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Abstract
Comparison of average crop yields with reported record yields has shown that major crops

exhibit annual average yields three- to seven-fold lower than record yields because of unfa-

vorable environments. The current study investigated the enhancement of pollen heat toler-

ance through expressing an Arabidopsis thaliana heat shock protein 101 (AtHSP101) that is
not normally expressed in pollen but reported to play a crucial role in vegetative thermotoler-

ance. The AtHSP101 construct under the control of the constitutive ocs/mas ‘superpromo-

ter’ was transformed into cotton Coker 312 and tobacco SRI lines via Agrobacterium

mediated transformation. Thermotolerance of pollen was evaluated by in vitro pollen germi-

nation studies. Comparing with those of wild type and transgenic null lines, pollen from

AtHSP101 transgenic tobacco and cotton lines exhibited significantly higher germination

rate and much greater pollen tube elongation under elevated temperatures or after a heat

exposure. In addition, significant increases in boll set and seed numbers were also ob-

served in transgenic cotton lines exposed to elevated day and night temperatures in both

greenhouse and field studies. The results of this study suggest that enhancing heat toler-

ance of reproductive tissues in plant holds promise in the development of crops with im-

proved yield production and yield sustainability in unfavorable environments.

Introduction
Comparing with reported record yields, the average yields of major crops grown in the U.S.
represented only 22% of the mean record yield because of unfavorable environments [1].
Crops with economically valuable reproductive structures showed the greatest discrepancy be-
tween average and record yields. Evaluation of crop losses between 1948 and 1989 by the Fed-
eral Crop Insurance Corporation showed that on average, 69% of insurance indemnities could
be attributed to drought and excess heat in barley, corn, forages, oat, peanut, rye, safflower, soy-
bean, and wheat. These data suggest that plants have high productivity potentials, but are oper-
ating well below their genetic potential, mostly due to high sensitivity of the reproductive
structures to heat and drought stresses.

Pollen has been reported to be sensitive to elevated temperatures [2–11], and is the only
plant organ that has insufficient induction of heat shock proteins in response to heat stress
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[12–14]. Exposure to elevated temperatures during flower development has also been shown to
inhibit pollen formation and induce flower sterility [15,16]. Heat sensitivity of pollen occurs
not only throughout its’ development prior to dehiscence, but also following dehiscence [17–
19].

In the “In This Issue” review entitled HSP101: A Key Component for the Acquisition of
Thermotolerance in Plants, Gurley [20] stated that “the finding that constitutive expression of
HSP101 can nearly eliminate the need to precondition plants to survive severe heat stress has
important implications for efforts to improve stress tolerance in plants”. He hypothesized “en-
gineering the expression of HSP101 in pollen might improve fertilization during periods of
thermal stress, although additional HSPs may also need boosting because pollen does not show
the normal HS response [13,21–23]”. The present study investigated the effects of overexpres-
sing Arabidopsis HSP101 (AtHSP101) in tobacco and cotton pollen on heat tolerance of repro-
ductive tissues and examined the potential benefit in yield component of these plants. Our
results showed the enhanced pollen heat tolerance and improved yield production in
AtHSP101transgenic plant lines.

Material and Methods

Construct and plant transformation
Total RNA was isolated from 10-day-old Arabidopsis seedlings using the RiboPure Reagent ac-
cording to manufacturer’s instruction (Ambion Inc., Austin, TX) and used to synthesize cDNA
using oligo-T primer and the ProSTAR Ultra HF RT-PCR System from Stratagene (La Jolla,
CA). The coding sequence of Arabidopsis HSP101 was PCR amplified using gene specific
primers and cloned into the pBSK plasmid. The plasmid clones containing the correct se-
quences of AtHSP101 gene were used to make a FL-cDNA construct under the control of the
constitutive SuperPromoter [24] (Aocs x3-AmasPmas::AtHSP101) in the binary vector pE1801
(a kind gift of Dr. Stanton Gelvin, Purdue University). The sense construct, pE1801-HSP101,
was identified by PCR amplification of Aocs x3-AmasPmas::HSP101 5-prime junction using
specific primer sets (primers P-AGS-> [CCAATACATTACACTAGC] vs HSP101-5'
[CGGTAATGTTGTAAAATTGATAAC], hsp101-3 [TGACTCTTTTGGTAGACTATAATG]
vs Ags-T [CATCCCAATCTGAATATCC], NPT2-> [CTTGCTCCTGCCGAGAAAGTATC]
vs NPT2<- []) and subsequently confirmed by sequencing (Fig 1). The plasmid construct was
transformed into Agrobacerium tumefaciens strain EHA105 strain [25] and the presence of
pE1801-HSP101 in transformed A. tumefaciens was examined by PCR amplification and veri-
fied by sequencing.

Cotton and tobacco transformation
The Aocs x3-AmasPmas::atHSP101 was introduced into cotton and tobacco tissue segments
by Agrobacterium-mediated tissue culture transformation. Cotton hypocotyl sections of Coker
312 (Gossypium hirsutum L., Coker 312) and leaf segments of Tobucum tobucum cv SR1 were
co-cultivated with transformed A. tumefaciens. Regeneration of transformed plants for cotton
and tobacco were achieved using the procedures described Bayley et al [26] and by Horsch
et al. [27], respectively. For tobacco, the transformants were first selected on kanamycin
(100 pg/mL) medium and then further screened for the production of nopaline according to
Otten and Schilperoort [28].

For cotton, callus induced after co-culture of the plant tissue with A. tumefaciens is a mix-
ture of transformed and non-transformed cells as no selection pressure is applied during the
ensuing callus growth. The callus is subsequently moved to a liquid cell-suspension medium
and grown with shaking to promote embryogenesis. Resulting cell clusters and pre-embryos
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were transferred to a solid medium, followed by a timed exposure to elevated temperatures in a
50°C incubator to select for heat-tolerant genetic transformants according to procedure de-
scribed by Burke et al. [29].

The presence of the Aocs x3-AmasPmas::hsp101 5’ junction, hsp101::Ags-Terminator 3’
junction, and/or the NPTII selectable marker within transgenic embryos and/or plantlet gener-
ated was examined by PCR amplification using specific primer sets and the “Extract-N-Amp”
plant PCR kit (Sigma-Aldrich, St Louis, MO). Possible contamination of transgenic plants by
A. tumefaciens was examined by PCR amplification using primer sets targeting the non-trans-
ferred VirD region of the Ti plasmid (Genbank NC_003065). A primer set specific for the na-
tive cotton cellulose synthase gene (ces1A, GenBank:AY632360) was used as quality controls
for PCR amplification using genomic DNA samples. Additional PCR analyses of transgenic
plant lines were performed according to the procedure of Xin et al. [30].

The transgenic plantlets identified were transferred to Sunshine Mix #1 soil (Sun Gro Horti-
culture Distributors Inc., Bellevue, WA) and allowed to set T1 seeds in greenhouse under opti-
mal conditions set at 31°C /27°C day/night temperatures and a 16/8 h photoperiod cycle. The
supplemental lighting was provided by 430W high-pressure sodium lights (P. L. Light Systems,
Canada) to maintain a 16/8 h photoperiod. All plants were fertilized with Peters Excel fertilizer
(Scotts-Sierra Horticultural Products Company, Marysville, OH) through the automated
watering system.

Fig 1. Diagram of pE1801-ocs/mas ‘superpromoter’-HSP101 plasmid. PAg7 = Transcription termination
and poly-Adenylation signal sequence from Octopine Ti-Plasmid T-DNA (gene for transcript #7) [57]; NptII =
Neomycin phosphotransferase II coding region [58]; Pnos = Nopaline synthase promoter from Nopaline Ti-
Plasmid T-DNA [59]; Aocs X 3 = Octopine synthase enhancer element (3 copies) from Octopine T-Plasmid
T-DNA [60]; AmasPmas = Manopine synthase promoter from Octopine Ti-Plasmid T-DNA [61]; HSP101 =
Heat shock protein (101 kdalton molecular weight) from A. thaliana [32]; Ags-ter = Transcription termination
and poly-Adenylation signal sequence from Octopine Ti-Plasmid T-DNA (Agropine synthase gene) [62].

doi:10.1371/journal.pone.0122933.g001
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The copy numbers of Aocs x3-AmasPmas::atHSP101 in each transgenic line were deter-
mined by the segregation ratio of T2 seedlings for the growth on selection medium and for
PCR product of Aocs x3-AmasPmas-HSP101 5’-junction. Transgenic lines containing a single
copy insertion were selected for further characterization.

Semi-Quantitative RT-PCR andWestern analysis
Total RNA was isolated from plant pollen or leaf samples collected using the RiboPure Reagent
according to manufacturer’s instruction (Ambion Inc., Austin, TX) and used for semi-quanti-
tative, RT-PCR amplification. Equal amounts of total RNA (500 ng) were used to synthesize
cDNA using oligo-T primer and the ProSTAR Ultra HF RT-PCR System from Stratagene (La
Jolla, CA). RT-PCR assays were performed using the cDNAs as templates and gene specific
primers for AtHSP101 (AT1G74310, according to manufacturer’s instruction. PCR of the cot-
ton actin gene was used for normalization between samples. Equal volumes of PCR reactions
from plant samples were separated on 1.5% agarose gel and photographic exposure time ad-
justed to show the quantitative differences.

Total protein of individual plant samples was extracted in extraction buffer (100 mM
NaPO4 pH 7.0 and 100 mMNaCl). The supernatant was then mixed with equal volume of 2X
SDS sample buffer (Laemmli, 1970) and boiled for 10 minutes. Protein concentration was de-
termined according to Bradford (Bradford, 1976) using bovine serum albumin as a standard.
Fifty μg of total proteins were separated on 8% SDS/PAGE (W/V) and then blotted to PVDF
membrane (Bio-Rad, Hercules, CA). Western blot was performed with anti-HSP101 antiserum
at a dilution of 1:1,000 (v/v), which was visualized using an immune-blot kit (Bio-Rad, Hercu-
les, CA)

Hypocotyl elongation thermotolerance assay in tobacco
Hypocotyl elongation of wild type tobacco (SR1) and selected transgenic lines were examined
according to procedures described by Hong and Vierling [31]. Sterilized tobacco seeds were
plated in single seed rows on 1% Phytagar plates. The plates were then placed in a vertical posi-
tion in an incubator set to 22°Cand incubated in dark for 7 days. The germinated seedlings
were then treated at 50°C for 5 min followed by a 16 h growth at 22°C. The hypocotyl elonga-
tions of treated and non-treated seedlings were then characterized and photographed.

Thermotolerance assay for in vitro pollen germination
All pollen germination experiments were performed according to the procedures described by
Burke et al. [17] unless where is specified otherwise. For tobacco, flowers were collected from
SR1 wild type and transgenic plants grown at optimal conditions, placed into pre-moistened
containers and brought to the lab immediately. Upon arrival to the lab, pollen were dusted
onto the germination plates [17] and allowed to germinated under one of the following 4 treat-
ment conditions: 1) 30°C for 3 hours; 2) 46°C 3 hours; 30°C for 1 hour; and 4) 50°C for 7 min-
ute followed by 30°C for 53 minutes. At the end of treatment, pollen germination and pollen
tube growth were captured microscopically using an Olympus BX60 microscope (Olympus
Optical Co., Japan) equipped with a MTI 3 CCD camera system (PAGE-MTI Inc, Michigan
City, IN) and saved as tiff files. A minimum of five plates per treatment was evaluated and the
experiments were repeated 3 times.

The thermotolerance assays for cotton pollen germination were performed under three dif-
ferent temperature treatment regimes. 1) Pollen was germinated at optimal temperature of
28°C after a five hours treatment of the harvested flowers at either 23°C or 37°C. 2) (2) A di-
rectly heat-challenged pollen from flowers of greenhouse (31°C/27°C, optimal condition)
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grown plants by germination for one hour at either 23°C (control) or 39°C (heat-treated). 3)
Pollen from plants grown under either a 31°C/27°C day/night temperatures greenhouse or a
43/28°C day/night temperatures greenhouse was examined for germination at 28°C.

Greenhouse study
Seeds from wild type Coker 312, AtHSP101 transgenic and null-transgenic lines were planted
into 30 cm diameter pots containing Sunshine Mix #1 soil (Sun Gro Horticulture Distributors
Inc., Bellevue, WA), 3 seeds per pot. Seedlings were thinned one week following planting to
one plant per pot. For temperature treatment, five pots per line were placed on benches in
greenhouses set to provide either 31/27°C or 43C/28°C day/night temperatures with a 16h/8h
photoperiod. All other growth conditions such as light and nutrient levels were maintained the
same for both greenhouses. The pots in each greenhouse were grouped as one pot per line and
placed on different benches in the greenhouse. After entering reproductive stages, flowers were
harvested at the day of opening for pollen germination study. Thirty-five days after first flower-
ing, cotton bolls were harvested. Number of bolls per plant, number of seeds per plant and
other yield related parameters were recorded.

Field study: 2007
15-meter rows of AtHSP101 Plus Coker 312 and AtHSP101 minus Coker 312, were planted in
an East-West orientation on Day of Year 123 (May 3, 2007) in field 103 at the University of Ar-
izona, Agricultural Experiment Station in Maricopa, AZ under APHIS notification #07-082-
104n. Standard cultural practices were utilized throughout the experiment. The plants were
maintained in a well-watered state by furrow irrigation. Twenty individual plants were ran-
domly selected and mapped for boll production on Day of Year 271 (September 28, 2007).

The daily maximum and minimum air temperatures for August and September 2007 in
Maricopa, Arizona were obtained during the experiment from the monthly data located on
Weather.com.

Results

Characterization of tobacco and cotton transformants
Initial studies of tobacco utilized the hypocotyl thermotolerance bioassay to evaluated HSP101
expression and activity [31,32]. Fig 2A shows segregation of SR1–GS24 F2 seedlings for hypo-
cotyl elongation phenotype after a five-minute heat treatment at 50°C followed by a 16-hour
growth in the dark at 22°C. As expected, there was genetic diversity for heat shock response
among the segregating seedlings. The seedlings that were sensitive to heat stress treatment
showed reduced hypocotyl elongation (asterisk in Fig 2). PCR amplification of a segment of
AGS::AtHSP101 was performed to examine the presence or absence of the transgene in these
seedlings (Fig 2B). Results showed a correlation between the presence of AtHSP101 in trans-
genic lines and enhanced heat tolerance observed in hypocotyl elongation assay. Seedlings that
exhibited improved heat tolerance contained the AtHSP101 transgene whereas seedlings exhib-
iting heat sensitivity were null plants and did not contain the transgene (Fig 2A and 2B). Subse-
quently, the hypocotyl elongation assay was used to identify homogeneity within
SR1-transgenic tobacco lines (Fig 2C).

PCR amplification of AGS::AtHSP101 segment was used to characterize putative transgenic
cotton lines initially. A representative PCR analysis of cellulose synthase and AtHSP101 in seg-
regating transgenic cotton lines and a commercial check (Phytogen 72) is shown in Fig 3. PCR
amplification of cellulose synthase gene was included as a positive control for genomic DNA
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quality. As indicated, F2 plants of null lines 39, 52 and the Phytogen 72 check did not contain
the AtHSP101, while transgenic line 40 exhibited theHSP101. All lines used in this study were
evaluated for homogeneity.

Expression of HSP101 in pollen
RT-PCR was performed to determine if the AtHSP101 was expressed in mature cotton pollen
of transgenic lines. The results showed accumulation of AtHSP101 transcript in both pollen
and leaf tissues of transgenic plants (Fig 4A and 4B) under normal growth temperatures, indi-
cating the constitutive expressing nature of the transgene in these tissues. RT-PCR of Coker
312 and null line pollen came out negative (data not shown). Furthermore, we also examined
AtHSP101 protein levels in transgenic cotton using Western blot analysis. Consistent with

Fig 2. Tobacco seedling responses to a high temperature challenge. (A) Photograph of segregating
SR1-GS24 F2 tobacco seedlings that had been heat treated for 5 min at 50°C and returned to the dark at
22°C for 16 hours. The seedlings with the asterisk above them were negative when analyzed for AtHSP101
by PCR. (B) PCR analysis of the segregating SR1-GS24 F2 tobacco seedlings shown in (A) using P-AGS->
HS101-5’<- primers. (C) Photograph of the characterization of tobacco heat tolerance using the hypocotyl
elongation assay on SR1 (AtHSP101 minus) and SR1-GS2 (AtHSP101 plus) seedlings following a 5 min
50°C heat challenge and 16 h recovery. These assays were used to check for line homogeneity.

doi:10.1371/journal.pone.0122933.g002
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RT-PCR data, the protein results showed the accumulation of certain amounts of HSP101 in
pollen (Fig 4C) and leaf (Fig 4D) tissues of transgenic line 40 plants grown under normal tem-
perature conditions (31C/27C, d/n); whereas no noticeable amount of HSP101 proteins were
detected in both tissue types of null line 52 plants (Fig 4F and 4G) grown under the same con-
ditions. However, for plants grown in a hot greenhouse (43°C/28°C d/n), induction of HSP101
accumulations were observed in leave tissues of both transgenic and null transgenic lines (Fig
4E and 4H), with transgenic tissues accumulated in a much higher amount. The HSP101 band
detected in null plants are likely to be cotton HSP101 homolog that was induced under the hot
greenhouse conditions. The supportive evidence for such assumption came from our previous-
ly study where induction of maize HSP101 homolog by high temperatures was analyzed by the
same HSP101 antibody (Chen et al, 2010). The high levels of HSP101 detected in leaves of
transgenic cotton under hot conditions (Fig 4E) would be the combined amounts of transgene
product of AtHSP101 and cotton HSP101 homolog induced under hot conditions. Similar re-
sults were obtained in the characterization of tobacco transgenic plant lines.

Enhanced pollen thermotolerance
To determine if expression AtHSP101 in pollen affects pollen viability and growth, we exam-
ined pollen germination rate and pollen tube elongation of transgenic tobacco GS2, GS7 and
GS17 lines and compared the results with those of wild-type SR1 and a null GS3 line. No differ-
ence in pollen germination rate was observed among SR1 (Fig 5A), transgenic (Fig 5B) and
null (Fig 5C) lines under optimal temperature condition. Nevertheless, noticeable variations in
the degree of pollen tube elongation were observed among these lines (Figs 5A–5C and 6).
Comparing with SR1WT, the pollen tube elongation in GS3 null line was slightly reduced
(Figs. 5C and 6). Conversely, transgenic lines such as GS2, GS7, and GS17 had much vigorous
pollen tube growth under control conditions with a doubling of tube lengths compared to the

Fig 3. Genomic PCR analysis of cellulose synthase and AtHSP101 in segregating transgenic cotton lines and a commercial check (Phytogen 72).

doi:10.1371/journal.pone.0122933.g003
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SR1 control (Figs. 5B and 6). The enhancement of pollen tube growth was observed in all trans-
genic lines examined under normal conditions.

The possible enhancement of thermotolerance of pollen in AtHSP101 transgenic tobacco
plants was examined in two different pollen germination assays. First, pollen germination was
examined after a 3-hour incubation at either optimal (30C) or high (46C) temperature on ger-
mination medium. Fig 5 shows the observed pollen germination phenotypes of wild type,
transgenic and null line pollen under both temperature treatments. As expected, all lines evalu-
ated exhibited excellent pollen germination and pollen tube elongation when incubated at 30°C
for three hours (Fig 5A–5C). The 3-h, 46°C heat treatment severely inhibited pollen

Fig 4. Photographs of RT-PCR andWestern Blot analysis showing the expression of AtHSP101 and presence of HSP101 proteins in transgenic
cotton lines.RT-PCR products from pollen (A) and leaf (B) tissues of transgenic line 40 plants grown in 31°C/27°C greenhouse; Western blot analysis of
HSP101 for: mature pollen of transgenic line 40 (C) and null line 52 (F, AtHSP101 minus) plants grown in a greenhouse set to 31°C/27°C day/night; leaf
tissues of transgenic line 40 (D) and null line 52 (G) plants grown in a greenhouse set to 31C°/27°C day/night; leaf tissues of transgenic line 40 (E) and null
line 52 (H) plants grown in a hot greenhouse set to 43°C/28°C day/night temperatures.

doi:10.1371/journal.pone.0122933.g004

Fig 5. Photomicrographs of tobacco pollen following a high temperature challenge. SR1 (A), SR1-GS2 (B), and SR1-GS3 (C) tobacco pollen
germination when incubated at 30°C for 3 hours; and SR1 (D), SR1-GS2 (E), SR1-GS3 (F) pollen germination when incubated at 46°C for 3 hours.

doi:10.1371/journal.pone.0122933.g005
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germination and pollen tube elongation (Fig 5D–5F) in all lines examined. However, after
3-hours exposure to 46°C, pollen of transgenic GS2 line exhibited noticeable pollen germina-
tion and pollen tube elongation (Fig 5E) while pollen germination and pollen tube growth were
not evident for both wild-type and null plants (Fig. 5D and 5F), suggesting enhanced heat toler-
ance in pollen of AtHSP101 transgenic plants.

The second assay performed for pollen heat tolerance was to treat tobacco pollen to a
7-min, 50°C heat exposure followed by a 53-min incubation at normal temperature of 30°C.
Pollen of transgenic lines and non-transgenic controls (wild-type and null) exhibited striking
differences in pollen germination after the heat treatment (Figs 6 and 7). Pollen germination
rates of transgenic GS2, SGS7, and GS17 were significantly higher those of control lines. The
brief 7-min heat exposure also caused significant reductions in pollen tube growth in all lines
examine (Fig 6). However, the degree of such reduction for pollen tube elongation differed sig-
nificantly between transgenic lines and the control lines (Fig 6). While pollen tube growth in
wild type SR1 was very much inhibited by such a brief heat treatment (Fig 7A), pollens of
AtHSP101transgenic lines showed a much greater pollen tube elongation under the same

Fig 6. Tobacco pollen germination following a high temperature challenge.Graph comparing the relative pollen tube lengths of SR1, SR1-GS3,
SR1-GS2, SR1-GS7, and SR1-GS17 tobacco pollen following a 60-min incubation at 30°C (control—white bars) or 7 min at 50°C followed by 53 min at 30°C
(heat treated—black bars).

doi:10.1371/journal.pone.0122933.g006
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treatment (Fig 7B–7D). Quantitatively, pollen tube lengths of heat-treated SR1 and GS3 pollen
were only 16% and 23% of those non-heat treated pollen respectively. For transgenic lines, the
average pollen tube lengths of heat-treated pollen were 36 to 38% of those non-treated pollen.
Moreover, despite the reduction in pollen tube growth caused by heat treatment, pollen tube
lengths of heat-treated transgenic GS2, GS7, and GS17 pollens were comparable with those of
SR1 and GS3 pollen germinated under optimal conditions (Fig 6).

The positive impacts of expressing AtHSP101 on heat tolerance of cotton pollen were also
observed in transgenic cotton lines in 3 different heat stress treatments. First, pollen from 31/
27°C grown cotton were germinated for one hour at either 23°C or 39°C and the germination
rates among transgenic and null-transgenic control lines were examined and compared. The
result showed no significant differences in pollen germination rates between AtHSP101 trans-
genic and null lines under 23°C condition (Fig 8). However, at elevated temperature of 39°C,
the percent of transgenic pollen germinated was significantly (p-0.048) higher than those of
null line (Fig 8), a result similar to that of transgenic tobacco. The second heat tolerance assay
performed was to incubate the cotton flowers collected from 31/27°C grown cotton plants for
five hours at either 23°C or 37°C. Pollen of those treated flowers were collected at the end of
5-hr treatment and allowed to germinate for one hour at 28°C on germination medium. As
shown in Fig 9, pollen from flowers of transgenic and null control lines exhibited similar levels
of pollen germination and tube development after a 5-hr incubation at 23°C (Fig 9A–9C).
However, clear differences in pollen germination were observed for pollen of heat-treatment

Fig 7. Photomicrographs of tobacco pollen following a high temperature challenge. SR1 (A), SR1-GS2 (B), SR1-GS7 (C), and SR1-GS17 (D) tobacco
pollen incubated for 7 minutes at 50°C and then 53 minutes at 30°C.

doi:10.1371/journal.pone.0122933.g007
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flowers. Pollen of the heat-treated null control line (Fig 9B) exhibited much greater reductions
in pollen germination and pollen tube growth than those of AtHSP101 transgenic line (Fig
9D).

The observed differences in heat tolerance of isolated pollen in in vitro studies led us to eval-
uate pollen germination and pollen growth in vivo from plants grown under either normal
temperature (31°C/27°C day/night) or elevated temperature (43°C/28°C day/night) conditions.
Pollen collected from cotton flowers under both temperature conditions were all allowed to
germinate for 1 hour at 28°C. Photographs of representative results were shown in Fig 10, simi-
lar pollen germination and pollen tube development were observed for pollen of both transgen-
ic and null plants grown in the normal temperature settings (Fig 10A and 10B). Reductions in
pollen germination and pollen tube growth were observed for pollen from plants grown under
elevated temperature settings (Fig 10C and 10D). However, pollen from AtHSP101 transgenic
lines showed significantly higher germination rate and greater pollen tube growth (Fig 10D)
than those of null plants (Fig 10C). The observed enhancement for pollen heat tolerance in

Fig 8. Cotton pollen germination following a high temperature challenge.Graph showing the percent germination of control (AtHSP101 minus, plant 39)
and transgenic (AtHSP101 plus, plant 40) pollen from greenhouse grown cotton germinated for one hour at either 23°C or 39°C on the solid media described
by Burke et al. [17]. Error bars represent Standard Deviation and the sample size was n = 20, p value is 0.048388.

doi:10.1371/journal.pone.0122933.g008
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vivo in AtHSP101 transgenic cottons was consistent with those of in vivo pollen germination
studies in both transgenic tobacco and cotton lines (Figs 6–9).

Enhanced boll production in elevated temperature conditions in
greenhouse studies
The effect of expressing AtHSP101 on cotton reproductive heat tolerance was evaluated by de-
termining boll production on plants grown in either a greenhouse with control (31°C /27°C
day/night) or heat-treated (43°C/28°C day/night) environments. Table 1 provides our findings
on the bolls per plant, seeds per plant, and seeds per boll for homozygous transgenic plant lines
of several independent transformants. No significant differences were observed in all yield
components examined between AtHSP101 transgenic and null line plants grown in the control
environment. Under elevated temperature conditions, however, AtHSP101 transgenic lines
produced an average of 36 bolls per plant, while the AtHSP101 negative null lines produced 12
bolls per plant. Congruently, the numbers of seeds per plant produced by transgenic plants
were significant higher than those of null plants in elevated temperature environment. The dif-
ference in seed production per plant was the results of relatively high boll retention in transgen-
ic plants and was not related to the number of seeds per boll as shown in Table 1. The results
indicate that cotton plants expressing the AtHSP101 transgenes can increase yield gains under
heat stress conditions. In addition, significant differences in the number of boll per plant and
seed per boll were observed for plants grown under control and heat-treated environments.
The heat-treated plants produced 9 to 10 seeds per boll, while the control plants produced 25
to 26 seeds per boll.

Plant lines from the transgenic line 1–8, described in Table 1, were used for further green-
house studies on the effects of transgene on cotton production in heat-stressed environment. A

Fig 9. Photomicrographs of cotton pollen following a high temperature challenge. (A) pollen from plant
39 (AtHSP101 minus) germination at 28°C after treating flowers for five hours at 23°C, (B) pollen from plant
39 (AtHSP101 minus) germination at 28°C after treating flowers for five hours at 37°C, (C) pollen from plant
40 (AtHSP101 plus) germination at 28°C after treating flowers for five hours at 23°C, and (D) pollen from plant
40 (AtHSP101 plus) germination at 28°C after treating flowers for five hours at 37°C.

doi:10.1371/journal.pone.0122933.g009
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summary of yield performance data for transgenic and null plants lines grown in a 43°C/28°C
day/night temperature greenhouse environment is provided in Table 2. Null plant lines 39 and
52 yielded the fewest number of bolls and had the lowest fresh weight per boll. Transgenic
plant line 24 produced the highest number of bolls with 30 bolls per plant. Transgenic plant
line 40 had the highest fresh weight per boll, 6.35 gm versus 0.55 gm in null 39 plants. Based on
these findings, null lines 39 and 52 and transgenic lines 24 and 40 were used for subsequent
greenhouse studies. Paired plants of a transgenic and a null lines (24 and 39; 40 and 52) were
randomly distributed throughout the greenhouse set for a 43°C/28°C day/night temperature
cycle during the winter months. Two heating units located on opposite corners maintained the
air temperature within the greenhouse. The measured uneven temperature distribution was set
point plus/minus 3°C with hot spots close to the heating source. Fig 11 is a photograph of cot-
ton bolls harvested from individually paired plants of transgenic 24 and null 39 lines. The im-
pact of temperature variability within the greenhouse locations is apparent from the variability
in boll set among replicate plants within a line. Plants near the heating source and directly in
the path of hot air blown had much less boll set than those farther away, located indirectly
from the heat source plants. Nevertheless, the positive impact of AtHSP101 transgene on cotton
boll production under heat stressed condition is very evident. In all paired cases/locations,
plants of transgenic line 24 set more bolls than the adjacent plants of the null line 39. Similar
result was observed in paired plants of transgenic 40 and null 52 lines.To determine if the ob-
served difference in boll setting was partially due to high temperature induced flower sterility
in the 43°C/28°C day/night environments, cotton flowers of transgenic and null plants were

Fig 10. Photomicrographs of cotton pollen following a high temperature challenge.Representative photomicrographs showing pollen germination at
28°C according to the procedure described by Burke et al. [17] from plants grown under control temperatures (31°C/27°C day/night temperatures) and
elevated temperatures (43°C/28°C day/night temperatures). (A) Plant 52 Control, (B) Plant 40 Control, (C) Plant 52 from a greenhouse with elevated day/
night temperatures, (D) Plant 40 from a greenhouse with elevated day/night temperatures.

doi:10.1371/journal.pone.0122933.g010
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examined for pollen dehiscence. As shown in Fig 12, pollen dehiscence is apparent in all lines
evaluated under hot (43°C/28°C) greenhouse conditions. The results suggest that the observed
reductions in boll setting in hot greenhouse are mostly caused by heat sensitivity of mature pol-
len (Figs 8–10), and expression ofHSP101 in pollen can greatly enhance boll production of cot-
ton plants under heat-stressed conditions (Fig 11).

Table 1. Characterization of the heat tolerance of AtHSP101 plus and AtHSP101minus cotton plants from different cell lines.

Treatment Cell Line Transgenic Plant Number Bolls/Plant Seeds/Plant Seeds/Boll

43°C/28°C day/night 1–4 (pos.) 1 50 482 9.64

1–4 (pos.) 2 51 418 8.20

1–8 (pos.) 3 27 286 10.59

1–8 (pos.) 22 29 251 8.66

1–8 (pos.) 24 43 283 6.58

21–2 (pos.) 5 18 142 7.89

Average 36 310 8.59

21–2 (neg.) 4 17 60 3.53

C312-5A (neg.) 8 13 191 14.69

6–9 (neg.) 10 10 110 11.00

C312-5A (neg.) 18 23 220 9.57

Average 12 240 9.70

31°C /27°C day/night 1–4 (pos.) 51 12 240 20

1–4 (pos.) 50 18 424 23.56

1–4 (pos.) 48 15 362 24.13

1–8 (pos.) 40 22 631 28.68

21–2 (pos.) 34 18 513 28.5

21–2 (pos.) 35 31 703 22.68

Average 19 479 25.2

1–8 (neg.) 39 24 710 29.58

1–8 (neg.) 52 14 352 25.14

2–6 (neg.) 31 32 756 23.63

Average 23 606 26.35

Values in boldface within a treatment are significant at a = 0.05 comparing AtHSP101 positive and AtHSP101 negative plants. Values underlined are

significant at a = 0.05 comparing AtHSP101 positive and AtHSP101 negative plants between treatments.

Plants were grown in either a greenhouse with control (31°C /27°C day/night) or heat-treated (43°C/28°C day/night) environments.

doi:10.1371/journal.pone.0122933.t001

Table 2. Characterization of the relative heat tolerance of AtHSP101 plus and AtHSP101 minus cotton plants from the 1–8 cell line.

Transgenic Line Plant Number HSP101 Bolls/Plant Boll Fresh Weight/ Plant (gm) Fresh Weight/Boll (gm)

1–8 39 - 11 6.1 0.55

1–8 40 + 17 108 6.35

1–8 52 - 13 14.2 1.09

1–8 3 + 17 42.7 2.51

1–8 24 + 30 86.5 2.88

1–8 22 + 13 29.8 2.29

Plants were grown in a greenhouse with a 43°C/28°C day/night environment.

doi:10.1371/journal.pone.0122933.t002
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Fig 11. Boll accumulation on control and heat-treated cotton plants. Photograph of cotton bolls harvested from individual plants of plant line 24
(AtHSP101 plus) and plant line 39 (AtHSP101 minus) that were grown in a greenhouse with a 43°C/28°C day/night temperature regime. Paired plants (line
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Enhanced boll production in transgenic cotton lines in a field study
The apparent increase in heat tolerance of reproductive tissues in AtHSP101 transgenic cotton
lines was further evaluated under field heat-stress conditions in the field in Maricopa. Fig 13
shows the maximum and minimum air temperatures in Maricopa, Arizona during the peak of
boll production in the growing season. Temperatures over 38°C were common throughout the
flowering and boll development period. Table 3 provides the average data on the total number
of bolls per plant, open bolls per plant, seed numbers per open boll, and closed bolls per plant
for twenty plants for each of null line 39 and transgenic line 40 at the time of harvesting on Sep-
tember 27. The transgenic line 40 produced an average of 35% more bolls than the null 39 line.
No significant difference in the number of open bolls or seeds per open boll was observed. The
difference in total boll numbers was attributed to an increase in the number of closed bolls per
plant. Overall, field results further demonstrated the enhancement of reproductive tissue heat
tolerances in HSP101 transgenic cotton plants.

Discussion
The report by Boyer [1] that crops with economically valuable reproductive structures showed
the greatest discrepancy between average and record yields provided the impetus for evaluating
ways to enhance reproductive stress tolerance. Mature pollen viability has been reported to be
very sensitive to elevated temperatures [7,22,33–36] and this loss of viability has been associat-
ed with lacks of induction for heat shock proteins [13,21,37].

Young et al. [38] has reported that as maize pollen matures it progressively loses the ability
to induce HSP101 production in response to heat stress. The study also found that the already
low level of HSP101 protein in mature pollen appeared to decrease further following a heat
stress. The study suggests that, with respect to HSP101, pollen may be only slightly heat

24 and 39) were randomly distributed throughout the greenhouse because of a measured uneven temperature distribution (set point ± 3°C) during the
winter months.

doi:10.1371/journal.pone.0122933.g011

Fig 12. Photographs of anthers from high temperature grown cotton plants. (A) Line 39 [AtHSP101 minus], (B) Line 40 [AtHSP101 plus], (C) Line 52
[AtHSP101 minus], (D) Line 24 [AtHSP101 plus] flowers from plants grown under high temperatures (43°C/28°C day/night) in a greenhouse. Pollen
dehiscence is apparent in all lines evaluated.

doi:10.1371/journal.pone.0122933.g012
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responsive during its early development and this response is lost upon its maturation. Similar-
ly, study of heat shock proteins in tobacco pollen also shows the lack or insufficiency induc-
tions of HSP in pollen in response to a 2 h, 42°C treatment [14]. Proteomic analysis of tomato
pollen indicate the presence of heat stress-related proteins at the very early stages of tomato
pollen development and insufficiency of this class proteins in polarized microspore and mature
pollens [39].

It is well documented that HSPs play critical roles in both acquired and basal thermotoler-
ance in plants [20]. Heat shock protein is a class of molecular chaperones, important in main-
taining cellular homeostasis by preventing the aggregation of denatured proteins, repairing
misfolded proteins, and depredating unstable proteins damaged under heat stress conditions

Fig 13. Field air temperatures during evaluation of boll accumulation. This graph shows the maximum
and minimum air temperatures in Maricopa, Arizona during the 2007-growing season. Temperatures over
38°C were common throughout the flowering and boll development period. The Bar line indicates the time
period where the opened bolls were set.

doi:10.1371/journal.pone.0122933.g013

Table 3. Field performance of AtHSP101 minus (seed from plant #39) and AtHSP101 plus (seed from plant #40) cotton in Maricopa, Arizona during
the 2007 growing season.

Seed Source Bolls/Plant Open Bolls/ Plant Seeds/Open Boll Closed Bolls/Plant

Plant 39 (AtHSP101 minus) 22.4 11.75 18.09 10.65

Plant 40 (AtHSP101 plus) 30.35 12.95 18.54 17.4

P value 0.08587 0.56197 0.561676 0.05484

Twenty plants per line were analyzed for total number of bolls per plant, open bolls per plant, seeds per open boll, and closed bolls per plant. Statistical

analyses used an Unpaired Student's t test and the sample size was n = 20.

doi:10.1371/journal.pone.0122933.t003
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[40–42]. In seed, the presence of HSP101 has been related to basal thermotolerance during the
first days following germination [20,32]. Mature pollen grains contain storage lipids and pro-
teins similar to seeds but lack of HSPs. The deficiency in the amount of HSP in mature pollen
and insufficiency of HSP induction in pollen upon heat stress may contribute to the high sensi-
tivity of male reproductive tissues to high temperature stress. Hence, increase in the amount of
HSP in pollen grains may enhance thermotolerance of mature pollen. The present study inves-
tigated the potential benefit of expression of AtHSP101 in tobacco and cotton in the enhance-
ment of thermotolerance in reproductive tissues of these plants.

Consistent with previous studies [14,43,44], our results show significant reductions in to-
bacco pollen germination and pollen tube growth under high temperature conditions. Kanda-
samy and Kristen have reported that tobacco pollen tube growth was decreased about 50% at
35°C and no growth of pollen tubes at temperatures of 40°C and above [43]. Authors postulat-
ed that the decrease of pollen tube growth with increasing temperature probably reflected the
heat shock-induced inhibition of Golgi vesicles. Ultrastructural analysis indicated structural
changes in the rough ER, Golgi apparatus and the mitochondria in response a sudden increase
in growth temperature. The heat shock induced such changes persist in the pollen tubes grown
at 35°C for about 24 h. They concluded that this indicated the heat shock effects once estab-
lished, can persistent at least for 24 h, excluding the possibility of adaptation to the elevated
temperature within the range of that period. We hypothesize that these structural changes in-
duced heat shock may partially due to the insufficient amount of molecular chaperones HSP in
mature pollens.

In this study, we have taken a transgenic approach and examined the effects of expression of
AtHSP101 in tobacco and cotton plants on pollen germination and pollen tube growth under
evaluated temperatures in both in vitro and in vivo assays. Our study of tobacco transgenic
plant lines have showed that pollen from the AtHSP101 containing transformants exhibit high
germination percentages and excellent pollen tube development at 23°C (Fig 5 A–5 C), indicat-
ing normal growth and development of pollen in those transgenic lines. Consistent with previ-
ous reports [14,43,44], our result show that prolonged heat treatment (Fig 5 D–5 F) and brief
heat exposures (Fig 7 A–7 D) greatly reduces germination and tube development of tobacco
pollen (Fig 6). Nevertheless, the degree of high temperature induced inhibition on pollen
growth is alleviated in transgenic plant lines. Pollen germination rate and pollen tube growth
of transgenic plants are significant higher than those of WT and null transgenic plants under
heat-treated conditions (Figs 5–7). The results suggest expressing AtHSP101in tobacco pollen
can improve the overall pollen growth in transgenic tobacco lines under heat-stressed
conditions.

The observed enhancement in tobacco pollen thermotolerance in AtHSP101 over-expres-
sion transgenic plants raised the question whether expressing HSP101 in other species would
lead to similar results. Cotton is one of the most important cash crops in US agricultural indus-
try. Reproductive heat sensitivity in cotton has been studied extensively [15–17,19,45–51].
Studies have shown that both cotton pollen development [15,16,49,50] and pollen germination
[17,19] are extremely sensitive to high temperatures. Studies have shown that pollen develop-
ment is ‘a highly controlled sequential process at the proteome level’ [39] and accumulation of
HSP proteins during pollen development may play a role in heat stress tolerance [13,39]. To
ensure the expression of AtHSP101 during both pollen development and pollen germination
and growth, a constitutive promoter was used in making the AtHSP101construct for plant
transformation. Western analysis shows moderate amount of AtHSP101 in pollen and leaf tis-
sues of transgenic cotton plants (Fig 4C) while AtHSP101 and HSP101 related component are
absence in mature pollen of null lines (Fig 4F).
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Consistent with the results of tobacco pollen germination study, heat tolerance of pollen in
transgenic cotton lines was greatly enhanced (Figs 8–10). Compared to wild-type and null
lines, pollen of AtHSP101 transgenic lines showed great increases in germination rates and pol-
len tube growth in all three different in vivo thermotolerant assays (Figs 8–10). Our results in-
dicate that expressing AtHSP101in pollen of cotton and tobacco plants increase the overall
heat tolerance of mature pollen and hence, may lead to the improvement of overall heat toler-
ance of reproductive tissues.

Cotton sensitivity to heat stress occurs both to existing and developing reproductive tissues
[52]. Boll retention was shown to decrease during a 7-day period of Level 2 stress (canopy tem-
peratures exceeding 30C), and approximately 15 days following the stress exposure [52]. Fisher
[15] reported a fertility index of only 30% in a sensitive cultivar exposed to high temperatures
the preceding 3 weeks. Other reports of high temperatures (32C+) 15–17 days before anthesis
increased sterility of pollen in temperature sensitive male sterile stocks [53,54]. Other studies
have showed that sensitivity of pollen germination and pollen tube growth to high temperature
are one of the major factors contributing to low boll setting in cotton and low yields in other
crops [6,17,33,55]. Reduction in boll size and seed numbers are also common responses of cot-
ton to elevated temperatures [40,48]. The effects of heat stress on cotton production are also
observed in our greenhouse studies. The results show significant reductions in boll set in null
plants and substantial decrease in the number of seeds per boll in all plants grown under heat-
stressed condition (Table 1). These high temperature induced effect on cotton yield compo-
nents is closely correlated with its negative effects on pollen germination rate and pollen tube
growth observed in our in vivo studies (Figs 8–10). The results suggest that enhancing heat tol-
erance of pollen may lead to improve cotton production under heat stressed environments.

The present study examined the effects of expressing AtHSP101 in cotton on boll produc-
tion under heat-stresses conditions in both greenhouse and field conditions. Results of green-
house study have showed an increase in numbers of boll setting and seed productions in
transgenic plant lines under heat stressed conditions compared with null plant lines grown
under the same conditions (Table 1, Table 2 and Fig 11). In addition, transgenic plants produce
larger size of bolls than those of null plant under heat stressed conditions (Table 2). The in-
crease in boll setting in transgenic lines is tightly correlated with the increase in pollen germi-
nation and pollen tube growth observed in our in vivo study (Fig 10). The results indicate
expressing AtHSP101 in pollen can enhance heat tolerance of cotton reproductive tissues and
reduce cotton yield loss due to high temperature stress.

The effect of the ATHSP101 transgene on cotton production was examined further in a field
heat stressed in Maricopa, Arizona, where the maximum daytime temperatures ranged from
37 to 43°C throughout the boll development and filling period (Fig 13). The results of field
study are similar to our greenhouse findings. The AtHSP101 transgenic plants produced more
bolls per plant than those null plants (Table 3). Further analysis has shown that the difference
in boll production between transgenic and null lines is due to the number of unopened boll set
on those plants. There are similar numbers of open bolls and seeds per open boll in the field
study. The average 18 seeds per open boll produced in field grown plants in both lines are
below the average observed in the control greenhouse studies (25–26 seeds per open boll), but
well above the 8–10 seeds per open boll in the hot greenhouse study (Table 1). In general, from
the day of flowering, it takes about 45–55 days for a cotton boll to open [56]. The open bolls
collected at the time of harvesting (September 28) were likely most set earlier in the season be-
fore August 10. The daily temperature data collected at the experimental field (Fig 13) indicate
that these open bolls were set under no or moderate heat stress condition, prior to the start of
the hot season (11th August). On the other hand, all the unopened bolls were set under extreme
heat stressed conditions. The difference in the number of closed bolls per plant between the
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AtHSP101 transgenic and null plants reflects the different responses of the reproductive tissues
of these plants under extreme high temperatures (Table 3). The observed increase in the num-
ber of boll produced in transgenic cotton is likely the result of increase in boll set and boll re-
tention rate. The field results confirmed the findings of our greenhouse studies as expressing
AtHSP101 in cotton improve cotton productivity under heat stressed conditions.

We have previously reported that optimum pollen germination and rapid tube elongation
occurred between 28 and 31°C under 80% relative humidity [17]. Decreased pollen germina-
tion occurred at temperatures above 37°C, and decreased tube elongation occurred at tempera-
tures above 32°C. Additionally, we found that pollen from flowers exposed to direct sunlight,
taken at 1400 h from field-grown cotton plants, had reduced viability compared with pollen
from flowers inside the canopy [17]. This could be attributed to the fact that, for irrigated cot-
ton plants, flowers exposed to full sunlight can experience internal temperatures as high as
39°C, well above the 28 to 31°C optimum for pollen germination. In this study, daytime air
temperatures reached 37 to 44°C for more than one month. During this period, flowers shaded
within the canopy would have experienced temperatures deleterious to pollen germination and
pollen tube development. Flowers directly exposed to the sunlight would have experienced
even higher internal temperatures based upon our earlier findings. Plant mapping of boll posi-
tions on cotton plants also show that plant grown under heat-stressed field environments set
most of bolls within the canopy, as first and/or second position boll on the low fruit branches.
This may help explain the poor boll set in the upper half of the canopy for the control null
plants versus the transgenic plants.

The results of this study show that over-expression of AtHSP101 in tobacco or cotton pollen
improves pollen germination and pollen tube growth under high temperature, enhances the
overall heat tolerance of reproductive tissues and reduced yield losses due to high temperature.
Enhancing pollen heat tolerance through overexpressing HSP101 holds promise in the devel-
opment of crop varieties with improved yield production in stressful environments.
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