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Abstract

High temperature (HT) decreases seed-set percentage in sorghum [Sorghum bicolor (L.) Moench]. 

The relative sensitivity of pollen and particularly pistil and the mechanistic response that induces 

tolerance or susceptibility to HT is not well known and hence is the major objective of this 

research. The male sterile (ATx399) and fertile (RTx430) lines were exposed to 30/20 °C 

(optimum temperature; OT), 36/26 °C (HT1) and 39/29 °C (HT2) from the start of booting to seed-

set in a controlled environment. Similarly, in the field, HT stress was imposed using heat tents. HT 

stress decreased pollen germination. Relatively high levels of reactive oxygen species, and 

decreased antioxidant enzyme activity and phospholipid unsaturation were observed in pollen 

compared to pistil under HT. The severe cell organelle damage was observed in pollen and pistil at 

36/26 and 39/29 °C, respectively. The seed-set percentage was higher in HT stressed pistil 

pollinated with OT pollen. Direct and reciprocal crosses indicate that pollen was relatively more 

sensitive with larger decreases in seed-set percentage than pistil under HT stress. The negative 

impact was greater in pollen than pistil at relatively lower temperatures. Overall, pollen was 

relatively more sensitive than pistil to HT stress because it is more susceptible to oxidative damage 

than pistil.
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INTRODUCTION

The semi-arid regions of the world are vulnerable to climate change and climate variability. 

Grain sorghum is one of the important food crops grown in the semi-arid regions and 

supports food and nutritional security. Under the current climate scenario, temperatures 

during crop growing season in these regions are often >35 °C (daytime maximum 

temperatures), which are higher than the known optimum for sorghum growth, development 

and grain formation (Prasad et al., 2006; Singh et al., 2014). Further, multiple climate 

models project that both mean temperature and occurrence of short episodes of extreme high 

temperatures (HT) during the crop growing season will increase in future climates (IPCC, 

2014). These changes can negatively influence physiological processes affecting sorghum 

grain yield. For every 1 °C rise in mean temperature during the growing season, it is 

documented that the mean sorghum grain yield will decline by about 8 to 9 % (Chowdury 

and Wardlaw, 1978; Lobell and Field, 2007). Hence, incorporation of HT tolerance traits in 

grain sorghum can help minimize both current and future HT stress impacts on grain yield of 

sorghum (Singh et al., 2014).

Responses to HT stress varies with the timing, duration and severity of stress exposure 

(Harsant et al., 2013; Prasad and Djanaguiraman, 2014; Prasad et al., 2015; Prasad et al., 

2017). Yield losses due to HT stress are primarily due to decreased seed-set percentage 

resulting in low grain number, and decreased grain-filling duration resulting in small grain 

size (Prasad et al., 2015; Prasad et al., 2017). The decreased seed-set percentage under HT 

stress can be a result of loss of viability of pollen and/or stigma, failed fertilization or 

embryo abortion. Several studies in grain sorghum have shown that pollen viability is 

decreased when HT stress is imposed during pre- (particularly during gametogenesis) and/or 

flowering stages. Previous findings have concluded that the most sensitive stages of sorghum 

reproductive development were 10 to 5 d before flowering and 5 d before to 5 d after 

flowering, with HT at these times, resulting in maximum reduction in seed-set percentage 

(Prasad et al., 2015; Prasad et al., 2017). In some cereal crops, –such as rice (Oryza sativa L; 

Endo et al., 2009) and maize (Zea mays L; Herrero and Johnson, 1980); and legumes such as 

chickpea (Cicer arietinum L; Devasirvatham et al., 2012; 2013; Kaushal et al., 2013) pollen 

is documented to be more sensitive to HT than pistil. In wheat (Triticum aestivum L; Saini et 

al., 1983), pearl millet (Pennisetum sp.; Gupta et al., 2015; Djanaguiraman et al., 2017), and 

cotton (Gossypium hirsutum L; Snider et al., 2011), pistils were found to be more sensitive 

to HT stress than pollen. Although decreased seed-set percentage involving many sorghum 

genotypes under HT stress has been documented (Djanaguiraman et al., 2014; Singh et al., 

2015; Sunoj et al., 2017), information on pollen viability and pollen germination has been 

generated but with no information on the viability of pistil. Hence, the role of pistil and its 

sensitivity to HT stress exposure, as well as its degree of sensitivity compared to pollen has 

not been elucidated and supports the need for further investigation to fill this major 

knowledge gap.

The mechanisms associated with the decreased pollen viability under HT stress are relatively 

well understood when compared with pistil. The decreased pollen functions under HT is 

associated with disruption of meiosis during male gametogenesis (Endo et al., 2009), 

premature pollen development within the anther (Parish et al., 2012), disrupted timing of 
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anther dehiscence (Polowick and Sawhney, 1988), abnormal exine ornamentation 

(Djanaguiraman et al., 2014), thick exine wall (Djanaguiraman et al., 2013a), degeneration 

of tapetum cells (Suzuki et al., 2001), decreased sucrose utilization due to impaired cell wall 

invertase activity (Jain et al., 2010), increased pollen oxidative damage (Djanaguiraman et 

al., 2014), and decreased levels of unsaturated phospholipids, including phosphatidic acid 

(Djanaguiraman et al., 2013b). In the female reproductive tissues, HT stress caused 

degenerated egg and synergids [tomato, Lycopersicon esculentum Mill. Iwahori, 1965], 

altered receptivity of the stigma [wheat, Saini and Aspinall, 1982], decreased female 

gametophyte expansion and division and differentiation of the egg and synergids [wheat, 

Saini et al., 1983], non-secretion of pollen tube attractants [wishbone flower Torenia 
fournieri Higashiyama et al., 1998], lesser number of pollen tubes reaching the ovary [rice, 

Jagadish et al., 2007], decrease in total soluble carbohydrate and ATP concentrations 

[cotton, Gossypium hirsutum L. Snider et al., 2011], imbalance in reactive oxygen species 

(ROS) content [cotton, Snider et al., 2011] and desiccated stigma, style and ovary [wheat, 

Prasad and Djanaguiraman, 2014].

However, relative sensitivity of male and female reproductive tissues under different HT 

stress treatments is not well understood either in sorghum or other cereals, except wheat. 

Furthermore, there is very limited information on HT stress impact on pistil morphology, 

anatomy, phospholipid composition and ROS production in most field crops. A better 

understanding of thermo-tolerance of pollen and pistil and detailed understanding of the 

mechanism(s) of tolerance or susceptibility under HT will help in development of HT stress 

tolerant sorghum genotypes. Hence, the objectives of this research were to (i) determine 

relative sensitivity of sorghum pollen and pistil to HT stress, and (ii) understand 

susceptibility mechanisms associated with pollen and pistil HT tolerance.

MATERIALS AND METHODS

This research was conducted in controlled environmental facilities in the Department of 

Agronomy at Kansas State University, Manhattan, KS, USA.

Growth chamber studies

Plant husbandry and growth conditions—Sorghum lines ATx399 (male sterile) and 

RTx430 (male fertile) were used in this research. Seeds were treated with fungicide (Captan, 

Hummert International, Earth City, MO, USA) as a precautionary measure against seed-

borne diseases and sown at 4-cm depth in 15-L pots (pot diameter 27.5 and 26 cm at the top 

and bottom, respectively, and depth 22 cm) containing a commercial potting soil mix (Metro 

Mix 350, Hummert International, Topeka, KS, USA). After emergence, plants were thinned 

to two plants pot−1 and maintained until physiological maturity. A systemic insecticide, 

Marathon 1% G (granules) (a.i. Imidacloprid 1-[(6-Chloro-3-pyridinyl) methyl]-N-nitro-2-

imidazolidinimine, Hummert International, KS, USA) was applied to each pot at 4 g pot−1. 

Each pot was fertilized with Osmocote (controlled release plant food, 14:14:14 %, N: P2O5: 

K2O, respectively; Hummert International, KS, USA) at 5 g pot−1 at sowing and at 

flowering. To avoid water stress, all pots were watered daily from sowing to maturity, and 

pots were placed in trays with standing water.
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Hybridization procedure—Plants were grown under optimum temperature (OT; 

30/20 °C; daytime maximum and nighttime minimum temperature) from emergence to start 

of the booting stage (Vanderlip and Reeves, 1972) in growth chambers (Conviron Model 

CMP 3244, Winnipeg, Manitoba, Canada). The daytime maximum temperature was held for 

4 h (1000 h to 1400 h), and nighttime minimum temperature for 4 h (2200 to 0200 h), with a 

8 h transition period between the daytime maximum and nighttime minimum temperatures 

and vice versa. The photoperiod was maintained at 16 h, and the photon flux density was 

approximately 990 μmol m−2 s−1 at the top of the plant canopy provided by cool fluorescent 

lamps. Relative humidity in the chambers was set at 75%. Air temperature and relative 

humidity were continuously monitored at 20 min intervals in all growth chambers 

throughout the experiment. At start of the booting stage, ten pots of RTx430 were moved to 

each growth chamber maintained at either OT, HT1 (36/26 °C), or HT2 (39/29 °C and 

remained until 7 d after full anthesis (start of seed-set stage). Six growth chambers 

representing three temperature regime (two per temperature regime) were used in this 

experiment. Each temperature regime had 40 plants (2 × 20 plants). For the pollination 

controls, ten pots of ATx399 were moved to another three growth chambers representing 

three temperature regimes (OT, 30/20; HT1, 36/26; and HT2, 39/29 °C). Before moving the 

plants into the growth chambers, the primary panicles were tagged in all plants. At anthesis 

stage, the middle portion of the panicle of each ATx399 plant was tagged and the remaining 

spikelets at the top and bottom were removed using scissors, and the panicle was covered 

with a pollination bag. On each panicle about 100 florets were marked to determine the 

seed-set percentage. Pollen from RTx430 of either the OT or HT1 or HT2 treated plants at 

anthesis were collected between 0730 h and 0800 h and pollinated on ATx399 and covered 

with the same bag. The manual crossing process was repeated for three successive days to 

ensure maximum pollination of all stigmas of tagged panicles. Crosses between a female 

and a male plant in each pair of temperatures (30/20 vs. 36/26, 30/20 vs. 39/29, and 36/26 

vs. 39/29 °C) with four different combinations (OT female and OT male; OT female and HT 

male; HT female and OT male; and HT female and HT male) were performed. Direct 

crosses were also made between OT female and OT male (30/20 °C); HT1 female and HT1 

male (36/26 °C) and HT2 female and HT2 male (39/29 °C). After imposing HT stress, all 

plants were returned to OT and maintained until harvest. At physiological maturity, the 

tagged panicles were harvested and dried at 40 °C for 7 d. Individually marked florets were 

checked for grain by pressing the floret between the thumb and the index finger. Both 

partially and fully filled tagged florets were used to determine seed-set percentage (ratio of 

the total number of tagged florets to the number of grains from the tagged florets).

For biochemical analysis, during anthesis, pollen and pistil from tagged panicles were 

collected from three different temperatures (OT, HT1 and HT2), frozen in liquid nitrogen 

immediately and stored at −80 °C. The activity of the enzymes: xanthine oxidase (XO), 

superoxide dismutase (SOD), catalase (CAT) and peroxidase (POX), and hydrogen peroxide 

(H2O2) content were quantified. For SOD, CAT, and POX assays, frozen pollen or pistils 

were homogenized in 1 mL of ice-cold 0.1 mol Tris-HCl buffer, pH 7.8 per gram fresh 

weight of tissue. The homogenate was centrifuged at 20,000 g at 4 °C for 10 min. The 

supernatant was used for measuring enzyme activity using methods described in the next 

section.
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Pollen viability and in-vitro germination—At the time of anthesis, 5–10 florets were 

collected between 0730 and 0800 h from five tagged panicles. The pollen grains were 

squeezed from the anthers with tweezers and collected on a clean slide. Pollen viability was 

tested using 2% tri-phenyl tetrazolium chloride stain. A drop of tetrazolium chloride was 

added to the dispersed pollen. Tetrazolium chloride stains the viable pollen with reddish 

purple color due to the formation of insoluble red formazan. The number of pollen grains 

stained was recorded 30 min after staining using a light microscope at 10X magnification 

(Olympus BX 51, Center Valley, PA). The percentage of viable pollen was considered to be 

the percentage of total pollen stained to the total number per microscopic field. The in-vitro 
pollen germination was assessed by germinating the pollen in a medium consisting of 150 

mg H3BO3, 500 mg Ca(NO3)2.4H2O, 200 mg MgSO4.7H2O, 100 mg KNO3, and 300 g 

sucrose dissolved in 1 L of deionized water to which 10 g of agar L−1 was added (Prasad et 

al., 2006). The mixture was slowly heated on a hot plate until the agar was completely 

dissolved. The germinating medium was poured onto a clean glass slide and incubated at 

30 °C. The collected pollen grains were evenly distributed on five glass slides smeared with 

the pollen germinating medium and kept in the dark for 45 min. The percentage of pollen 

germination was estimated by counting the total number of pollen and number of germinated 

pollen in three random microscopic fields in each glass slide. Pollen was considered 

germinated if the pollen tube was longer than the diameter of the pollen grain (Prasad et al., 

2006).

Reactive Oxygen Species

Xanthine oxidase (XO) enzyme activity: The pollen and pistils (100 mg) were ground 

separately in 1 mL of phosphate buffer pH 7.5 and centrifuged at 15000 g for 10 min at 

4 °C. The supernatant was collected and analyzed for superoxide radical (O2
−) production 

(30 min at 37 °C) using xanthine as substrate. The Amplex® Red Xanthine Oxidase Assay 

kit (Molecular Probes, Eugene, OR catalog number A22182) was used for the analysis and 

expressed as enzyme units (Hofer et al., 2008). One enzyme unit was defined as the amount 

of xanthine oxidase that forms 1 μmol of uric acid from hypoxanthine at 25 °C per gram of 

tissue on a fresh weight basis.

H2O2 content: The pollen and pistils (100 mg) were grounded separately in 1 mL of cold 

acetone, centrifuged at 5000 g for 10 min at 4 °C and the supernatant was used for H2O2 

assay. The H2O2 content was measured using a molecular probe (Amplex® Red hydrogen 

peroxide/peroxidase assay kit; Invitrogen Molecular Probes, Inc., Eugene, OR, USA, catalog 

number A22188), which is a one-step assay that uses the Amplex® Red reagent (10-

acetyl-3,7-dihydroxyphenoxazine) to detect H2O2. The Amplex® Red reagent, in 

combination with horseradish peroxidase (HRP), was used to detect H2O2. In the presence 

of peroxidase, the Amplex® Red reagent reacts with H2O2 in a 1:1 stoichiometry to produce 

the red-fluorescent oxidation product, resorufin, which has an absorption maximum at 560 

nm. The background absorbance derived from the no-H2O2 control was subtracted for all 

samples, and the data were expressed as nmol g−1 on fresh weight basis (Shin et al., 2005).
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Antioxidant enzyme activity

SOD enzyme activity: Total SOD activity was measured in the supernatant collected using 

the superoxide dismutase assay kit (Cayman Chemical, Ann Arbor, Michigan, USA, catalog 

number 706002). This kit utilizes a tetrazolium salt for detection of superoxide radicals 

generated by xanthine oxidase and hypoxanthine. The SOD activity was expressed in 

enzyme units. One unit of SOD is defined as the amount of enzyme needed to obtain 50% 

dismutation of superoxide radical (Sebastiani et al., 2007).

CAT enzyme activity: Catalase enzyme activity was measured using Amplex® Red catalase 

assay kit (Molecular probes, Invitrogen, Inc., Eugene, OR, USA, product number A22180), 

as it provides an ultrasensitive, simple assay method for measuring CAT activity. In the 

assay, CAT first reacts with H2O2 to produce water and oxygen [O2]. Next, the Amplex red 

reagent (10-acetyl-3,7-dihydroxyphenoxazine) reacts with a 1:1 stoichiometry with any 

unreacted H2O2 in the presence of HRP to generate the red-fluorescent oxidation product, 

resorufin, which has the absorption maxima at 560 nm. One enzyme unit was defined as the 

amount of catalase enzyme that decomposes 1.0 μmol of H2O2 min−1 at 25 °C g−1 of tissue 

on a fresh weight basis (Jones and Suggett, 1968).

POX enzyme activity: The peroxidase activity was measured using the Amplex® Red 

hydrogen peroxide/peroxidase assay kit (Molecular Probes, Invitrogen, Inc., Eugene, OR, 

USA), which is a one-step assay that uses the Amplex® Red reagent (10-acetyl-3,7-

dihydroxyphenoxazine) to detect POX activity. The enzymatic activity of peroxidases was 

determined following the same procedure as for H2O2 determination, except that the 

Amplex Red reagent contained 2 mmol H2O2 instead of HRP. The result was expressed in 

enzyme units (Liu et al., 2010). One enzyme unit is defined as the amount of enzyme that 

forms 1.0 mg purpurogallin from pyrogallol in 20 sec at pH 6.0 and 20 °C.

Pollen and stigma morphology and anatomy—The pollen and pistil samples were 

collected at anthesis from the OT, HT1 and HT2 from the tagged panicles. Pollen was dusted 

on double-stick carbon tape affixed to a carbon stub, dipped immediately in super-cooled 

ethanol for 1–3 sec and stored at −80 °C until further analysis. Similarly, the ovary along 

with style and stigma were taken carefully from individual florets, placed on double-stick 

carbon tape and processed in the same way as described for pollen. The carbon stub was 

placed in a vacuum desiccator for ~2 min to remove excess moisture from the stub at the 

time of analysis. The pollen, stigma, style and ovary were viewed under a scanning electron 

microscope (SEM; Nova NanoSEM 430, FEI, Hillsboro, OR, USA) using a LVD detector 

(low vacuum detector). The SEM was operated in a vacuum, 5 kV, with a spot size of 3 and 

a pressure of 72.5 Pa. The images were taken at 1500X, 3000X and 12000X magnification 

for pollen and at 200X, 150X and 600X magnification for style and stigma, and ovary.

Pollen and pistil were collected as above and fixed immediately in 4% glutaraldehyde in 100 

mM sodium cacodylate buffer, pH 7.2. Following aldehyde fixation, samples were post-fixed 

in 2% osmium tetroxide in the same cacodylate buffer, stained in 1% aqueous uranyl acetate 

for 8 h, dehydrated in acetone and embedded in Spurr’s resin. Ultrathin sections (<100 nm 

thick) were made using ultramicrotome, examined with a CM 100 (FEI Company, Hillsboro, 
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OR, USA) transmission electron microscope (TEM) and pictures were taken using AMT 

digital image capturing system for image analysis. Images were acquired in different 

magnification based on the fine details of the tissue under focus.

Field studies using heat tents

To determine the impact of HT stress on pollen and pistil function under field conditions, 

ATx399 and RTx430 were planted at North Farm, Kansas State University, Manhattan, 

Kansas during June 2012 and 2013. Standard field crop management practices [75 cm 

spacing between rows and target plant population of 12 plants m−2; 10 g N m−2 as urea 

granules (46% N)] were followed. Pre-emergence herbicide application and hand weeding 

were done as and when needed. Fields were flood irrigated as necessary to avoid water stress 

throughout the crop growing season.

To impose HT stress during booting, three heat tents were placed on the field-grown ATx399 

and three heat tents on RTx430 lines from the start of booting until the start of grain filling 

(about 7 d after full anthesis) stage. The plants from outside the heat tents served as control 

(ambient temperature). The procedures for tagging and determination of seed-set 

percentages were similar as detailed in the growth chamber experiment. Each heat tent was 

built on a galvanized steel frame-work with an additional frame (0.6 m) on the top that could 

open and close. The steel frame-work was covered with clear polyethylene film, which 

transmits 85% of incoming solar radiation. Each heat tent was 5.4 m wide, 7.2 m long, and 

3.0 m high at the apex. There were no artificial heating systems; the heat tents are heated via 

natural solar radiation (greenhouse effect). Temperature increases inside the heat tents are 

dependent on the intensity of solar radiation and outside ambient temperatures. On a clear 

sunny day, the temperature inside the heat tent can be up to 10 °C warmer than the outside 

ambient temperature (Prasad et al., 2015). Each heat tent was equipped with a solar-powered 

battery to operate the actuators to open and close the additional frame on the top when 

temperatures were too high (the maximum was set at 45 °C) to avoid excessive heating. 

Each heat tent has a 15 cm clearance on all four sides to allow circulation of air within the 

heat tent. Air temperature and relative humidity were measured using WatchDog data 

loggers (1000 Series Micro Station, Spectrum Technologies, Aurora, IL, USA) at 30 min 

intervals. Similarly, incoming solar radiation was measured using PAR sensors (LightScout 

Quantum Light Sensor, Spectrum Technologies, Aurora, IL, USA).

As detailed in previous sections, data on pollen viability and germination, ROS, H2O2 

content, XO, SOD, CAT and POX enzymes activity, morphology, membrane damage in 

pollen and pistil were recorded along with seed-set percentage. The ROS content and 

membrane damage of pollen and pistil were imaged using molecular probes as described by 

Djanaguiraman et al. (2014).

Phospholipid profiling—At the time of anthesis, 20–25 florets were collected between 

0730 and 0800 h from five tagged plants outside and inside the heat tent representing 

ambient and HT conditions. Pollen was squeezed from the anthers with tweezers and 

collected on clean slides. Immediately (within 15–20 s), the pollen was transferred to 3 mL 

of hot isopropanol (75 °C) containing 0.01% butylated hydroxy toluene (BHT). Next, 1.5 
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mL of chloroform and 0.6 mL of water were added. The tubes were shaken for 1 h, followed 

by removal of the extract. The pollen grains were re-extracted with chloroform:methanol 

(2:1) with 0.01% BHT for five times with 30 min of agitation each time, until all of the 

remaining pollen turned white. The combined extracts were washed once with 1 mL of 1 M 

KCl and once with 2 mL of distilled water. The solvent was evaporated under nitrogen, and 

the lipid extract was dissolved in 1 mL of chloroform. Similarly, 20–25 florets were 

collected, dissected to collect the pistil and immediately transferred to 3 mL of hot 

isopropanol containing 0.01% BHT and processed in the same way as described for pollen. 

Internal standards were added and quantification of phospholipids was done by electrospray 

ionization tandem mass spectrometry (ESI-MS/MS) as previously described (Xiao et al., 

2010).

Data analyses

The experimental design was a complete randomized design. Plants were selected randomly 

for treatments and were arranged randomly within the growth chambers. The temperatures 

were randomly assigned to growth chambers. In the field, the position of the tents was 

randomly allocated. Seed-set percentage was recorded from at least eight independent plants 

grown in growth chambers and anatomical, biochemical and lipid analyses were from at 

least five independent plants. In the field, seed-set percentage were determined from at least 

25 plants and all the anatomical, biochemical and lipid analyses were from at least five 

independent plants. The field and controlled environment experiments were repeated again. 

Data were analyzed using the ProcGLM procedure of the SAS program (SAS Institute 

2003). Standard error was shown as an estimate of variability, and means of various 

variables were separated for significance by the LSD test at a probability level of 0.05.

RESULTS

Quality control of growth chambers

Mean daytime maximum and nighttime minimum temperatures in all growth chambers were 

± 0.5 °C of the target daytime and nighttime temperatures, and relative humidity was within 

± 10% of the target. The quality of the temperature control and growth chamber 

performance was previously described (Pradhan et al., 2012; Djanaguiraman et al., 2013b). 

The average maximum air temperature between 1000 to 1200 h outside and inside the heat 

tent during 2012 and 2013 was 23 and 31 °C and 39 and 43 °C, respectively (supplementary 

Figure S1).

Pollen viability and in-vitro germination

Pollen viability and in vitro germination was 85 and 71%, respectively, under OT, but 

exposure to HT1 significantly (P<0.001) decreased to 61 and 52%, and to HT2 to 20 and 

12%, respectively (Fig. 1). Similarly, under field conditions the pollen viability and 

germination were significantly (P<0.001) decreased from 73 and 65% to 62 and 55%, during 

2012 and 2013, respectively by HT stress (Fig. 2).
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Sensitivity of reproductive tissues

There was a significant effect of temperature (P<0.001) on seed-set percentage, as measured 

by direct and reciprocal crosses. Pollination of pistil under OT with pollen from OT recorded 

71% seed-set percentage (Fig. 3a). Pollination of pistil under OT with pollen from HT1 or 

HT2 recorded 27% and 7%, seed-set percentage, respectively (Fig. 3a, b). However, 

pollination of pistil under HT1 and HT2 with pollen from OT recorded 36 and 14%, 

respectively (Fig. 3a, b). Similarly, pollination of pistil under HT1 with pollen from HT1 and 

HT2 recorded 14 and 5.3%, seed-set percentage, respectively (Fig. 3a, b). Pollination of 

pistil under HT1 or HT2 with pollen from HT1 and HT2 recorded 8.9 and 3.5%, seed-set 

percentage, respectively (Fig. 3c).

Field experiments showed that pollination of pistil under ambient temperature (AT) with 

pollen from AT recorded 68 and 54.2%, seed-set percentage during 2012 and 2013, 

respectively (Fig. 4a, b). Pollination of pistil under AT with pollen from HT recorded 14 and 

10.2%, seed-set percentage during 2012 and 2013, respectively (Fig. 4a, b). However, 

pollination of pistil under HT with pollen from AT recorded 24.2 and 18.2%, seed-set 

percentage during 2012 and 2013, respectively (Fig. 4a, b). Severe decreases in seed-set 

percentage was recorded when HT stressed pistil was pollinated with HT stressed pollen (5.2 

and 3.8%, during 2012 and 2013, respectively) (Fig. 4a, b).

Morphological and anatomical changes

Morphological analysis of pollen using scanning electron microscope (SEM) indicates that 

exposure to HT1 or HT2 resulted in collapsed (Fig. 5b, c) and desiccated (Fig. 5e, f) pollen 

when compared to pollen from OT (Fig. 5a, d). However, the intensity of desiccation was 

higher at HT2 than HT1. The columellae heads in the exine wall were present and round in 

shape at OT (Fig. 5a); however, at HT1 or HT2 they were lost or non-uniform (Fig. 5b, c). 

Pollen from OT had small microechinate exine ornamentation (Fig. 5g), but the pollen from 

HT1 and HT2 had irregular, deeply pitted and large microechinate ornamentation (Fig. 5h, i). 

At HT2, the stigma and style were desiccated and flaccid (Fig. 5l) and normal at OT and 

HT1 (Fig. 5k, j). The ovary at HT2 was more desiccated than at HT1 (Fig. 5n, o, q, r), 

whereas with OT, the ovaries were turgid (Fig. 5m, p).

In the field, the pollen from HT stress showed loss of columellae head, more desiccation, 

and large microechinate ornamentation (Fig. 6b, d, f), while under AT pollen was normal 

(Fig. 6a, c, e). Similarly, under HT stress, desiccated stigma, style and ovary (Fig. 6h, j, l) 

were observed to be normal under AT (Fig. 6g, i, k).

The anatomical studies using transmission electron microscope (TEM) showed that under 

OT the pollen had a tectum with prominent columellae and a thin foot layer, an uneven thin 

endexine and an evenly thin intine (Fig. 7a). However, at HT1 and HT2, the tectum layer was 

thick and the columellae wall was thin, compared with OT (Fig. 7b, c). The foot layer was 

thick at HT1 and HT2 compared with OT (Fig. 7a, b, c). Pollen at HT1 and HT2 showed an 

absence of endexine and the onset of vacuolation in the intine (Fig 7b, c); however, the 

vacuolation process had not been started at OT (Fig. 7a). Along with this, the size and 
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number of vacuoles were small and few at OT, while at HT1 and HT2 the size was large with 

and in significantly higher numbers (Fig. 7a, b, c).

The ovary tissue of OT showed a large vacuole, transmitting tissue of style cell, an 

undamaged cell wall with a clear intercellular space, and a dense cytoplasm and nucleolus 

(Fig. 7d, g, j, m). At HT1, there was not much difference in the size of the transmitting tissue 

of the style cell size, membranes were undamaged, and cytoplasm and nucleolus were dense 

(Fig. 7e, h, k, n). However, at HT2, cell shape and size of transmitting tissue of style was 

reduced, membranes were folded, and dense cytoplasm and nucleolus were lacking (Fig. 7f, 

i, l, o).

The ovary at OT and HT1 had a clear nuclear envelope and uncoiled genetic material (Fig. 

8a, b); however, at HT2, the damaged nuclear envelope and coiled genetic material were 

observed (Fig. 8c). Similarly, the mitochondria, plastids, and rough endoplasmic reticula 

were undamaged and prominent at OT (Fig. 8d, g, j) and HT1 (Fig. 8e, h, k), while, at HT2, 

damaged mitochondria andplastid, and absence of rough endoplasmic reticulum were 

observed (Fig. 8f, i, l). Prominent starch granules were observed at OT and HT1 (Fig. 8m, n), 

and no starch granules were observed at HT2 (Fig. 8o).

Oxidative damage

In the pollen, HT stress (36/26 and 39/29 °C) significantly (P<0.001) increased O2
− content 

(2 and 3.5 fold, respectively) compared with OT (Fig. 9a). Similarly, in the pistil the increase 

in the O2
− content was 1.4 and 2.3 fold at HT1 and HT2, respectively (Fig. 9a). The H2O2 

content was significantly (P<0.001) increased by 3.8 and 6.5 fold at HT1 and HT2, 

respectively in the pollen (Fig. 9b) and 2.4 and 4.1 fold at HT1 and HT2, respectively in the 

pistil (Fig. 9b).

In the pollen, the SOD enzyme activity was decreased by 58% at HT1 and 87% at HT2 

relative to OT (Fig. 9c). In pistil, similar decreases (59 and 77%) were observed at HT1 and 

HT2, respectively (Fig. 9c). The CAT enzyme in the pollen decreased by 44 and 56%, and in 

pistil by 35 and 60% at HT1 and HT2, respectively, as compared with OT (Fig. 9d). 

Similarly, the peroxidase activity was decreased by 36 and 60% in the pollen at HT1 and 

HT2, respectively compared with OT. Following a similar trend, the pistil showed a decrease 

of 42% at HT1 and 78% at HT2, respectively, relative to OT (Fig. 9e).

In the field condition, increase in ROS content (Fig. 10a, b, c, d) and a decrease in SOD, 

CAT and POX enzyme activities (Fig. 10e, f, g, h, i, j) were observed in pollen and pistil in 

2012 and 2013 seasons. However, pistil had a smaller increase in ROS and a smaller 

decrease in SOD, CAT and POX activity than pollen. Visualization of ROS in the pollen and 

pistil using dichlorodihydro fluorescein (DCF) fluorescence indicated that pollen under AT 

had less fluorescence (Fig. 11a) than pollen under HT (Fig. 11b). Similarly, pistil of AT (Fig. 

11c) showed less fluorescence than at HT (Fig. 11d). HT stress increased pollen and pistil 

membrane damage compared with AT as revealed by a Sytox green nuclei acid stain (Fig. 

11e, f, g, h). The intensity of fluorescence emissions for pollen membrane damage was 

higher than pistil at HT (Fig. 11f, h).
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Membrane glycerolipid composition

Plastidic lipid classes monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol 

(DGDG), and PG are higher in pistils than in pollen. Significant (P<0.05) differences in the 

pistil, due to HT stress, were observed only in (DGDG content (Table 1). In pollen, between 

the temperature regimes, there were significant (P<0.05) differences in MGDG, 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidic acid (PA), and 

lysophosphatidylcholine (LPC) content (P<0.05; Table 1). Pollen phospholipids found 

primarily outside the plastid (PC, PE, PI, PS, and PA) were rich in molecular species that 

contain 18:3 (linolenic acid), i.e., 34:3 (likely 16:0/18:3) and 36:6 (di18:3), whereas pistils 

had a more varied composition with relatively high levels of 18:2-containing phospholipids, 

i.e., 34:2 (16:0/18:2) and 36:4 (likely di18:2).

DISCUSSION

Overall, results indicate that HT stress (i) decreased pollen and pistil viability leading to 

decreased seed-set percentage, (ii) increased oxidative damage in pollen and pistil, (iii) 

altered pollen and pistil morphology and anatomy and phospholipid unsaturation level, and 

(iv) pollen was relatively more susceptible than pistil to HT stress.

HT stress from gametogenesis through flowering led to decreased seed-set in sorghum in 

both controlled environment and field experiments (Figs. 3 and 4). Similar observations 

were reported in other cereals including rice (Ye et al., 2015, Bahuguna et al., 2014), wheat 

(Triticum aestivum L., Prasad and Djanaguirman, 2014) and maize (Zea mays L., Carlson, 

1990). The loss of floret fertility under HT stress during micro and megasporogenesis or 

fertilization is attributed to loss of pollen or ovule viability and/or stigma receptivity (Prasad 

et al., 2008; Nguyen et al., 2013; Djanaguiraman et al., 2014; Prasad and Djanaguiraman, 

2014).

Studies have indicated that HT stress can affect male and female organs differently in 

different crops (Herrero, 2003; Hedhly et al., 2008). Pollen developing under HT stress had 

abnormal exine with deeply pitted and non-smooth surface regions (Fig. 5h, 5i, 6f). Exine 

originates from the tapetal cells, and the altered exine ornamentation under HT stress 

indicates disruption of tapetal cells and changes in exine thickness and roughness (Fig. 7b, 

c). The damaged tapetal cells may affect the translocation of nutrients to the developing 

pollen, which eventually leads to pollen sterility (Hess and Hesse, 1994; Jain et al., 2007). 

Anatomical evidence showed that irrespective of the temperature, ontogenetic appearance of 

microchannels coincides with tapetal degradation (Fig. 7a, b, c) supporting the hypothesis 

that these channels function in the transport of tapetally derived material to the developing 

pollen tube (Taylor et al., 2015). HT stress increased the intine thickness (Fig. 7b, c); the 

increased thickness could serve to protect the sperm cell(s) inside the pollen (Jiang et al., 

2015). Pollen from OT had large numbers of starch granules and small vacuoles. However, 

under HT stress, the pollen was devoid of starch granules and the presence of a large vacuole 

indicates tapetal cell degradation. This observation is in accordance with the finding of Jain 

et al. (2007).
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Similar to pollen, pistils have been documented to be sensitive to HT stress in different crops 

(Saini et al., 1983, Hedhly et al., 2005, Gupta et al., 2015; Djanaguiraman et al., 2017), but 

not in grain sorghum. Successful fertilization requires the maternal guidance of the pollen 

tube through the maternal sporophytic tissue, to the embryo sac (Higashiyama et al., 2001; 

Rotman et al., 2003). HT stress deformed and desiccated the sorghum style and ovary (Fig. 

5l, 5o, 6h, 6j), which could be key reasons for unsuccessful fertilization. Sorghum stigma is 

categorized as dry type (Heslop-Harrison, 1982), the biomolecules like lipids, carbohydrates, 

and proteins in stigma form the adhesive matrix for dry stigma (Swanson et al., 2004) and 

water and lipids provide directional cues for the developing pollen tube (Wolters-Arts et al., 

1998). The desiccated stigma and style under HT stress may not provide clear directional 

clues, leading to the disoriented growth of the pollen tube. HT stress caused damage to cell 

membranes, protoplasm, nucleolus, plastid, mitochondria, and endoplasmic reticulum in the 

ovary, which are signs of programmed cell death (PCD). Sun et al. (2004) observed ovary 

PCD under salt stress. Cell organelle membrane and cell organelle per se damage, 

measurement of the contents of O2
− and H2O2 and the activities of a cohort of antioxidant 

enzymes (Fig. 9, 10) revealed that the PCD is exerted in a ROS dependent manner.

The primary effect of temperature on the cell membrane is often on the fluidity of membrane 

lipids followed by early accumulation of ROS for HT signalling cascades (Larkindale and 

Knight, 2002; Mittler et al., 2004; Naryanan et al., 2016 a & b). The current data do not 

reveal clear-cut changes in unsaturation that might serve to maintain lipid fluidity. 

Interestingly, however, the extraplastidic pollen phospholipids, such as PC, are very rich in 

18:3-containing molecular species before and after HT treatment. The changes in the lipid 

composition of pollen and pistil caused by HT stress (Table 1; Fig. 12, 13) included 

significant reductions in the level a number of galactolipid (MGDG and DGDG) molecular 

species; galactolipids are essential for the proper functioning of plastid membranes. Both 

pollen and pistil also exhibited increases in some LPC and LPE molecular species under HT 

stress, suggesting activation of acyl hydrolases (phospholipases), with the presence of 

lysolipids potentially decreasing membrane integrity.

HT stress increased the level of ROS production and decreased the SOD, CAT, and POX 

enzyme activity in pollen and pistil (Figs. 9 and 10). The tapetum cells of pollen had several-

fold more mitochondria that can result in higher respiration during pollen tube growth and 

development (Selinski and Scheibe, 2014). Under HT, an increased number of mitochondria 

might lead to a dramatic increase in ROS content, resulting in oxidative damage. Kumar et 

al. (2014) observed a dramatic increase in H2O2 content in pollen upon a short HT stress 

treatment (42 °C, 2 h). Similarly, Sun et al. (2005) observed that, under HT stress, the ovary 

undergoes abortion when levels of ROS are elevated due to decreased activity of SOD, POX, 

and glutathione S-transferase. It has been proposed that ROS play opposing roles. At low 

levels they trigger a signalling pathway that activates defence responses and, at high levels, 

they aggravate stress damage and PCD (Dat et al. 2000). Comparing both pollen and pistil, 

the increased relative sensitivity of pollen to ROS, compared to pistil, could be due to 

increased ROS and decreased antioxidant levels. The PCD of precocious tapetal cells under 

HT stress may release molecules that are deleterious to pollen maturation (Wu et al., 2000). 

Visualization of membrane damage and ROS accumulation in pollen and pistil under HT 

stress indicates that pollen had higher ROS level and membrane damage than pistil (Prasad 
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and Djanaguiraman, 2011; Liu et al., 2016). On the basis of these data, we hypothesize that 

ROS detoxification enzymes in pistil under HT1 (36/26 °C) stress were sufficient to 

neutralize ROS and provide the directional clue to the developing pollen tube to ensure the 

fertilization process. In the pollen, the decreased ROS detoxification enzymes at 36/26 °C 

may lead to PCD. However, at HT2 (39/29 °C), pollen and pistil were both damaged.

The reciprocal (OT pistil x HT stressed pollen; and HT stressed pistil x OT pollen) crosses 

showed that microgametophyte fertility was affected more than megagametophyte fertility 

under HT stress. The susceptibility of pollen to HT stress has been previously reported in 

rice (Matsui et al., 2007), maize (Herrero and Johnson, 1980), and sorghum (Prasad et al., 

2015). HT stress on both pollen and pistil were found to have a synergistic effect as revealed 

by very low seed-set percentage at the HT stressed pollen and pistil combination.

CONCLUSIONS

This research revealed that HT stress altered anatomy, decreased unsaturation index of 

phospholipid molecular species, decreased antioxidant enzyme activity and increased ROS 

content in gametes leading to lower seed-set percentage. The impact was greater in pollen 

than pistil at relatively lower temperatures, indicating that pollen was relatively more 

sensitive compared to pistil. However, the response of pollen to HT stress is genotype 

specific and further studies with larger numbers of genotypes are required. Additionally, 

better understanding of mechanisms of tolerance and the impacts of HT stress could assist in 

developing an efficient breeding strategy to develop HT tolerant sorghum lines and hybrids 

suitable for current and future climatic conditions.
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Refer to Web version on PubMed Central for supplementary material.
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Brief summary statement

High temperature (HT) stress during the booting decreased both pollen and pistil 

functions compared with optimum temperature (OT) under controlled environments and 

field conditions. Non-functionality of gametes under HT stress was associated with 

changes in anatomy, phospholipid composition and unsaturation, increased reactive 

oxygen species, and decreased antioxidant enzyme activity. The various cross 

combinations indicate that pollen was relatively more sensitive with larger decreases in 

seed-set percentage than pistil under HT stress. The negative impact was greater in pollen 

than pistil at relatively lower temperatures.
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Figure 1. 
Impact of temperature regimes (OT: 30/20 or HT1: 36/26 or HT2: 39/29 °C daytime 

maximum/nighttime minimum temperature) on pollen viability and germination in 

controlled environment experiment. Each data point is the average of five independent 

observations. Vertical bars denote ± s.e. of means. Means followed by the same letter(s) 

were not significantly different (P≤0.05) as determined by LSD test.
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Figure 2. 
Impact of HT stress imposed by heat tents (31 and 43 °C, daytime maximum between 10:00 

to 12:00 h during 2012 and 2013, respectively) and relative outside ambient conditions (23 

and 39 °C, daytime maximum between 10:00 to 12:00 h during 2012 and 2013, respectively) 

on pollen viability and pollen germination during (a) 2012 and (b) 2013. Each data point is 

the average of five independent observations. Vertical bars denote ± s.e. of means. Means 

followed by the same letter(s) were not significantly different (P≤0.05) as determined by 

LSD test. AT: ambient temperature (outside the heat tent) and HT: high temperature (inside 

the heat tent).
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Figure 3. 
Impact of temperature regimes (OT: 30/20 or HT1: 36/26 or HT2: 39/29 °C daytime 

maximum/nighttime minimum temperature) on mean seed-set percentage in various cross 

combinations under controlled environment conditions. Each data point is the average of at 

least eight independent observations. Vertical bars denote ± s.e. of means. Means followed 

by the same letter(s) were not significantly different (P≤0.05) as determined by LSD test. F: 

A line (male sterile, female line), M: R line (male fertile, male line).

Djanaguiraman et al. Page 21

Plant Cell Environ. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Impact of HT stress imposed by field based heat tents (31 and 43 °C, daytime maximum 

between 10:00 to 12:00 h during 2012 and 2013, respectively) and relative outside ambient 

conditions (23 and 39 °C, daytime maximum between 10:00 to 12:00 h during 2012 and 

2013, respectively) on mean seed-set percentage in various cross combinations during (a) 

2012 and (b) 2013. Each data point is the average of at least twenty-five independent 

observations. Vertical bars denote ± s.e. of means. Means followed by the same letter(s) 

were not significantly different (P≤0.05) as determined by LSD test. AT: ambient 

temperature (outside the heat tent) and HT: high temperature (inside the heat tent). F: A line 

(male sterile, female line), M: R line (male fertile, male line).
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Figure 5. 
Scanning electron microscopic images of surface of pollen grains and style and ovary at 

optimum temperature (OT, 30/20 °C; daytime maximum/night-time minimum temperature) 

and high temperatures (HT1, 36/26 °C; HT2, 39/29 °C). (a, d, g) pollen grains of OT, (b, e, 

h) pollen grains of HT1, (c, f, i) pollen grains of HT2, (j, m, p) style and ovary of OT, (k, n, 

q) style and ovary of HT1 and (l, o, r) style and ovary of HT2. Arrows in pollen grains 

indicate shrivelled and disturbed exine ornamentation under HT stress. Similarly, the arrows 

in style, and ovary indicate desiccated style, and desiccated ovary. The corresponding 

information in OT is indicated by *. (a) Normal oval-shaped pollen grain, aperture and 

columellae head in pollen grain, (d) unshrivelled and uncollapsed pollen grain, (g) less 

ornamentation in exine wall of pollen grain, (b, c) shrivelled and collapsed pollen grain, (e, 

f) collapsed aperture and columellae head, (h, i) deep pits and non-smooth surface in exine 

wall of pollen grain, (j, m, p) turgid and mucilaginousstyle and ovary, and (k, n, q, l, o, r) 

desiccated style, flaccid and dried ovary.
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Figure 6. 
Scanning electron microscopic images of surface of pollen grains and style and ovary of heat 

tents (31 and 43 °C, daytime maximum between 10:00 to 12:00 h during 2012 and 2013, 

respectively) and relative outside ambient conditions (23 and 39 °C, daytime maximum 

between 10:00 to 12:00 h during 2012 and 2013, respectively). (a, c, e) pollen grains of AT 

(outside the heat tent), (b, d, f) pollen grains of HT stress (inside the heat tent). Arrows in 

pollen grains indicate shrivelled and disturbed exine ornamentation under HT stress. 

Similarly, the arrows in style and ovary indicate desiccated style, and ovary. The 

corresponding information in AT is indicated by *. (a, c, e) Normal and less shrivelled oval-

shaped pollen grain, and normal aperture and columellae head in pollen grain, (b, d, f) 

shrivelled and collapsed pollen grain, collapsed aperture and columellae head, deep pits and 

non-smooth surface in exine wall of pollen grain, Similarly, (g, i, k) the style and ovary of 

AT and (h, j, l) pistil of HT stress, (g, i, k) turgid and undamagedstyle and ovary, (h, j, l) 

desiccated, flaccid and damaged style and ovary. The corresponding information in AT is 

indicated by *.
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Figure 7. 
Transmission electron microscopic images of pollen grains and pistil (stigma, style and 

ovary) at OT (30/20 °C; daytime maximum/night-time minimum temperature) and HT1 

(36/26 °C) and HT2 (39/29 °C). (a) pollen grains of OT, (b) pollen grains of HT1, (c) pollen 

grains of HT2. At HT (36/26 and 39/29 °C) the arrows in pollen grains indicate thick foot 

layer, absence of endexine, onset of vacuolation and larger vacuoles. The corresponding 

information in OT is indicated by *. Similarly, the arrows in ovary indicate (f) small 

transmitting tissue, (i) intercellular spaces, (l) less dense cytoplasm (o) denatured nuclear 

material (apoptosis) and absence of nucleolus and corresponding OT and HT1 were shown 

as *. cm: columella; en: endexine; fl: foot layer; in: intine; t: tectum; l: lipidic droplets, s: 

starch granules, v: vacuoles, ttc: transmitting tissue cell, cw: cell wall, is: intercellular space, 

cp: cytoplasm, n: nucleus, no: nucleolus.
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Figure 8. 
Transmission electron microscopic images of pistil (stigma, style and ovary) at OT 

(30/20 °C; daytime maximum/nighttime minimum temperature) and HT1 (36/26 °C) and 

(HT2 (39/29 °C). The * in ovary indicate (c) heterochromatin, (f) damaged mitochondria, (i) 

damaged plastid, (l) no or less rough endoplasmic reticulum, and (o) no or less starch grains 

at 39/29 °C and corresponding OT and HT1 were shown as *. hc: heterochromatin, m: 

mitochondrion, p: plastid, rer: rough endoplasmic reticulum, and s: starch grain.
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Figure 9. 
Impact of temperature regimes (OT: 30/20 or HT1: 36/26 or HT2: 39/29 °C daytime 

maximum/nighttime minimum temperature) on (a) xanthine oxidase enzyme activity (EU), 

(b) hydrogen peroxide (H2O2) content (nmol g−1), (c) superoxide dismutase enzyme activity 

(EU), (d) catalase enzyme activity (EU) and (e) peroxidase enzyme activity in pollen and 

pistil (EU). Each data point is the average of five independent observations. Vertical bars 

denote ± s.e. of means. Means followed by the same letter(s) were not significantly different 

(P ≤ 0.05) as determined by LSD test.
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Figure 10. 
Impact of HT stress imposed by heat tents (31 and 43 °C, daytime maximum between 10:00 

to 12:00 h during 2012 and 2013, respectively) and relative outside ambient conditions (23 

and 39 °C, daytime maximum between 10:00 to 12:00 h during 2012 and 2013, respectively) 

on (a) and (b) xanthine oxidase enzyme activity (EU), (c) and (d) hydrogen peroxide (H2O2) 

content (nmol g−1), (e) and (f) superoxide dismutase enzyme activity (EU), (g) and (h) 

catalase enzyme activity (EU), and (i) and (j) peroxidase enzyme activity (EU) in pollen and 

pistil during 2012 and 2013, respectively. Each data point is the average of five independent 

observations. Vertical bars denote ± s.e. of means. Means followed by the same letter(s) 

were not significantly different (P≤0.05) as determined by LSD test. AT: ambient 

temperature (outside the heat tent) and HT: high temperature (inside the heat tent).
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Figure 11. 
Representative images showing the effect of temperature regime created by heat tent: (a, c, e, 

g) outside the heat tent (AT; 23 and 39 °C, daytime maximum between 10:00 to 12:00 h 

during 2012 and 2013, respectively) and (b, d, f, h) inside the heat tent (HT stress; 31 and 

43 °C, daytime maximum between 10:00 to 12:00 h during 2012 and 2013, respectively). (a, 

b) ROS level of pollen grains in AT and HT, respectively quantified by Live green ROS 

detection stain, (c, d) ROS level of pistil in AT and HT, respectively, (e, f) membrane 

damage of pollen grains in AT and HT, respectively quantified by Sytox green nuclei acid 

stain and (g, h) membrane damage of pistil in AT and HT, respectively. Black unstained 

pollen and pistil by Live green ROS detection stain indicate an absence of ROS, and green 

stained pollen and pistil indicate the presence of ROS. The intensity of the green colour is 

proportional to ROS level. Similarly, black unstained pollen and pistil by a Sytox green 

nuclei acid stain indicate an absence of membrane damage and green stained pollen and 

pistil indicate the presence of membrane damage. The intensity of the green colour is 

proportional to membrane damage.
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Figure 12. 
Impact of temperature regimes (OT: 30/20 or HT1: 36/26 or HT2: 39/29 °C daytime 

maximum/nighttime minimum temperature) on phospholipid molecular species (mol %) in 

pollen and pistil. Each data point is the average of five independent observations. Vertical 

bars denote ± s.e. of means. Means followed by the same letter(s) were not significantly 

different (P≤0.05) as determined by LSD test. The letters ‘H’ and ‘L’ and indicate that the 

amount of lipid was significantly higher or lower (P≤0.05), respectively, in HT, compared 

with AT in pollen. Similarly, the letters ‘h’ and ‘l’ indicate that the amount of lipid was 

significantly higher or lower (P≤0.05), respectively, in HT, than AT in pistil. DGDG: 

digalactosyldiacylglycerol, MGDG: monogalactosyldiacylglycerol, PG: 

phosphatidylglycerol, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PS: 

phosphatidylserine, PA: phosphatidic acid, AT: ambient temperature (outside the heat tent), 

and HT: high temperature (inside the heat tent).
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Figure 13. 
Impact of temperature regimes (OT: 30/20 or HT1: 36/26 or HT2: 39/29 °C daytime 

maximum/nighttime minimum temperature) on lysophospholipid molecular species (mol %) 

in pollen and pistil. Each data point is the average of five independent observations. Vertical 

bars denote ± s.e. of means. Means followed by the same letter(s) were not significantly 

different (P≤0.05) as determined by LSD test. The letters ‘H’ and ‘L’ and indicate whether 

the amount of lipid was significantly higher or lower (P≤0.05), respectively, in HT, than AT 

in pollen. Similarly, the letters ‘h’ and ‘l’ indicate whether the amount of lipid was 

significantly higher or lower (P≤0.05), respectively, in HT, than AT in the pistil. LPC: 

lysophosphatidylcholine, LPE: lysophosphatidylethanolamine, AT: ambient temperature 

(outside the heat tent) and HT: high temperature (inside the heat tent).
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Table 1

Effect of temperature regime on total amount of lipid in each head group class in pollen and pistil in sorghum 

(mol %). AT: ambient temperature (outside heat tent), HT: HT stress (inside heat tent).

Lipid species

Temperature regime (° C)

Pollen Pistil

AT HT AT HT

Monogalactosyldiacylglycerol 2.18±0.10A 1.55±0.03B 19.50±1.46a 19.93±0.93a

Digalactosyldiacylglycerol 3.68±0.14A 3.35±0.03A 9.79±0.63a 7.59±0.37b

Phosphatidylglycerol 1.22±0.04A 1.23±0.05A 4.23±0.38a 3.52±0.41a

Phosphatidylcholine 50.46±1.26A 50.00±1.02A 42.36±1.81a 41.90±1.11a

Phosphatidylethanolamine 20.81±0.98A 26.65±0.64B 14.29±0.68a 16.49±0.44a

Phosphatidylinositol 9.15±0.97A 7.50±0.27A 4.53±0.48a 4.81±0.61a

Phosphatidylserine 0.18±0.02A 0.30±0.02B 0.66±0.05a 1.02±0.15a

Phosphatidic acid 8.66±1.26A 4.71±0.13B 3.08±0.25a 2.78±0.40a

Lysophosphatidylcholine 2.14±0.19A 3.08±0.25B 0.67±0.05a 0.83±0.11a

Lysophosphatidylethanolamine 1.34±0.07A 1.56±0.10A 0.32±0.01a 0.38±0.04a

Lysophosphatidylglycerol 0.18±0.04A 0.07±0.01A 0.55±0.06a 0.74±0.08a

Data are means ± s.e. of five observations. Pollen and pistil were analysed separately for significance. Means with different letters in each row are 
significantly (P < 0.05) different.
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