Scotts Company, Marysville, Ohio) slow-release fertilizer
at 7g�L–1 or 12 g�kg–1 of substrate. The root modules contained
32 wheat plants seeded in four rows at a planting density of
1200 plants/m2 (Stutte et al., 2000). The root modules were
watered by a static head moisture controller. Wheat was grown
in four root modules in a walk-in growth chamber (model
M-48; Environmental Growth Chambers, Chagrin Falls,
Ohio) that provided light (cool white fluorescent lamps;
300 mmol�m–2�s–1), a 16-h photoperiod, CO2 concentration
(1500 mmol�mol–1), relative humidity (75%), and air tempera-
ture (24 �C day/night) control. RZT treatments were imposed at
5 DAP after the seedlings had germinated.

STATIC HEAD ROOT ZONE MOISTURE CONTROLLER. The root
modules were watered by a recirculating standpipe system. The
root modules were filled with water on planting, which
moistened the seeds, and then were connected to the standpipe
system. Plants were grown at a matric potential of –0.3 kPa
measured by a calibrated differential pressure sensor (model
MPX2010D; Motorola, Schaumburg, Ill.) located at mid-root
module height (Morrow and Crabb, 2000). This moisture
setpoint (–0.3 kPa) was previously found to produce optimum
growth of wheat in these root modules (Monje et al., 2001). In
that study, plants grown at –0.1 kPa were stunted as a result of
waterlogging and those grown at –0.5 kPa were stunted as a
result of insufficient water.

ROOT ZONE TEMPERATURE EXPERIMENTS. A replicated, 28-d-
long experiment consisting of growing vegetative wheat crops
in elevated RZTs [+0 �C (24 �C), +4 �C (28 �C), +6 �C (30 �C),
+8 �C (32 �C), and +11 �C (35 �C)], while keeping air
temperature constant (24 �C), was conducted. The PESTO
experiment used 21-d-old plants, but here the experiment was
extended to 28 DAP to allow changes in partitioning in
response to RZT to be observed. A control of 24 �C RZT was
used because RZT during the PESTO ground tests equaled the
24 �C air temperature.

Each replicate growth cycle was conducted in four root
modules within the walk-in growth chamber. RZT in three of
the root modules was increased during the photoperiod and
maintained at the desired setpoint ±0.5 �C using computer-
controlled heaters. A fourth root module was allowed to
equilibrate with air (24 �C) temperature within the growth
chamber and used as the ambient control. A datalogger (model
CR-10; Campbell Scientific, Logan, Utah) used root tempera-
ture measured by a thermocouple placed at mid-root module
height (1.5 cm) to activate the 15.2-cm diameter silicone rubber
heaters (model HR555R7.4L12B; Minco, Minneapolis, Minn.)
placed under each root module when RZT fell below the desired
setpoint. The RZT treatments were imposed from 5 DAP until
28 DAP. The +11 �C (35 �C) root zone temperature treatment
during the first growth cycle proved to be lethal to wheat after
17 d (22 DAP); thus, the second repetition of that treatment was
conducted during the second growth cycle at +8 �C (32 �C)
instead.

PLANT GROWTH MEASUREMENTS. Time–course harvests for
growth analysis were performed at 7, 15, 22, and 28 DAP in
each growth cycle. Four plants per root module were removed
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at each harvest. Harvesting consisted of cutting the shoot from
the root module at crown height. Root biomass per plant was
not measured because it was impossible to remove and
disentangle the roots from the root module after 5 DAP. Plant
height, leaf area, and dry weight of leaves and stems were
measured at each harvest date. The immature heads were
dissected by unrolling the stem sheaths at 28 DAP. The length
and dry weight of the developing wheat spikes were measured.
Leaf, stem, and head mass fractions were calculated from the
ratio of the organ mass to total dry weight at 28 DAP. The Haun
stage of the wheat plants was recorded at 15 DAP to determine
if leaf appearance rates were affected by changes in RZT. The
dates at which specific developmental stages (i.e., double ridge
and internode elongation) occur in ‘USU-Apogee’ were calcu-
lated using the air temperature used in this study and the
thermal time of each stage (e.g., growing degree-days) for
spring wheat (McMaster et al., 2005). Leaf width was measured
at half leaf length. Leaf area was measured with a leaf area
meter (model 3100; LI-COR, Lincoln, Nebr.). Plant tissues
were oven-dried at 70 �C for 72 h to determine dry weight.

LEAF LEVEL MEASUREMENTS. Photosynthesis and gS on
attached 15-d-old leaves were measured during the first growth
cycle using a LI-COR 6400 Portable Photosynthesis System to
determine if RZT affects leaf photosynthetic rates or transpi-
ration through changes in gS. Gas exchange from the middle
portion of randomly selected flag leaves was measured at 15
DAP. A–Ci (A = photosynthesis rate, Ci = concentration of CO2

inside the leaf) and stomatal response curves to CO2 concen-
tration were obtained by holding the light level in the LI-COR
leaf chamber constant. Two measurements per temperature
treatment (24, 28, 30, 35 �C) were made at CO2 levels of 75,
150, 300, 600, and 800 mmol�mol–1. Gas exchange rates were
not measured at 1500 mmol�mol–1 to shorten the time for
sampling. The responses of net assimilation rate and gS to
CO2 concentration saturate at 1000 mmol�mol–1 and are not
significantly different from rates measured at 800 mmol�mol–1

(data not shown). The LI-COR leaf chamber environment was
maintained at a saturating light level of 1000 mmol�m–2�s–1,
relative humidity of 75%, and 24 �C. Light was provided by a
red/blue light-emitting diode light source. The A–Ci curves
measure photosynthetic capacity because changes in the activity
of the carboxylation enzyme (Rubisco) and in the maximum rate
of electron transport used for Rubisco bis-phosphate (RuBP)
regeneration can be detected (Long and Bernacchi, 2003).

EXPERIMENTAL DESIGN. Five levels of RZT were tested in
four root modules during two growth cycles. The temperature
assignment for each root module was not changed from one
complete plant growth cycle to the next except to reuse one or
more root modules for the fifth root zone temperature. There-
fore, RZT effects are confounded with root module effects;
however, there were no root module effects in the analysis of a
previous experiment using the same root modules (Monje et al.,
2005). Observations were made on multiple plants from each
root module for each growth cycle, and each plant was treated
as an independent observation. The +0 �C (24 �C), +4 �C
(28 �C), and +6 �C (30 �C) temperature treatments were re-
peated twice (two growth cycles) and the +8 �C (32 �C) and
+11 �C (35 �C) treatments only once (one growth cycle). An
effects analysis was conducted using a one-way analysis of
variance with unequal numbers of observations per treatment
using root temperature as a classification variable (PROC GLM;
SAS Institute, Cary, N.C.). Normal probability plots of the

residuals were examined to ensure heterogeneity of variance.
The differences in least squares means for each level were used
to determine growth differences between treatments.

Results

Growth at elevated RZT did not alter the leaf appearance
rates because all plants from all treatments reached the same
Haun stage of 3.5 by 15 DAP. A + 4 �C (28 �C RZT) increase in
RZT above-air temperature (Fig. 1) did not affect plant height
until after 15 DAP (or 10 d after the RZT treatments began).
Significant differences in plant height were evident by 15 DAP
for RZTs greater than +6 �C (30 �C RZT) above air temper-
ature. The plants growing at 35 �C RZT were severely stunted
and eventually died by 22 DAP. Leaf area was more sensitive to
elevated RZT than plant height (Fig. 2). Leaf area was reduced
after exposure to 10 d of RZTs exceeding +4 �C (28 �C RZT)
above air temperature and after 2 d of exposure at the +11 �C
(35 �C RZT) treatment. Leaf area expansion had decreased
significantly by 22 DAP for RZTs greater than +4 �C above the
control (24 �C air temperature and 24 �C RZT).

Leaf gas exchange in 15-d-old plants, as measured by the
A–Ci curves (Fig. 3A) and by the responses of gS to CO2

concentration (Fig. 3B), was unaffected until +6 �C (30 �C
RZT) was exceeded. A slight increase in gS was observed in the
+4 �C and +6 �C plants compared with the control, but it was
not statistically significant. Leaf gas exchange rates were
severely reduced by the +11 �C (35 �C RZT) treatment; net
photosynthesis fell below the CO2 compensation point and the
stomata were practically closed.

Plant dry weight at 28 DAP (Table 1) was not reduced by
elevated RZT despite significant decreases in leaf area (Fig. 2).
Plant height decreased by 33 mm (10%) at 28 �C RZT and by
another 41 mm at 32 �C (13%) (Table 1). Leaf width decreased

Fig. 1. Effects of shoot (TSHOOT) and root zone (TROOT) temperature treatments
on plant height during development of wheat. Observations represent means ±
standard error.
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by 2 mm (23%) at 32 �C RZT compared with the control. Leaf
area per plant decreased by 22.4 cm2 (30%) at 28 �C RZT and
by another 16.3 cm2 (22%) at 32 �C RZT. In contrast, stem
length increased by 37 mm (27%) at 28 �C RZT and by another
11 mm at 32 �C (8%) compared with the control (Table 1).

Elevating RZT above the ambient air temperature also
altered the relative fractions of leaf, head, and stem masses
after 28 DAP of growth (Fig. 4). The fraction of mass allocated
to leaves was 63% in the 24 �C RZT control. Increasing RZT at
24 �C constant air temperature decreased the leaf mass fraction
down to 47% at 28 �C RZT and down to 19% at 30 �C RZT.
In contrast, the fraction of mass allocated to stems increased
gradually to greater than 50% at 30 �C RZT. The head mass
fraction rose from 3% of the +0 �C (24 �C) control to 10% at
+4 �C (28 �C RZT) and to 29% at +6 �C (30 �C RZT) (Fig. 4B).
The increased mass allocation to wheat heads in response to
increasing RZTs was also accompanied by a lengthening of
the entire wheat spike, indicating that increased RZT probably
affected the development of the shoot apex as well. The length
of the wheat spike at 28 DAP was 1.5 and 3.1 times longer in the
+4 �C (28 �C RZT) and +6 �C (30 �C RZT) treatments,
respectively, when compared with +0 �C (24 �C RZT) control.

Discussion

This work was part of ground studies conducted in prepa-
ration for the PESTO flight experiment. PESTO measured
vegetative plant stand photosynthetic and transpiration rates of
‘USU-Apogee’ wheat in microgravity compared with 1 g
(Monje et al., 2005; Stutte et al., 2005). Because reduced heat
transfer in space is expected to result in higher RZTs in plant-
based spaceflight experiments (Monje et al., 2003), it was
necessary to identify any responses to elevated RZTs (e.g.,
with respect to air temperature) that could confound growth

responses of wheat to microgravity observed during PESTO.
The primary goal of this study was to determine the RZTs at
which plant growth is affected and to determine which
physiological and morphologic responses might occur when
these RZTs are exceeded. Therefore, leaf physiological (e.g.,
photosynthesis and gS) and morphologic measures (e.g., plant
height, leaf area, leaf width, and so on) of vegetative wheat
plants were examined to determine if growth and carbon
partitioning may be altered by continuous exposure to RZTs
(+0, +4, +6, +8, and +11 �C) higher than a constant air
temperature of 24 �C.

Fig. 2. Effects of shoot (TSHOOT) and root zone (TROOT) temperature treatments
on total leaf area during development of wheat. Observations represent
means ± standard error.

Fig. 3. Effects of shoot (TSHOOT) and root zone (TROOT) temperature treatments
on leaf photosynthetic rates and gS on 15-d-old wheat plants. No effects
of elevated root zone temperature on physiological processes were observed
for either (A) leaf photosynthesis; A vs. intercellular CO2 concentration (Ci)
or (B) leaf gS vs. Ci until the treatment with +11 �C (35 �C TROOT) above air
temperature. Observations represent means ± standard error.

Table 1. Effects of root zone temperature on morphologic indices of
28-d-old wheat plants.

Root zone
temp (�C)

Plant ht
(cm)

Stem length
(cm)

Leaf area
(cm2)

Leaf width
(mm)

Plant mass
(g)

24 328 az 134.5 a 73.4 a 8.4 a 0.390 a
28 295 b 171.6 b 51.0 b 8.4 a 0.353 a
30 291 b 170.0 b 49.0 b 7.7 a 0.342 a
32 250 c 181.3 b 32.7 c 6.5 b 0.287 a
ny 78 27 27 27 27
zMeans within a column followed by the same letter are not
significantly different (P # 0.05) using least squares means
procedures.
yn = number of observations.
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The root zone treatments were imposed after 5 DAP and leaf
appearance rates did not change as plants reached the same
Haun stage by 15 DAP at all RZTs. In spring wheat, leaf
primordia are initiated soon after the double ridge stage (�3 to
5 DAP), and the apex is located in the crown until internode
elongation (�11 to 12 DAP) (McMaster et al., 2005). Thus,
imposing the elevated RZTs after 5 DAP probably affected only
the development of the wheat spike from 5 to 12 DAP while it
was still near the crown (e.g., close to the warm root zone) and
had no effect on leaf appearance rates because leaf primordia
had already developed by then. The observation that elevated
RZTs did not increase leaf appearance rates is consistent with
results from another elevated RZT study conducted at +3 �C
above air temperature in field conditions (McMaster et al.,
2003).

Morphologic effects were detected after 10 d of growth at
elevated RZTs (15 DAP). In the plants grown at +6 �C (30 �C
RZT), plant height (Fig. 1) and leaf area (Fig. 2) were sig-
nificantly decreased, and increased stem length was observed
by 28 DAP (Table 1). Decreased leaf area was observed at
+4 �C (28 �C RZT) above air temperature (Fig. 2). Generally,
the RZT for reductions in plant height, leaf width, and leaf area
was 28 �C (e.g., +4 �C above air temperature).

The effects of elevated RZT on leaf physiological parame-
ters were measured at 15 DAP. The A–Ci curves (Fig. 3A) and
the responses of gS to CO2 concentration (Fig. 3B) from plants

growing at RZTs up to +6 �C (30 �C RZT) above air
temperature were nearly identical. However, growth at +11
�C (35 �C) RZT inhibited photosynthesis and reduced gS,
caused visible shoot injury, and was ultimately lethal by 22
DAP. Although leaf gas exchange processes (e.g., Rubisco
activity or electron transport rate) and gS were unaffected by
growth at RZTs up to +6 �C (30 �C RZT) above air temperature
(Fig. 3), the drastic reductions in leaf photosynthesis and gS

observed at +11 �C (35 �C RZT) suggests that another
mechanism, which closes stomata and increases root respira-
tion, begins to operate near this supraoptimal RZT (Huang and
Gao, 2000; Rachmilevitch et al., 2006).

The plants in this study were harvested at 28 DAP (e.g., 5 d
before anthesis in this cultivar) and RZT effects on the duration
of grain fill could not be observed. However, plants grown
above a RZT of 28 �C exhibited large changes in carbon
partitioning as well as in the development of reproductive
structures (Fig. 4). The accelerated maturation of the reproduc-
tive structures (e.g., increased head length and mass) indicates
that elevated RZT hastened the development of spikelet and
floret primordia occurring at the shoot apex without affecting
leaf appearance rates. Although increasing RZTs up to +4 to
8 �C above air temperature contributed to reducing plant height
and altering carbon partitioning, a significant reduction in plant
dry weight was not observed by 28 DAP (Table 1). Plant dry
weight was not reduced, probably because decreased leaf area
allowed more light to penetrate deeper into the chambers such
that the potential decrease in biomass was not realized as a
result of increased light capture (Monje et al., 2005).

The changes in partitioning observed in this study [e.g.,
shorter plant stature (Fig. 1) and increased stem mass (Fig. 4A)]
are similar to those reported for increased harvest index in
uniculm wheat cultivars (Richards, 1988). A shorter stature
may lead to increased harvest index because assimilate nor-
mally allocated for long stem growth is diverted to increasing
growth of the ears (Araus et al., 2002). Although the plants in
this study responded to elevated RZTs by increasing harvest
indices, they had reduced leaf areas (Fig. 2). Thus, less carbon
was allocated to leaves and the excess carbon was instead
allocated to the stem and to reproductive structures (Fig. 4),
which is consistent with the changes in carbon partitioning
observed in vegetative winter wheat exposed to increased soil
temperature (Gavito et al., 2001).

Results from previous studies suggest that several mecha-
nisms may cause physiological and morphologic changes when
RZT is increased at a constant air temperature: 1) increased root
respiration turns the roots into a major carbon sink for
assimilate; 2) the production of root-mediated signals in well-
watered roots is disrupted causing high temperature stress
responses in the shoot; and 3) reduced root function at high
temperature disrupts nutrient and water uptake. In a recent
study investigating the effects of high RZT in creeping
bentgrass cultivars differing in thermal tolerance, increased
total root respiration rate and specific respiratory costs for
maintenance and ion uptake were observed with increasing soil
temperatures (Rachmilevitch et al., 2006). Although they also
measured decreases in relative growth rate, cell membrane
stability, maximum root length, and nitrate uptake, these
physiological changes were detected at a very high soil
temperature (37 �C). Altering the production of root-mediated
signals in response to increased RZT may also affect shoot
growth. Elevated RZT studies with creeping bentgrass suggest

Fig. 4. Effects of root zone temperature (RZT) on (A) organ dry weights and (B)
carbon partitioning of 28-d-old wheat plants. Observations represent means ±
standard error.
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that reduced leaf area could be ascribed to decreased leaf
expansion incited by a reduction of root-derived signals in
response to elevated RZTs (Liu et al., 2002). However, reduced
leaf area may also result from decreased leaf, water, and turgor
potentials as RZT increases (Kirkham and Ahring, 1978).
Elevated RZT may also lead to shoot injury through disruptions
in the shoot antioxidant systems. Reductions in cytokinin
content and antioxidant enzyme activity were observed at
lower RZTs (25 to 27 �C) and occurred earlier during the
treatment than declines in turf quality, suggesting that these
changes contributed to reduced turf quality (Wang et al., 2003).
Liu and Huang (2005) found that changes in root cytokinins are
the earliest (�5 d) stress indicator for plant responses to high
soil temperature; however, they caution that decreased water,
nutrient (N, P, and K), and increased abscisic acid could also
contribute to reductions in shoot and root growth for creeping
bentgrass exposed to high soil temperatures.

Although root biomass, root respiration, or root-derived
signals were not measured in this study, several morphologic
changes were observed. Carbon allocation to reproductive
organs was increased along with a reduction in percent leaf
mass and leaf area in response to increased RZT. Furthermore,
no changes in leaf gas exchange were detected until RZT
exceeded 35 �C (+11 �C above air temperature).

Conclusions

Wheat plant growth and carbon partitioning was modified by
elevating RZTs above a constant air temperature. Generally,
elevated RZTs above air temperature by up to +6 to 8 �C caused
shorter stature, reduced leaf area, increased stem height, as well
as increased carbon allocation to reproductive structures
compared with plants growing at RZTs equal to air tempera-
ture. Although morphologic changes were observed when RZT
is increased by up to +6 �C, there were no effects observed on
physiological processes like leaf photosynthesis or gS. How-
ever, at very high RZTs (+11 �C above air temperature),
photosynthesis and gS was severely hampered, and the plants
died after 16 d.

In the context of PESTO, this study indicates that growth and
development of plants in space will be similar to that of plants
grown on Earth as long as they are cultivated at similar root zone
and air temperatures. Furthermore, because the average RZT was
27.1 ± 1.0 �C in 1 g and 27.9 ± 0.5 �C in 0 g during PESTO
(Monje et al., 2005), significant differences in plant morphology
and between the 1 g- and 0 g-grown plants are not expected.
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