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ABSTRACT. Abscisic acid (ABA) and cytokinins are two groups of plant hormones that play important roles in
regulating plant responses to decreases in soil water availability. The primary objective for this study was to
determine whether species variability in drought survival and recovery for colonial bentgrass (Agrostis capillaris L.),
creeping bentgrass (A. stolonifera L.), and velvet bentgrass (A. canina L.) were related to changes in ABA and
cytokinin content. Plants of ‘Tiger II’ colonial bentgrass, ‘L-93’ creeping bentgrass, and ‘Greenwich’ velvet bentgrass
were subjected to two soil moisture treatments: 1) well-watered controls, irrigated three times per week; and 2)
drought, irrigation completely withheld for 16 days. For recovery, previously drought-stressed plants were rewatered
and irrigated three times per week to evaluate the recovery potential for each species. Drought stress resulted in
significant declines in turf quality (TQ), shoot extension rates, canopy net photosynthetic rate (Pn), daily evapotranspiration rate (ET), and cytokinin content, and significant increases in ABA content for all three bentgrass
species. Velvet bentgrass exhibited less severe drought injury, as exhibited by higher TQ, Pn, and daily ET rate
compared with colonial bentgrass and creeping bentgrass. Velvet bentgrass also had significantly less ABA accumulation, which could allow for continued gas exchange and sustained plant survival during drought stress compared
with colonial bentgrass and creeping bentgrass. Upon rewatering after drought stress, colonial bentgrass exhibited
more rapid recovery in turfgrass growth and water use compared with creeping bentgrass and velvet bentgrass. The
higher recuperative ability of colonial bentgrass could be associated with its more rapid decline in ABA content and
increases in cytokinin content compared with creeping bentgrass and velvet bentgrass.

Plant hormones are naturally occurring substances that, in
small concentrations, can exert significant changes in plant
growth and developmental processes. Changes in hormone
concentration or hormone balance could significantly affect the
responses of plants to environmental stresses. Abscisic acid
(ABA) and cytokinins are two major groups of plant hormones
that play important roles in regulating plant responses to
decreases in soil water availability (Pospı́šilová et al., 2000;
Wilkinson and Davies, 2002). The involvement of these
hormones in root-to-shoot signaling, particularly through regulation of stomatal behavior and leaf growth, has been
implicated in plant resistance to drought (Pospı́šilová et al.,
2000; Quarrie, 1989, 1993).
Recent studies have confirmed that ABA is the primary
chemical signal moving from roots to shoots in response to soil
drying, resulting in stomatal closure and an overall decrease in
water loss via transpiration (Assmann and Shimazaki, 1999;
Davies et al., 2002; Wilkinson and Davies, 2002; Zhang and
Davies, 1989). Abscisic acid may also be involved in plant
adaptation to drought stress by inhibiting leaf growth or
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transpirational area (Alves and Setter, 2000; Bacon et al.,
1998) and inducing the production of antioxidant enzymes
(Bellaire et al., 2000; Bueno et al., 1998; Jiang and Zhang,
2002) and upregulating genes related to drought resistance
(Bray et al., 1999; Campbell et al., 2001; Jin et al., 2000;
Tamminen et al., 2001).
Some species with high leaf ABA accumulation have been
reported to be more drought tolerant than those with low ABA
accumulation (Henson et al., 1981; Larque–Saavedra and
Wain, 1976). In contrast, low ABA accumulation has been
positively related to drought resistance, such as in orchardgrass
(Dactylis glomerata L.) (Volaire et al., 1998), wheat (Triticum
aestivum L.) (Innes et al., 1984; Quarrie, 1989), maize (Zea
mays L.) (Ilahi and Dorffling, 1982), and sorghum [Sorghum
bicolor (L.) Moench] (Durley et al., 1983). Wang et al. (2003)
reported that Kentucky bluegrass (Poa pratensis L.) cultivars
tolerant of drought exhibited lower ABA accumulation rates
than drought-sensitive cultivars during short-term drought
stress, suggesting that a low accumulation rate of ABA in
leaves would be beneficial for the maintenance of photosynthesis during short-term drought.
Cytokinins generally have antagonistic physiological effects
with ABA, especially in stomatal control. Cytokinins maintain
stomatal opening, and thus increase stomatal conductance and
transpiration rates (Blackman and Davies, 1985; Incoll and
Jewer, 1987; Jewer and Incoll, 1980; Lechowski, 1997).
Cytokinins also delay leaf senescence (Čatský et al., 1996;
Naqvi, 1999) and enhance photosynthetic protein synthesis and
electron transport (Synková et al., 1997). Application of
cytokinin-containing extracts increased leaf zeatin riboside
(ZR) content of creeping bentgrass, which resulted in increased
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turf quality (TQ) under drought stress (Zhang and Ervin, 2004).
Increased levels of cytokinins have also been associated with
improved heat stress for creeping bentgrass (Liu et al., 2002).
There is considerably less information on the effects of
cytokinins alone or their interaction with ABA during water
deficit compared with what is known of the relationship
between ABA and the drought stress response. This has been
attributed to the great variability in plant cytokinin compounds
as well as lower concentration of cytokinins in plants compared
with ABA (Beck, 1996; Hansen and Dorffing, 2003). In
general, though, there is decreased cytokinin accumulation in
drought-stressed plants, which can amplify responses of shoots
to increasing ABA levels (Goicoechea et al., 1995, 1997;
Naqvi, 1995). The ratio of ABA to cytokinin may be important
for regulation of gas exchange and water relations rather than
absolute changes in concentration of either hormone (Cheikh
and Jones, 1994; Goicoechea et al., 1997; Moore-Gordon et al.,
1998). A decline in ABA content along with increases in
cytokinin content have been reported to play important roles in
facilitating plant recovery from drought stress in some plant
species (Ivanova et al., 1998; Yordanov et al., 1997, 1999).
Limited work in turfgrasses has demonstrated differences in
ABA accumulation and sensitivity among genotypes differing
in drought tolerance, and even less information is available on
changes in cytokinins associated with drought survival and
recovery for turfgrasses (Henson and Turner, 1991; Pekic et al.,
1995; Wang and Huang, 2003; Wang et al., 2003). Understanding hormonal changes associated with turfgrass tolerance to
drought stress may provide further insight into drought survival
mechanisms for turfgrasses growing in water-limiting environments. Therefore, the objectives of this study were to examine
whether bentgrass species variability in drought survival were
related to changes in ABA and cytokinin accumulation under
drought stress and recovery from drought stress.

Materials and Methods
PLANT MATERIALS AND GROWTH CONDITIONS. Sods of ‘Tiger II’
colonial bentgrass, ‘L-93’ creeping bentgrass, and ‘Greenwich’
velvet bentgrass were collected from field plots at the Rutgers
Turfgrass Horticulture Farm II in North Brunswick, N.J., and
were transplanted into PVC tubes (10 cm in diameter, 40 cm
long) filled with a 1:3 (v/v) sterilized mixture of sand and sandy
loam (fine-loamy, mixed, mesic, Typic Hapludult). A nylon
screen covered the bottom of each PVC tube to contain the soil
and allow for drainage of water from the tubes.
Plants were grown in a greenhouse to allow for plant
establishment. Turf was irrigated five times weekly to maintain
plants under well-watered conditions, and were hand clipped
weekly at 3-cm height. Half-strength Hoagland’s solution
(Hoagland and Arnon, 1950) was applied weekly to provide
nutrients and to facilitate plant establishment before initiation
of treatments. After 60 d of establishment in the greenhouse,
plants were transferred to a growth chamber (20 C/15 C
day/night temperatures, 14-h photoperiod, relative humidity
of 55% to 65%, and a photosynthetic photon flux density
of 600 mmolm–2s–1) and allowed to acclimate for 14 d
before treatments were imposed.
TREATMENTS. The experiment consisted of two treatments:
1) well-watered control, maintained at 31% soil water content
(v/v) and 98% leaf relative water content throughout the study
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period; and 2) drought-recovery, irrigation completely withheld
for 16 d then rewatered to allow for recovery for 34 d. At the end
of the drought period (16 d), a majority of plants were
desiccated and brown, which corresponded to a soil water
content of 11% (v/v) and leaf relative water content of 38% for
all three bentgrass species. Soil water content was assessed at
the 0 to 20-cm soil depth using the time-domain reflectometry
method (Topp et al., 1980) with three-pronged waveguides
installed vertically in the 0 to 20-cm soil layer (Soil Moisture
Equipment, Santa Barbara, Calif.). Leaf relative water content
was determined using 10 to 15 fully expanded leaves per pot
according to Barrs and Weatherley (1962).
MEASUREMENTS. The effects of drought stress on turfgrass
performance were evaluated by examining changes in TQ,
shoot extension rates, and gas exchange at different times of
treatment. TQ was rated based on color (extent of chlorosis and
leaf senescence), plant density, and degree of leaf wilting on a
scale of 1 to 9 points (1 point, brown, senesced, and desiccated
turf; 9 points, fully turgid, green, and dense turf). A quality
rating of 6 points and higher on the scale indicated acceptable
levels (mostly green or nonchlorotic leaf tissue and little leaf
wilting). Plant recovery after drought stress was evaluated as a
percentage of green and turgid leaf tissue of the plant canopy.
Shoot extension rate was measured every 5 d during the drought
treatment by measuring the difference in canopy height at
5-d intervals.
Canopy net photosynthetic rate (Pn) and evapotranspiration
(ET) rates were measured 5 h into the 14-h photoperiod using
an infrared gas exchange analyzer (LI-COR 6400; LI-COR,
Inc., Lincoln, Nebr.) with a custom-designed acrylic canopy
chamber supplied with 400 mLL–1 CO2. The canopy chamber
(10-cm diameter, 10-cm height) was attached to a PVC joining
collar that fit tightly over the PVC tubes containing the plants.
The top of the canopy chamber was covered with transparent
Propa-film (LI-COR, Inc.) for light penetration during gas
exchange measurements. Canopy gas exchange parameters
were measured at 5, 10, 13, and 16 d of drought treatment,
and at 5, 10, and 17 d of recovery after drought treatment.
Canopy transpiration is reported as ET because canopy measurements of turfgrass transpiration also may include evaporation from the soil surface (Kneebone et al., 1992).
On the same day that gas exchange measurements were
acquired, 0.3 g of leaves were randomly sampled for hormone
analysis from each pot. Leaves were excised and wrapped in
aluminum foil, and then immediately submerged into liquid
nitrogen. Samples were stored at –80 C until extraction of leaf
hormones. The most commonly occurring cytokinins are
isopentyl adenosine (iPA), trans-zeatin (Z)/ZR, and dihydroxyzeatin/dihydroxyzeatin riboside. However, because of the
extent of sample required for analysis of ABA and the three
cytokinins, iPA content was determined because it has been
demonstrated to be the predominant form of cytokinins in
leaves of bentgrass species (Liu and Huang, 2005; Wang et al.,
2004). Abscisic acid and iPA extraction, purification, and
quantification were performed according to the method
described previously by Setter et al. (2001) and modified by
Wang et al. (2003). Briefly, leaves were extracted in 80% (v/v)
methanol with 1% glacial acetic acid (v/v) and 10 mgL–1
butylated hydroxytoluene using a weight per volume of 1 sample :
10 extraction solution. Supernatants were vacuum dried
and resuspended in 10 m M triethyl amine, and then
aliquots were applied onto C18 chromatography columns
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(Supelco, Bellefonte, Pa.) for purification of the plant hormones.
The ABA- and iPA-containing fractions were eluted with 55%
and 30% methanol respectively, vacuum dried, and redissolved
with Tris-buffered saline solution (pH, 7.5). Abscisic acid and
iPA were quantified using monoclonal antibodies (Agdia, Inc.,
Elkhart, Ind.) by indirect enzyme-linked immunosorbent assay.
Final quantification of ABA and iPA were determined based on
the absorbance at 405 nm using an automated microplate reader
(EL800; Bio-Tek Instruments, Winooski, Vt.) and compared
with corresponding standard curves for each of the hormones.
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. The experiment was a completely randomized design with five replicates
for a total of 30 plants. The plants were rotated weekly to avoid
any potential edge effects of the growth chamber. Effects of
water treatment, species, and corresponding interactions were
determined by analysis of variance according to the general
linear model procedure of SAS (version 8.2; SAS Institute,
Cary, N.C.). Differences between treatment means were separated by the LSD test at a P value of 0.05.

Fig. 2. Recovery of TQ canopy parameters, expressed as a percentage of green
and turgid leaves, for colonial bentgrass, creeping bentgrass, and velvet
bentgrass during rewatering after drought stress. Treatment means for each
species are the average of five measurements (replicates). Vertical bars are LSD
values (P # 0.05) indicating statistically significant differences for species
comparisons at a given day of treatment.

Results
Turf quality declined with drought duration for all three
bentgrass species (Fig. 1), whereas TQ for well-watered
controls was maintained between 8 and 9 points throughout
the experimental period regardless of species (data not shown).
At 9 d of drought treatment, TQ for velvet bentgrass (7.5 points)
was significantly greater than that of creeping bentgrass (6.0
points); colonial bentgrass exhibited intermediate TQ among
the three species at this duration of drought treatment (6.5
points). By 12 d of treatment, TQ for both colonial bentgrass
and creeping bentgrass significantly declined below the minimal acceptable quality level (6.0 points), whereas velvet
bentgrass had a TQ rating of 6.5 points. By the end of the
drought treatment, there were no significant differences in TQ
among the three species, with TQ declining to 1.3 points for
colonial bentgrass and creeping bentgrass, and 2.3 points for
velvet bentgrass.
After 5 d of rewatering, colonial bentgrass exhibited 40%
recovery based on the extent of green, turgid leaf tissue in the

Fig. 1. Changes in TQ in response to drought stress for colonial bentgrass,
creeping bentgrass, and velvet bentgrass. A value of 9 points represents the
best TQ (green, dense canopy) and 1 point represents the lowest TQ (brown,
desiccated). Treatment means for each species are the average of five
measurements (replicates). Vertical bars are LSD values (P # 0.05) indicating
statistically significant differences for species comparisons at a given day
of treatment.

62

plant canopy (Fig. 2). This was significantly higher than the
recovery observed for creeping bentgrass and velvet bentgrass,
which exhibited 22% and 28% recovery respectively. At 10 d of
rewatering, more than 50% recovery was observed for all three
species, ranging from 52% for velvet bentgrass to 65% for
colonial bentgrass. There were no significant differences for
recovery among the bentgrass species at 10 and 14 d of recovery.
However, by 17 d of treatment, colonial bentgrass and creeping
bentgrass exhibited higher levels of recovery (88% and 89%
respectively) compared with velvet bentgrass (77%). At 34 d of
rewatering, all three bentgrasses exhibited 100% recovery.
During the first 5 d of drought stress, the average shoot
extension rate was the same between well-watered and droughtstressed plants of colonial bentgrass, creeping bentgrass, and
velvet bentgrass (Fig. 3). Under well-watered conditions, shoot
extension rates did not differ (P > 0.05) between plants of
colonial bentgrass, creeping bentgrass, and velvet bentgrass.
Shoot extension rates were 45%, 65%, and 60% lower compared with well-watered controls during 6 to 10 d of drought
treatment for colonial bentgrass, creeping bentgrass, and velvet
bentgrass respectively. At this time, colonial bentgrass had the
highest average shoot extension rate, and creeping bentgrass the
lowest extension rate; velvet bentgrass exhibited intermediate
shoot extension among the three species. By 11 to 15 d of
drought treatment, the shoot extension rate declined to between
0.02 and 0.05 cm/day. There were no differences (P > 0.05) in
shoot extension rate among the three species at this duration of
treatment.
Canopy net photosynthetic rate and ET are presented as a
percentage of the prestress (day 0), well-watered levels for each
species (Figs. 4 and 5). Well-watered control plants for all three
species maintained Pn and ET levels at prestress levels
throughout the treatment period (data not shown). At 10 d of
drought stress, Pn declined to 0% and 36% of prestress levels
for creeping bentgrass and colonial bentgrass respectively,
whereas no significant decline in Pn was observed for velvet
bentgrass. By 13 d of treatment, Pn for colonial bentgrass and
creeping bentgrass dropped to 0%, whereas Pn for velvet
bentgrass was 55% of prestress levels. Canopy net photosynthetic rate was 0% for all three species at 16 d of drought stress.
During the drought treatment, velvet bentgrass maintained
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Fig. 4. Canopy photosynthesis, expressed as a percentage of prestress levels, for
colonial bentgrass, creeping bentgrass, and velvet bentgrass during drought
and recovery treatments. The dashed line separates the drought and recovery
periods. Treatment means for each species are the average of five measurements (replicates). Vertical bars are LSD values (P # 0.05) indicating
statistically significant differences for species comparisons at a given day
of treatment.

Fig. 3. Shoot extension rates for colonial bentgrass, creeping bentgrass, and
velvet bentgrass under drought stress. Data presented are average shoot
extension rates for 1 to 5, 6 to 10, and 11 to 15 d of drought treatment.
Treatment means for each species are the average of five measurements
(replicates). Vertical bars are LSD values (P # 0.05) indicating statistically
significant differences for treatment comparisons for a given 5-d period.

significantly higher ET rates at 10, 13, and 16 d of drought
treatment compared with the other two species (Fig. 5).
In general, ET recovered more rapidly than Pn, with ET
increasing to 87%, 78%, and 94% of prestress levels for
colonial bentgrass, creeping bentgrass, and velvet bentgrass
respectively by 5 d of rewatering (Fig. 5). At this duration of the
recovery period, Pn did not recover for any of the species. In
addition, velvet bentgrass exhibited more rapid recovery of ET
compared with colonial bentgrass and creeping bentgrass as
demonstrated at 5 and 10 d of the recovery treatment period.
Canopy net photosynthetic rate recovered to almost 100% of
prestress levels by 10 d of rewatering for colonial bentgrass, and
at 17 d of rewatering for creeping bentgrass. Although velvet
bentgrass did not fully recover to 100% of prestress levels, there
were no statistical differences in Pn recovery among the three
species at either 10 or 17 d of rewatering.
Under well-watered conditions, there were no differences in
ABA accumulation among the bentgrass species, which was
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maintained at 34 pmolg–1 dry weight throughout the treatment period (data not shown). Abscisic acid content increased
from 34 pmolg–1 dry weight at 1 d of treatment to
100 pmolg–1 dry weight at 9 d of treatment for all three
bentgrass species (Fig. 6). During this time, there were no
significant differences in ABA accumulation among the species. By 14 d of drought treatment, ABA content increased to
185 and 223 pmolg–1 dry weight for colonial bentgrass and
creeping bentgrass, which was significantly higher than the
ABA content for velvet bentgrass (127 pmolg–1 dry weight).
Upon 12 d of rewatering, ABA content was significantly lower
for colonial bentgrass compared with both creeping bentgrass
and velvet bentgrass at 12 d of rewatering. By 16 d of
rewatering, ABA content declined to prestress levels, with no
significant differences observed among the three species.
Under well-watered conditions, iPA accumulation for all
three species was maintained at 2 pmolg–1 dry weight
throughout the treatment period (data not shown). At 6 d of
drought treatment, colonial bentgrass exhibited higher iPA

Fig. 5. Canopy ET, expressed as a percentage of prestress levels, for colonial
bentgrass, creeping bentgrass, and velvet bentgrass during drought and
recovery treatments. The dashed line separates the drought and recovery
periods. Treatment means for each species are the average of five measurements (replicates). Vertical bars are LSD values (P # 0.05) indicating
statistically significant differences for species comparisons at a given day
of treatment.
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Fig. 6. Abscisic acid content under drought stress and rewatering for colonial
bentgrass, creeping bentgrass, and velvet bentgrass. The dashed line separates
the drought and recovery periods. Treatment means for each species are the
average of five measurements (replicates). Abscisic acid content for wellwatered control plants were maintained at 34 pmolg–1 dry weight (data not
shown), regardless of species. Vertical bars are LSD values (P # 0.05)
indicating statistically significant differences for species comparisons at a
given day of treatment.

content (5.3 pmolg–1 dry weight) compared with creeping
bentgrass (2.5 pmolg–1 dry weight) and velvet bentgrass
(3 0.1 pmolg–1 dry weight; Fig. 7). By 14 d of drought, iPA
content declined to between 0 and 0.5 pmolg–1 dry weight, with
no significant differences observed among the species. Upon
rewatering, iPA content increased to the highest levels for
colonial bentgrass (3.7 pmolg–1 dry weight) by 12 d of
rewatering compared with creeping bentgrass and velvet
bentgrass. By 16 d of rewatering, there were no significant
differences among the species, with an average iPA accumulation of 1.6 pmolg–1 dry weight.
Discussion
Drought stress resulted in significant declines in TQ, shoot
extension rates, Pn, ET, and cytokinin content, and an increase

Fig. 7. Isopentyl adenosine content under drought stress and rewatering for
colonial bentgrass, creeping bentgrass, and velvet bentgrass. The dashed line
separates the drought and recovery periods. Treatment means for each species
are the average of five measurements (replicates). Isopentyl adenosine content
for well-watered control plants were maintained at 2 pmolg–1 dry weight
(data not shown), regardless of species. Vertical bars are LSD values (P # 0.05)
indicating statistically significant differences for species comparisons at a
given day of treatment.
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in ABA content for all three bentgrass species. Velvet bentgrass
exhibited less severe or delayed physiological injury resulting
from drought stress, as exhibited by prolonged maintenance of
higher TQ and gas exchange parameters compared with
colonial bentgrass and creeping bentgrass. Upon rewatering
after drought stress, colonial bentgrass exhibited a more rapid
recovery in turfgrass growth and water use compared
with creeping bentgrass and velvet bentgrass. Although recovery in TQ could be associated with increased Pn upon rewatering, there were no significant differences in Pn recovery
between the three bentgrass species. Abscisic acid and cytokinin contents, however, varied between species during drought
and rewatering, which could be associated with variability in
turf performance among the three bentgrass species under
drought stress and during recovery after drought.
Increases in ABA content in response to drought stress may
reduce stomatal conductance, transpiration, and leaf growth
(Blackman and Davies, 1985; Davies et al., 2002; Zhang and
Davies, 1989). High stomatal resistance by partial stomatal
closure may protect plants from drought injury by water
conservation (Zhang and Kirkham, 1995). The extent and rate
of ABA accumulation varies with species or cultivars differing
in drought tolerance (Conti et al., 1994; Pekic et al., 1995).
Previous studies with annual crops have demonstrated a
relationship between low ABA accumulation and drought
tolerance (Durley et al., 1983; Innes et al., 1984; Landi et al.,
2001). A drought-tolerant cultivar of orchardgrass exhibited
lower leaf ABA accumulation compared with a droughtsusceptible cultivar (Volaire et al., 1998). Wang and Huang
(2003) and Wang et al. (2003) also found that cultivars of
Kentucky bluegrass exhibiting less ABA accumulation had
better TQ, water relations, and photosynthesis under short-term
drought stress compared with drought-susceptible cultivars that
accumulated greater leaf ABA content. In the current study,
ABA content increased with drought stress, which was associated with decreases in ET and shoot extension rate for all three
bentgrass species. During the drought treatment, however,
velvet bentgrass had significantly less ABA accumulation
compared with colonial bentgrass and creeping bentgrass,
suggesting less drought injury. Enhanced ABA accumulation
for colonial bentgrass and creeping bentgrass could be associated with lower stomatal conductance, and could explain earlier
declines in Pn and ET compared with velvet bentgrass.
Maintenance of higher levels of Pn and ET for greater duration
of drought could support the continued assimilation of carbon
and sustained plant survival during drought stress.
Cytokinins have antagonistic effects to ABA, including
increasing transpiration rates, reversing ABA-induced stomatal
closure and delaying leaf senescence (Blackman and Davies,
1983; Naqvi, 1999; Pospı́šilová et al., 2000). During drought
stress, delivery of cytokinins typically declines from roots to
shoots (Shashidhar et al., 1996). Bano et al. (1993) demonstrated significant decreases in both concentration and delivery
of two cytokinins (ZR and iPA) in drought-stressed rice (Oryza
sativa L.) plants. Our results also support these previous findings, with iPA content decreasing by more than 80% under
prolonged drought treatment for all three bentgrass species.
Declines in cytokinin content led to increased ABA-to-cytokinin ratios, which in turn can amplify shoot responses to
increased levels of ABA (Davies and Zhang, 1991). The application of ABA alone to sunflower (Helianthus annuus L.) plants
caused a decline in transpiration; however, when ABA and ZR
J. AMER. SOC. HORT. SCI. 132(1):60–66. 2007.

were applied together, the effects of ABA on transpiration were
significantly reduced, even when ZR concentrations were
100 times less than that of ABA (Hansen and Dorffing,
2003). This suggests that even small changes in cytokinin concentration or delivery to leaves can have drastic effects on the
physiological responses of plants to environmental stresses.
When plants were rewatered after drought stress, ABA
levels dropped and iPA content increased to prestress levels.
As discussed previously, ABA is considered a growth inhibitor
whereas cytokinins act as growth promoters. Therefore, the
decline in ABA content in combination with enhanced cytokinin content in leaves of previously stressed plants could
contribute to the recovery of leaf growth, photosynthesis, stomatal conductance, and transpiration rates, which is similar to
what has been observed in other plant species (Blackman and
Davies, 1985; Hansen and Dorffing, 2003; Ivanova et al., 1998;
Yordanov et al., 1997). In general, ABA decreased and iPA
levels increased more rapidly and to a greater extent for
colonial bentgrass compared with both creeping bentgrass
and velvet bentgrass when rewatered, which could have
contributed to better recovery of colonial bentgrass compared
with creeping bentgrass and velvet bentgrass.
In summary, lower ABA accumulation under drought stress
was associated with higher drought adaptability for velvet
bentgrass, as exhibited by prolonged TQ and gas exchange
parameters under drought stress compared with colonial bentgrass and creeping bentgrass. A rapid decline in ABA content
and an increase in cytokinin content upon rewatering was
important for recovery of bentgrasses from drought stress.
Colonial bentgrass exhibited more rapid changes in hormone
balance to prestress levels, which was associated with improved
quality characteristics and resumption of gas exchange parameters after drought stress.
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