CrossMark

click for updates.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0102914&domain=pdf

HSPs and Bentgrass Heat Tolerance at Different N Levels

nitrogen fertilization rates affect the expression pattern of these Foliar spray treatments of N as N® at 0 (no N), 2.5 (low N),
major HSPs in creeping bentgrass under stress is unclear, althoughs (medium N) and 12.5 (high N) kg N%tawere applied every

a study found nitrogen (N) availability influenced HSP productiontwo weeks (Day 0, 14, 28, and 42) in Hoagland’s solution (Epstein
in maize, demonstrated by high-N plants producing greaterand Bloom, 2005) (2.5 mL per pot) with a spray bottle to mimic
amounts of mitochondrial HSP60 and chloroplastic HSP24 perstandard summer application procedures on a golf course putting
unit protein than their low-N counterparts [18]. green. Leaf burning was observed after the first spray at medium

Nitrogen is the most needed mineral nutrient for plants, and it isand high N rates, particularly the high N rate. Thus all the later N
also important to maintain good turfgrass quality, including color,solution applications were followed by an immediate leaf rinse
density, growth, and resistance to stress conditions[19]. Plantgith 100 mL potable water per pot, and no fertilization burn was
fertilized with N during heat stress had greater fresh and dryobserved thereafter. A light watering-in with overhead irrigation
weight, and significantly higher membrane thermostability thanfollowing liquid fertilizer applications is also a standard summer
those fertilized with N before heat stress. This result was suggestprhctice on golf courses. Both KN@&nd Ca(NQG), were used as
to be due to greater rhizospheric N availability during heat stresshe nitrate sources in the solution. Potassium and calcium levels
[20]. A more recent study reported that higher N helped to were equalized across treatments by adding KCI and ga@b
maintain higher photosynthesis and photosynthetic N-use efficierthe lower N treatment solution. Thus, all nutrient levels were the
cy in maize under heat stress [21]. In heat stressed cool-seassame, except higher €lconcentration in the lower N treatment
turfgrasses, additional foliar N supply was found to be beneficiadolution. A 25-cm plastic pan was placed under each pot, and grass
[22,23], with enhanced antioxidative response being suggested aswas sub-irrigated with 150 mL potable water per pot daily in the
mechanism accounting for improved tolerance [22]. However,morning to prevent drought stress.
other mechanisms may be important for improved heat stress
response by N, such as induction and change of expression patteBampling and Measurements
of the major HSPs. In addition, although annual N fertilization  Shoots were harvested at Day 1 (one day after initial treatment
programs for sand-based creeping bentgrass putting greens ag@plication plus heat stress), 15, 36, and 50 in the morning. Roots
well developed, recommendations for optimum N applicationwere washed free of soil after the final harvest (Day 50). All
during summer heat stress periods are not well defined. Fosamples were immediately frozen with liquid nitrogen and stored
instance, Beard [24] suggested minimizing N application duringat 2 80uC until analysis, except the portion used for shoot
summer heat stress. He also indicated a need for N to maintaiglectrolyte leakage and root viability assays.
healthy turf, but no specific rates were recommended. Duble [25] Turfgrass quality (TQ) was visually rated weekly based on a
also pointed out that very little fertilizer should be used in summeskcale of 1 to9, with 1 indicating poorest or dead turf, and 9 the best
on bentgrass greens with possible monthly applications of N gjossible quality according to Wang and Jiang[26]. Normalized
12.5 kg hd*. difference vegetation index (NDVI = (Infrargg-Redsso)/

The objectives of this study were to find optimum N fertilization (InfraredssgrRedsgg)) and canopy photochemical efficiency of
rate ranges for creeping bentgrass under high temperature anghotosystem Il (PSIl) (Fv/Fm = (Fgg2 FOse0)/FMgog Were
relative humidity conditions that mimic severe summer heat stresgecorded after each TQ reading by using a turf color meter
to analyze the pattern of expression of the major members of thgrieldscout TCM500, Spectrum Technologies, Plainfield, IL) and
HSPs during such periods, and then to study the influence of N o dual wavelength chlorophyll fluorometer (OS-50Il, Opti-
the expression pattern of the HSPs. The N rates chosen in thigciences, Hudson, NH), respectively.
study were based on a literature search, our previous studies, andShoot electrolyte leakage (ShEL) and root viability (RV) were
the senior author's personal communications with golf courseneasured on samples at the last sampling day (Day 50). ShEL was
superintendents in Virginia and similar transition zone climates. measured according to the method of Blum and Ebercon [27] with

modifications [28]. Fresh shoots (100 mg) were excised and cut
Materials and Methods into 1-cm segments. After being rinsed twice with double
. deionized HO, shoot segments were placed in test tubes
Plant Materials and Treatments . . containing 20 mL of double deionized 8. Test tubes were

‘Penn A4’ creeping bentgrass was planted in late April, 2009 ahjaced on a shaker for 17 t018 h after which initial conductivity
49 kg PLS (pure live seed)*an 19-cm diameter plastic pots(20- (c1) was measured (Conductivity Meter, VWR). Shoot samples
cm depth). The pots were filled with gravel 2.0 cm above theyere then killed by autoclaving at 1Z1 for 20 min and
bottom with the remaining volume filled with a soil mixture of condyctivity of the solution was re-measured (C2) after the tubes
sand and calcined clay (heat-treated montmorillonite clay mineralgqgjed to room temperature. The relative electrolyte leakage was
Profile Products, Buffalo Grove, IL) at a volume ratio of 80% t0 c5|culated as (C1/C2)*100.

20% to mimic standard USGA rootzone profiles (USGA 2004).  Rqot viability was determined on whole roots with intact base
The grass was fertilized with Bulldog brand (28-8-18, 1%gng tips by measuring dehydrogenase activity with a modified
ammoniac N, 4.8% nitrate N, and 22.2% urea N; SQM North 5 3 5_riphenyitetrazolium chloride (TTC) reduction method [29].
America, Atlanta, GA) at 5 kg N Ha every week over the first  apout 300 mg fresh root tissue was cut into 2-cm lengths. Then
two months, then reduced to 2.5 kg N znjat_)lweekly. Three  the root sections were immersed in 15 mL of 0.6% TTC solution
months after growing under greer_lhouse mist+(305 +2uC, (dissolved in 50 mM phosphate buffer plus 0.05% Triton X-100,
day/night), the grass was moved into a growth chamber. Thepy 7 4). The samples were vacuum infiltrated for 5 min to insure
detailed growth chamber settings were: 3828 (day/night), jnfiltration of TTC and then incubated in the dark for 24 h at
relative humidity 70%/85% (day/night), 45@mol €* m*? 340 The roots then were drained and rinsed with deionized
photosynthetically active radiation (PAR) and a 14-h photoperiodyater twice. Formazan in the roots were extracted with 5 mL of
Grass was hand-clipped to a 12 mm height using an electric shegj5o;, ethanol at 8aC twice and combined extracts were brought to
(3 times a week) throughout the project, except the weeks Whefyy m| . The absorbance of the extract solution was measured at
grass tissues were sampled. 490 nm with a spectrophotometer (Biomate 3, Thermo Spectro-
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HSPs and Bentgrass Heat Tolerance at Different N Levels

(1976). Briefly, 2L of protein extract of roots or diluted protein
extract of shoots was mixed with 1 mL of Bradford protein reagent
(Sigma, USA), and the absorbance was measured at 595 nm after
15 min using a spectrophotometer (Biomate 3, Thermo Spectro-
nic). Bovine serum albumin was used as a standard (Sigma, USA).
Proteins were separated with sodium dodecyl sulfate-polyacry-
lamidegel electrophoresis (SDS-PAGE) according to the method of
Laemmli [30] with some modifications. Protein extract was mixed
with same volume of 2 SDS-PAGEsample buffer containing
125 mM Tris-HCI (pH 6.8), 20% (v/v)glycerol, 4% (w/v) SDS,
10% (v/v) B-mercaptoethanol, and0.02% bromophenol blue. An
equal amount of protein (4Qg for HSP101, HSP90, HSP70
protein and 30ug for small HSP) was loaded in each lane. A pre-
stained protein standard was loaded on each gel for molecular
weight identification. A PROTEIN Il electrophoresis unit (Bio-
Rad Laboratories, USA) was used to separate the proteins. All the
protein extracts were subjected to SDS-PAGE with 5% stacking
gel and 10% resolving gel, except small HSPfor which a 12%
resolving gel was used. Electrophoresis was performed at 160 V
for 50 min at room temperature. The separated proteins were
transferred for 1 h at constant volts of 100 and blotted onto 0.25-
um nitrocellulosemembrane (Bio-Rad Laboratories, USA). After
blotting, the membranewas blocked with 5% nonfat milk in TBS
(25 mM Tris-HCI, 150 mMNacCl, pH 7.5) for 2 h at room
temperature. After a brief rinse with TBS, the membrane was
incubated in TBS with primary antibodies against HSP101
(Abcam plc., UK), HSP 90 (a kind gift from Dr. Shirasu at
University of Tokyo, Japan) [31], HSP70 (Stressgen Biotechnol-
ogies), and sHSP (a kind gift from Dr. Heckathorn, University of
Toledo, Ohio, USA) [18] ata dilution of 1:1500, 1:2500, 1:1000,
and 1:2000 for 2 h, respectively. Next, the membrane was rinsedin
TBS containing 0.1% Tween 20 (TBS-T) 5-min four times and
thenplaced for 1.5 h in a solution of either goat anti-rabbit or anti-
mouse IgG (secondary antibodies, dilution1:15,000) conjugated to
alkaline phosphatase (Sigma, USA). The membrane was rinsed in
TBS-T four times and then developed using a pre-mixture of

—e—high N

nitrobluetetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
‘ (Sigma, USA). Immunoblotting was conducted for three replica-
Days0 tions and the representative data are presented here.

Day0 Dayl Dayl5 Day36

DAT

Experimental Design and Statistical Analysis
The experiment was a randomized complete block design with
! . > 2 four nitrogen treatments replicated four times. All measurements
éﬁ)étgfﬁ?ﬂiﬁf :]Jffifg;ennccye (\’Fevglﬁﬁt)'?g)é?dgfeésﬁgl)bg)@;nsi Were_analyzed using the samples collectqd at the sampling days
under heat stress. Means followed by the same letters at each ~Mentioned above. Data were analyzed using PROC GLM (SAS
sampling day are not significantly different based on LSD testp0.05  Institute, Version 9.1, Cary, NC). Mean separations were
level, except TQ (Day 36) gi=0.1 level. Day50: Fifty days after heat performed using Fisher's—protected Least Significant Difference

stress. ) (LSD) test at a 0.05 significance level, except as otherwise stated
doi:10.1371/journal.pone.0102914.g001 herein.

Figure 1. Effects of different N levels on turfgrass quality (TQ)

nic, Rochester, NY). Root viability was expressed as thdResults
absorbance per g fresh weight. . .
Analysis of Variance

Protein isolation, SDS PAGE, and Protein gel blot analysis Analysis of variance indicated that nitrogen treatments had
About 250 mg ’of liquid nitro’gen powdered shoot and root effects on all the measured parameters at 50 days after heat stress.

tissues were carefully mixed in a microtube with either 1.5 (shoot Iglcskoe?fiit?/\tf;s(:tosnlonogges/gc(jj ’(;lr?l\:/\l/lghwla?iy dete;ftZ?ﬁte;:r:tsrz.ss
or 1.0 (roots) mL pre-cooled 50 mM Tris-HCI buffer (pH 7.5) (Table 1) y Y
containing 2 mM EDTA (ethylenediaminetetraacetic acid), 10% ’

(v/v) glycerin, 1 mM PMSF (phenylmethylsulphonyl fluoride), 1% . . -
PVP (polyvinylpyrrolidone) (w/v) and 1 mM DTT (dithiothreitol). Turfgrass Quality, NDVI, and Photochemical Efficiency

The extracts were centrifuged for 20 min at 16,000 gu&,&nd Tufgras_s quality (TQ_) decreaged with the stress regardless of the
the supernatant was collected for further analysis. Proteil\ l€ve! (Fig. 1A). No difference in TQ between N treatments was

concentration was determined by the method of BradforqoPserved until Day 36 (p0.1). At this time, grass treated with
medium N showed 14% higher TQ than at high N. At Day 50,
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Figure 2. Effects of different N levels on shoot electrolyte leakage (ShEL) (A) and root viability (RV) (B) of creeping bentgrass under

heat stress. Means followed by the same letters at each sampling day are not significantly different based on LSD teg=20.05 level. Day50: Fifty
days after heat stress.

doi:10.1371/journal.pone.0102914.9002

grass treated with medium N had the highest TQ among thebefore stress. Similar to HSP101, the levels of HSP70 increased
treatments (Fig. 1A). Canopy normalized differential vegetativavith stress regardless of treatment within the first five weeks. A
index (NDVI) and photochemical efficiency (Fv/Fm) followed general trend of greater HSP70 with increased N level at the
similar patterns as TQ (Fig. 1B, 1C). Significant differencesearlier sampling days was also observed. In addition, both roots
between treatments were found at Day 50 for both NDVI and Fv/ and shoots at medium N showed a higher level of HSP70 than
Fm, but not at other sampling dates. Grass at high N had lowespthers at Day 50 (Fig. 5).
NDVI, which was less than half of that at medium N at Day 50. Like other HSPs investigated here, high temperature induced
Grass under medium N showed the highest Fv/Fm readingssHSP in both roots and shoots. Unlike the others, the amount of
which was 38%, 35% and over 200% higher than grass without NsHSP did not increase with stress during the first five weeks, with a
under low N, and high N, respectively. relatively higher level of sHSP accumulation at higher N
treatments only being observed at Day 15 (Fig. 6).

Shoot Electrolyte Leakage (ShEL) and Root Viability (RV)

Shoot electrolyte leakage increased after 50 d of heat stregfiscussion
regardless of N treatment, simultaneous with decreased root
viability (Fig. 2A, 2B). The grass at medium N had lower ShEL Heat stress affects cool-season turfgrasses negatively. Many
than that at both no N and high N, but not the grass at low N. studies have reported TQ decline, reduced photochemical
Similarly, the grass at medium N showed higher root viability thanéfficiency, and other changes under heat stress [29,32,33]. As

the rest. expected, TQ, NDVI and Fv/Fm decreased as heat exposure
persisted. The decline of the parameters shown here are unlikely
Expression of Heat Shock Proteins the result of normal growth pattern. In general, these parameters

Because there was no difference in all the monitored parametefémained relatively stable under optimum temperature condition
(e.g. TQ, Fv/Fm, and ShEL) between no N and low N treatments during experiment periods as reported by Fu and Huang [22] and
(Fig. 1, 2), shoot samples of low N treatment were omitted in<U @nd Huang [34]. The grass receiving medium N demonstrated
protein gel blot analysis in order to accommodate all the sampleBOSitive treatment responses at five weeks of heat stress, and
across different Samp“ng days on a same ge| (F|g 3, 4, 5, @E}Owed hlgher TQ, NDVI and Fv/Fm than other N treatments at
otherwise protein gel blot normalization against certain referencday 50. Overall, the grass under medium N performed better
proteins would be necessary for a comparison between gel blotdinder stress than at the two lower N levels and at the higher N

Protein gel blot analysis showed that HSP101 was inducetgVve! (Fig. 1). Nitrogen is an important nutrient for plant growth
under heat stress in both shoots and roots of creeping bentgrass. 3id development. Proper N availability is also important for plant
shoots, a greater amount of HSP101 was present as stress wa§istance to stress conditions [19]. Fu and Huang [22] found
prolonged. In addition, the grass with higher N generally hadbetter TQ and higher Fv/Fm in creeping bentgrass with foliar
more HSP101 in shoots at all sampling dates, except Day 50)itrogen treatment relative to the untreated four weeks after heat
when compared to that with lower N. Both roots and shoots atstress. Zhao et al. [23] also reported that foliar N fertilization
medium N showed a higher level of HSP101 than others at Day 50mproved photochemical efficiency of heat stressed tall fescue
(Fig. 3). (Festuca arundinace8@chreb.). Similar beneficial effects of higher

Levels of HSP90 in both shoots and roots of creeping bentgradd were also reported in a study with corn under heat [21]. It
indicate that it was induced by heat stress. In general, there wasshould be noted the lower TQ and NDVI at Day 1 were due to
trend that HSP90 at each N level increased with stress until Dayertilization burn. We started to rinse the canopy right after
36. In addition, there was a general increase of HSP90 witHertilization treatment in later applications and no further damage
increased N level at the earlier sampling days (Day 1, 15, and 36)vas observed.

Roots without N had less HSP90 at Day 50 than others (Fig. 4). In order to further evaluate whether grass under medium N was

HSP70 was present in plants in all treatments before and aftemore heat tolerant, we measured ShEL and RV. Both electrolyte
heat stress. There was more HSP70 in plants after stress thdeakage and RV have been widely used to evaluate stress
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Figure 3. Expression of HSP101 in shoots (A) and roots (C) of heat stressed creeping bentgrass under different N levels using

immunoblot and correponding band intensity of HSP101 in shoots (B) and roots (D) using Bio-rad Quantity One software. T1,T2,T3,

and T4 represents the treatments of no N, low N, medium N, and high N, respectively. Shoot samples of low N treatment (T2) were omitted in protein
gel blot analysis in order to accommodate all the samples across different sampling days on a same gel.M: protein standard for molecular weight; C:
sample before heat stress. Equal amounts of protein (4@) were loaded to each lane. Solid arrow indicates the HSP, and the open arrow(s) indicate
protein standard. Bars indicate standard error of means of different samples in replicate treatments (n=3).
doi:10.1371/journal.pone.0102914.g003
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Figure 4. Expression of HSP90 in shoots (A) and roots (C) of heat stressed creeping bentgrass under different N levels using

immunoblot and correponding band intensity of HSP90 in shoots (B) and roots (D) using Bio-rad Quantity One software. T1, T2, T3,

and T4 represents the treatments of no N, low N, medium N, and high N, respectively. Shoot samples of low N treatment (T2) were omitted in protein
gel blot analysis in order to accommodate all the samples across different sampling days on a same gel.M: protein standard for molecular weight; C:
sample before heat stress. Equal amounts of protein (4@) were loaded to each lane. Solid arrow indicates the HSP, and the open arrow(s) indicate
protein standard. Bars indicate standard error of means of different samples in replicate treatments (n=3).
doi:10.1371/journal.pone.0102914.9004
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Figure 5. Expression of HSP70 in shoots (A) and roots (C) of heat stressed creeping bentgrass under different N levels using

immunoblot and correponding band intensity of HSP70 in shoots (B) and roots (D) using Bio-rad Quantity One software. T1, T2, T3,

and T4 represent the treatments of no N, low N, medium N, and high N, respectively. Shoot samples of low N treatment (T2) were omitted in protein
gel blot analysis in order to accommodate all the samples across different sampling days on a same gel.M: protein standard for molecular weight; C:
sample before heat stress. Equal amounts of protein (4@) were loaded to each lane. Solid arrow indicates the HSP, and the open arrow(s) indicate
protein standard. Bars indicate standard error of means of different samples in replicate treatments (n=3).
doi:10.1371/journal.pone.0102914.9005
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Figure 6. Expression of sHSP in shoots (A) and roots (C) of heat stressed creeping bentgrass under different N levels using

immunoblot and correponding band intensity of SHSP in shoots (B) and roots (D) using Bio-rad Quantity One software. T1, T2, T3,

and T4 represents the treatments of no N, low N, medium N, and high N, respectively. Shoot samples of low N treatment (T2) were omitted in protein
gel blot analysis in order to accommodate all the samples across different sampling days on a same gel.M: protein standard for molecular weight; C:
sample before heat stress. Equal amounts of protein (3@) were loaded to each lane. Solid arrow indicate the HSP, and the open arrow(s) indicate
protein standard. Bars indicate standard error of means of different samples in replicate treatments (n=3).
doi:10.1371/journal.pone.0102914.g006

PLOS ONE | www.plosone.org 7 July 2014 | Volume 9 | Issue 7 | e102914



HSPs and Bentgrass Heat Tolerance at Different N Levels

resistance/damage in higher plants [27,28,35]. Lower ShEL waghermostability [9]. However, another study found an HSP90
observed in grass at medium N concurrently with higher RV atinhibitor produced in a fungus enhancefrabidopsisthermo-
Day 50 (Fig. 2). These data provide further support to our visuatolerance [51]. In our study it remains unclear as to whether a
and leaf reflectance measurements of better resistance of grasgelatively high level of HSP90 in shoots at medium N at Day 50
medium N to long-term heat stress. would be related to better overall grass performance. Additionally,
Excess N can, however, reduce heat tolerance. In Kentuckyhe level of HSP9O0 in roots under high N at Day 50 was still high,
bluegrass, plants with high N showed reduced resistance to higiithough turfgrass quality was low. Considering the possibility that
temperature [36]. In general, before reaching an optimum N multiple members of HSP90 exist in a single species (e.g., seven
status the stress tolerance of turfgrass increases with an increasavefe found inArabidopsi$48]), and the fact that HSP90 functions
N input and carbohydrate reserves. Excessive N makes thas a capacitor to buffer phenotypic variation in plants [52], further
turfgrass less stress tolerant possibly due to excess shoot groehlaracterization of the role of HSP90 in creeping bentgrass is
with a cost to carbohydrate reserves [19,37,38]. Here we did noteeded to determine its importance for heat tolerance.
monitor the carbohydrate status, but we did find grass at high N HSP70 proteins are central components of the cellular network
performed worst. Similarly, Totten et al. [39] reported in a field of molecular chaperones and are essential for normal cell function
study that TQ in summer peaked at 195 kg N°Haer year. Turf  [53,54]. There was basal expression of HSP70 in both roots and
quality started to drop at 293 kg N hdper year, and decreased shoots of creeping bentgrass before heat stress. After heat stress, an
further at 390 kg N ha’per year. However, their N levels are increase over basal levels of HSP70 was observed (Fig.5). Similar
based on annual rates, and are not specific to a summer heat-stragsults were also reported in a perennial gr&shanthelium
period, for which their N application rates are not known. Overall, lanuginosum(Sw.), under heat stress [47]. Some members of the
the results indicated the medium N level in this study could be arHSP70 family are induced by environmental stresses, such as heat
optimum N rate for managing creeping bentgrass under heabr cold. These members are suggested to be involved in refolding
stress. and proteolytic degradation of non-native proteins; others are
Heat shock proteins are widely known to play important roles inconstitutively expressed and referred to as heat-shock cognates
heat stress tolerance of higher plants [2]. In order to seek th¢55]. The constitutively expressed form of HSP70 could account
mechanism for the observed better performance of grass dbor the basal level of HSP70 initially detected under normal
medium N under long-term heat stress, we investigated théemperature. In yeast, it has been shown that HSP70 is required
expression of several major HSPs, including HSP101, 90, 70, anfibr survival at moderately high temperatures, but not for surviving
SHSP. extreme temperatures [56]. Lee and Stth¢57] reported that
HSP100 are a family of ATP-binding proteins with chaperone acquisition of thermotolerance was negatively affected in HSP70
activity to re-solubilize protein aggregates [40], which then can bentisensérabidopsiplants, accompanied by significantly reduced
refolded with the assistance of the HSP70 system [41,42]. HSP10g&vels of HSP70/HSC70 protein#rabidopsiglants overexpress-
proteins have been found in many other grass species, such as riog HSP70 were more tolerant to heat shock [58]. A more recent
(Oryza sativd..) [43,44], wheatTriticum aestivuni.) [45], maize  study found stronger expressions of HSP70 in ‘L-93’ creeping
[46], and a perennial grasfichanthelium lanuginosunfSw.)  bentgrass than in a relatively less heat-tolerant cultivar, ‘Penncross’
[47]. In the study herein we found that HSP101 expression was3 d after heat stress [59]. Like HSP101, the higher level of HSP70
induced in both roots and shoots of creeping bentgrass under he& both shoots and roots at the last sampling day in our study could
stress. In addition, the accumulation of HSP101 protein in shootbe important for creeping bentgrass survival of long-term heat
seemed to be proportional to stress duration within the first fivestress.
weeks regardless of N treatments (Fig. 3). Young et al. [46] Low molecular weight (LMW) heat shock proteins or small
reported that levels of HSP101 in maize increased in response tdSPs are the most dominant proteins produced in higher plants
heat shock, with abundance depending on different tissues/organsipon heat stress [1]. On the basis of their cellular locations, SHSP
Al-Niemi and Stout [47] observed HSP101 induction in are placed into 5 classes: cytosolic (class | and II), chloroplastic,
Dichanthelium lanuginosumnder both short and long-term heat mitochondrial, and endoplasmic reticulum related sHSPs [6,60].
stress. In maize, HSP101 plays important roles in both inducedHSPs play a role as molecular chaperones that bind to partially
and basal thermotolerance [8]. HSP101 has also been reported tftolded or denatured substrate proteins and thereby prevent
be a major factor in acquiring thermotoleranceAnabidopsi$7]. irreversible aggregation or promote correct substrate folding to
In the study herein, grass at medium N continued to maintain highprotect cells from stress damage [1]. However, there is no evidence
levels of HSP101 in both roots and shoots at Day 50, whichthat they are required for normal cellular function [61]. In our
coincided with better grass performance. Our results indicatedstudy, no sSHSP expression was observed in either roots or shoots
that HSP101 could play a role in enhanced resistant to heat stresbefore heat stress. However, similar to other HSPs analyzed here,
HSP90 is an essential molecular chaperone in eukaryotic cellthey were expressed quickly in response to heat stress (Fig. 6).
with major roles in managing protein folding, protein degradation, Zhang et al. [61] confirmed there was no expression of SHSP genes
and activation of proteins involved in signal transduction andduring non-stressed conditions, but a strong activation of this gene
control of the cell cycle [48,49]. Rutherford and Lindquist [50] in both genotypes of tall fescue under heat stress.
proposed a dual involvement of HSP90 in signal transduction and There is accumulating evidence showing that sHSPs are
cellular responses to stress, including temperature changes. Somgortant in plant theromotolerance [11,62,63]. For instance,
members of the HSP90 family are constitutively expressed, antflalik et al. [63] reported significantly higher thermotolerance in
others are stress inducible [48]. Similar to HSP101, HSP90 incarrots Daucus carotal.) overexpressing HSP18.1, and less
both roots and shoots of creeping bentgrass showed responsettderance to heat shock in plants overexpressing antisense
heat stress with increased HSP90 protein level along extendddSP18.1. In creeping bentgrass, a small HSP was reported to
stress periods (Fig. 4). Amabidopsisnutant originally identified  be genetically involved in heat tolerance [12,15]. Heat sensitivity
as deficient in glucosinolate metabolism was found to bef creeping bentgrass variants was associated with reduced
thermosensitive due to defective cytosolic HSP90 expression afteapacity to accumulate chloroplastic small HSPs [16]. Like other
heat stress. Transient transformation with HSP90 increased itsiISPs analyzed here, the level of sHSP in shoots was relatively
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higher under medium N at Day 50, which may confer, at leastcounterparts, suggesting that HSP production involves significant
partially, better grass performance. Heckathorn et al. [18] found aN costs and that N availability influences HSP production in
correlation between chloroplast-sHSP production and PSllhigher plants. However, higher N levels stimulates excess shoot
efficiency, as measured by Fv/Fm. Their later study furthergrowth with a cost of carbohydrate reserve [19,37,38], which
indicated that this chloroplast-sHSP plays a direct role in thecould account for the lower accumulation of HSPs in the grass
protection of PSII [11]. under high N at Day 50. It would be worthy to mention that the
As reported above, all the investigated HSPs were up-regulateisiduction of HSPs could be due to secondary effects of N
under heat stress. At the last sampling day, higher levels of alleatments instead of just increased availability of nitrogen for
HSPs were observed in shoots or/and roots at medium N. Allprotein synthesis, such as the oxidative stress of increased
these data indicate a possible coordination and cooperatiometabolism due to higher N rates [71,72]. Further study would
between these HSPs. The different classes of HSPs/chaperonbs warranted.
are thought to cooperate and play complementary and overlap- In summary, medium N (7.5 kg R& 14 &£ %) helped the grass
ping roles in protein protection [64]. For example, partially to better survive long-term heat stress. In addition, the expression
unfolded proteins in the presence of sHSPs can be refolded anghtterns of the major HSPs suggested they played a role in the
reactivated by HSP70 with the participation, in some cases, ofmproved heat resistance of grass at medium N and that N
HSP100 and HSP60 [64,65]. Some HSPs/chaperones (HSP7Quvailability influenced HSP production in grassunder prolonged
and HSP90) involved in signal transduction and transcriptheat stress. Caution should be taken when making field turfgrass
activation may lead to the synthesis of other HSPs/chaperonemanagement recommendations based on data from growth
[49]. chamber experiments. However, our growth chamber research
Nitrogen is required in a relatively large amount for biosynthesisdoes suggest that a good starting point for future field research
of many crucial organic compounds, such as nucleic acids, amingould be to apply more than 2.5, but less than 12.5 kg K'ha

acids, and proteins [66]. Heat stress stimulates a dramatic synthesigery two weeks, when day time high temperatures are between 30
of HSPs. Upon heat stress, the fraction of HSPs increases from knd 4a.C.

2% to 4—6% of total cellular proteins [67]. In plants, just class |

sHSPs can account f_or up to 1% _of the total p_rotein i_n Ce”sAcknowledgmentS

[68,69]. Thus production of HSPs involves significant nitrogen

and other resource costs [70]. All the investigated HSPs in thighanks go out toProfessors Kent Shirasu and Scott A. Heckathorn for
study showed an increased accumulation pattern with increased Rroviding us the anti-HSP90 and anti-sHSP antibodies, respectively.
levels at certain stages during the lengthy heat stress period, such

as the levels of shoot HSP70 at Days 1 and 15, which indicated thAuthor Contributions

synthesis of HSPs could be resource dependant. Heckathorn et &lonceived and designed the experiments: KW XZ MG EE. Performed the
[18] found that high-N plants produced greater amounts of experiments: KW. Analyzed the data: KW XZ. Contributed to the writing
mitochondrial HSP60 and chloroplastic SHSP than their low-N of the manuscript: KH XZ EE.
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