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Abstract 

 

As a high-quality cool-season grass, Kentucky bluegrass (Poa pratensis) is facing increasing threat of high 

temperature, so improving its heat tolerance (HT) has become an important breeding target. In this study, the 
HT of 84 materials was identified in the artificial climate chamber, and 15 most heat-tolerant and 15 most 
heat-sensitive materials were selected respectively to construct two DNA pools. There was a significant 
difference in high-temperature tolerance time between the plants in the two pools, which was more than 22 
days. A total of 304 sequence-related amplified polymorphism (SRAP) and 88 simple sequence repeat (SSR) 
markers were used to screen the polymorphic bands between the two pools. Then, these bands were 
transformed into sequence characterized amplified region (SCAR) markers, and finally 12 SCAR dominant 
markers related to HT were obtained, which could detect the heat-sensitive materials efficiently. Among them, 
S-me8×em2 and S-me52×em5 had the best identification effect, and the consistency between the absence of 
these two markers and the heat-sensitive phenotype was 87%. According to the comparison with NCBI 
database, the sequences of 12 SCAR markers had no homology with known HT related genes. Next, we would 
further verify the HT identification efficiency of these SCAR markers in single plants within materials, and try 
to use them in molecular marker-assisted breeding. 

 

Keywords: heat tolerance; Poa pratensis; SCAR marker; SRAP marker; SSR marker 

 
 
Introduction 

 
Kentucky bluegrass (Poa pratensis) (KBG) is a cool-season turfgrass, which is widely distributed in 

temperate and cold regions of the world (Gan et al., 2016). Due to its soft texture and excellent resilience, it is 

often used for greening and various sports venues. As global warming continues, elevated temperature is 
increasingly threatening the growth of cold-season grasses. High temperature will affect plant photosynthesis, 
respiration, water balance, and destroy the stability of leaf membrane, thereby accelerating plant aging, 
shortening growth cycle, and ultimately affecting yield. Global surface temperature has risen by 0.5 °C in the 
past century, and is expected to continue rising by 1.5-4.5 °C in the 21st century (Karl et al., 1991; Hansen et 

al., 2006). In China, high temperature is common throughout the country in summer. For example, in the 

middle and lower reaches of the Yangtze river, the temperature in July and August is generally 25-35 °C, and 
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extreme temperature above 40 °C often occur. High temperature seriously restricted the development and 
utilization of KBG in these areas. Therefore, improving plant heat tolerance (HT) and discovering the HT 
related genes are important breeding target and research direction in KBG. 

The genetic background and reproductive pattern of KBG are extremely complex. They can produce 
seeds both sexually and asexually (apomixis), and a complex series of polyploidy and aneuploidy often exists 
among different strains. Moreover, HT is a complex trait controlled by multiple genes, involving many 
regulatory mechanisms in plants. Therefore, it is difficult to study the HT of KBG by conventional molecular 
biology methods like model plants. In addition, conventional turfgrass breeding (e.g., ecotype selection, 
artificial hybridization) for HT should take a lot of time and labour. New cultivar development in KBG takes 
at least 6 years, but is usually closer to 8 to 10 years after seed production and turf plot evaluation (Meyer et al., 

2017).  
Facing the complex genetic background and target trait, it may be an efficient and feasible approach 

to study HT by molecular markers, such as screening molecular markers linked to HT genes for marker-assisted 
breeding. With the development of molecular marker technology, it has become an important means of plant 
research and is widely used in various important crops. Currently, commonly used molecular markers include 
random amplified polymorphic DNA (RAPD) (Williams et al., 1990), amplified fragment length 

polymorphism (AFLP) (Vos et al., 1995), sequence-related amplified polymorphism (SRAP) (Li and Quiros, 

2001), simple sequence repeat (SSR) (Akkaya et al., 1992), sequence characterized amplified region (SCAR) 

(Paran and Michelmore, 1993) and so on. 
According to the design principle of primers, SRAP markers can produce polymorphic amplification 

products due to the differences in the introns, promoters and spacer regions between different individuals. In 
SSR markers, primers are designed to amplify repeat sequences by using the conservative sequences on both 
sides of tandem repeat short sequences, so as to detect polymorphisms caused by different sequence repeat 
times. Because these two types of markers have the advantages of simple operation, high polymorphism and 
reliable results, they have been widely used in genetic map construction, genetic diversity analysis, species 
identification, and gene localization of important agronomic traits in various grasses, such as buffalograss 
(Buchloe dactyloides), bermudagrass (Cynodon dactylon), sainfoin (Onobrychis viciifolia), Hemarthria compressa, 

Trichloris crinita, sage (Salvia), bentgrass (Agrostis) etc. (Budak et al., 2004a; Budak et al., 2004b; Wang et al., 

2011; Huang et al., 2012; Honig et al., 2016; Aghaei et al., 2017; Zheng et al., 2017; Guo et al., 2017; Kempf 

et al., 2017; Kozub et al., 2018). 

SSR and SRAP markers also play important roles in abiotic stress studies of crops. For example, in 
wheat (Triticum aestivum), Moustafa et al. (2014) identified SRAP markers linked with six agronomic traits 

under drought stress. Said et al. (2015) detected SRAP markers associated with four agronomic traits related 

to HT. El-Rawy and Youssef (2014) evaluated the drought and HT in wheat based on seedling traits, and 
screened the SRAP markers associated with them. In rice (Oryza sativa), salt tolerance could be evaluated by 

K+/Na+ ratio, so Reddy et al. (2017) identified five SSR markers linked to the ratio, which could help in 

differentiation of tolerance at the seedling stage. Molla et al. (2015) identified SSR markers from salt responsive 

candidate genes and used them as a remarkable tool to distinguish slat sensitive and tolerant rice genotypes. In 
addition, Huang et al. (2017) screened out three SSR markers that were highly positively correlated with 

relative conductivity and malondialdehyde content, which could distinguish the cold-resistant and non-cold-
resistant varieties in Brassica rapa. 

In recent years, the search for molecular markers related to abiotic stress resistance has also been carried 
out in turfgrass. For example, 2 SSR markers associated with growth rate and evapotranspiration rate were 
simultaneously identified in two tall fescue (Festuca arundinacea) trials in response to heat stress (Sun et al., 

2015a). In creeping bentgrass (Agrostis stolonifera), Jespersen et al. (2018) identified 21 SSR markers and 3 

candidate gene markers associated with either summer performance or drought tolerance. However, in general, 
the application of molecular markers in abiotic stress research and breeding in turfgrass is very limited. 
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This study was designed to identify SRAP and SSR markers that are linked to HT trait via pseudo-
bulked segregant analysis (BSA) method. Then, these markers would be further transformed into SCAR 
markers and verified in the HT identification population. The objective of the study is to find more molecular 
markers related to HT for future molecular marker-assisted breeding to improve breeding efficiency. At the 
same time, we hope to learn more information about the HT genes in KBG. 
 
 

Materials and Methods 

 
Plant materials 

In this study, a total of 84 KBG materials (J1-J84) from home and abroad were collected for HT 
identification and molecular marker polymorphism screening. Subsequently, 5 more materials (X1-X5) were 
collected, together with the previous 84 materials, for the PCR amplification of SCAR markers. All 89 
materials (Table S1) included 50 imported varieties, 12 wild materials abroad, 5 domestic varieties/lines, and 
22 domestic wild materials. Seventy-three of these materials (Z1-Z73) had previously been analysed for genetic 
diversity using SSR and SRAP markers (Yuan et al., 2018). 

On October 12, 2015, seeds of all materials were taken for germination. One month later, 12 seedlings 
of each material were randomly selected and transplanted to potted trays. These plants were grown in a farm 
greenhouse at the School of Agriculture and Biology, Shanghai Jiaotong University, Shanghai, China, for HT 
identification. Since some materials failed to recover after heat stress, all materials (except for J23 and J25, no 
seeds) were reseeded for germination by the end of September 2017, for later use in SCAR markers verification. 
They were also cultured in the greenhouse under natural conditions (about 15-30 °C, 40-80% humidity, and 
natural sunlight). 

 

HT identification 

This experiment adopted completely random block design. There were 2 blocks, each block included 84 
materials, and each material was planted in a row (6 plants). All these plants were transferred to the artificial 
climate chamber on July 12, 2016 controlled at 25 °C /20 °C (16h day /8h night). A week later, the plants were 
pruned to about 6-7cm tall. After another 3 days, heat stress began, and the temperature was adjusted to 40 °C 
/35 °C (16h day /8h night). In order to expose each plant to the same degree of stress as possible, moved the 
trays clockwise (about two weeks in a cycle) and inverted each tray 180° every day. During the whole 
experiment, the daylight intensity of the artificial climate chamber was 600Lux and the humidity was 50%. 
Plants were watered every two days, evenly watering each tray for 2L. 

Plant height of each individual was measured at four time points: before normal temperature culture 
(BN), one week after normal temperature culture (AN), before heat stress (BH), and one week after heat stress 
(AH). Then, the growth rate under heat stress (GRH) was calculated: [plant height (AH) - plant height (BH)] 
/ [plant height (AN) - plant height (BN)] ×100%. 

After 7 days of high temperature stress (July 29), the individuals with the worst performance were taken 
out for the first time, and then a batch of individuals with the worst state for the day were taken out every other 
day. Extraction criteria for these plants were: at least half leaf area was wilted and yellow. Also, all the plants 
taken out on the same day were ranked from poor to good, and then put into the light incubator at 20 °C for 
restoration culture. Combined with the date of extraction and the state ranking of the day, the HT of each 
plant was calculated according to the following formula: 

��	����� = 
 +
1



× (� − 1)	 

Where, ‘D’ was the D time to take out (July 29 is the first time, that is D = 1); ‘N’ was the total number 
of plants taken out that day; ‘A’ was the state ranking of the single plant taken out on that day (the worst one, 
A = 1). The higher the HT score, the better HT of the plant. 
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The HT of each material was based on the average score of 12 individual plants in the material, and the 
HT of 84 materials was then ranked from strong to weak. From the materials recovered after stress, 15 most 
heat-tolerant and 15 most heat-sensitive materials were selected respectively. Next, chose the most extreme 
plant from each material. For example, chose the most heat-tolerant plant from the tolerant material, the most 
heat-sensitive plant from the sensitive material, and if the plant died, chose the second most sensitive plant, and 
so on. In this way, 15 heat-tolerant and 15 heat-sensitive plants were selected respectively for subsequent 
polymorphic screening of molecular markers. 

 
DNA extraction and polymorphic screening of molecular markers 

The fresh leaves of each plant were collected and frozen in liquid nitrogen for subsequent extraction of 
genomic DNA with CTAB method (Clark, 1998). Equal amounts of DNA from 15 heat-tolerant plants and 
15 heat-sensitive plants were pooled to construct two DNA pools, heat-tolerant pool (HTP) and heat-sensitive 
pool (HSP). In addition, identical amounts of leaves were collected from about 20 reseeded plants in each 
material, and the DNA mixture of each material was extracted for SCAR verification. All extracted DNA 
samples were detected by 0.8% agarose gels via electrophoresis. 

A total of 304 SRAP and 88 SSR primer pairs were selected for polymorphism screening, which had 
good amplification effect in previous studies. The primers of SSR markers were from Honig et al. (2010). The 

SRAP markers used in this study were chosen from Li and Quiros (2001), Ferriol et al. (2003), Li et al. (2003) 

and Wang et al. (2005) (Table S2). All the primers were synthesized by Sangon Biological Engineering 

Technology and Service Co. Ltd, Shanghai. The PCR reaction system and amplification procedure of SRAP 
and SSR markers were carried out according to Yuan et al. (2018). All PCR reactions were confirmed at least 

twice. 
Initially, BSA was used to screen the polymorphic bands between the two DNA pools, but no ideal 

difference bands (HTP: with bands; HSP: no band) were found. Then, the DNA of 30 individual plants was 
amplified directly, and the bands that were present in most heat-tolerant individual plants and absent in most 
sensitive individual plants were selected. To avoid omission, looser selection criterion was set: if the total 
number of bands amplified in [(HTP’s plants) – (HSP’s plants)] ≥ 8, the bands were recorded. Subsequently, 
polymorphic bands were scored as present (1) or absent (0); meanwhile, heat tolerance and sensitivity of the 
plants were recorded as 1 and 0 respectively. The data were analysed using the Numerical Taxonomy and 
Multivariate Analysis System (NTSYSpc) version 2.10 (Exeter Software, Setauket, NY). Based on the 
dendrogram constructed by the unweighted pair group method (UPGMA), the polymorphic bands closely 
related to HT were found. 

 
Cloning and sequencing of the fragments related to HT 

Cut the polyacrylamide gel with the target band and dissolved it in the double distilled water. After 
centrifugation, 4 μL supernatant was used as template for PCR amplification. The reaction conditions were as 
follows: 95 °C for 3 min, followed by 35 cycles of 95 °C 15s, 50 °C 30s and 72 °C 30s, and a final extension at 
72 °C for 6 min. The amplification products were separated on 1.0% agarose gels and retrieved with the Gel 
Extraction Kit (DV805A, TaKaRa, Talien, China). The target bands were ligated into the pMD18-T vector 
(D101A, TaKaRa, Talien, China). The positive clones bearing DNA of the expected size were sequenced by 
Sangon Biotech (Shanghai, China). 

 
SCAR primer design and amplification 

According to the sequence of the fragments, Primer Premier 5.0 software was used to design the SCAR 
primers (primer length ≥ 21bp). SCAR markers were named as “S-“ + “SSR/SRAP marker name”. The 
condition of the SCAR amplification was as follows: 94 °C for 3 min, followed by 30 cycles at 94 °C for 10 s, 
annealing for 30 s, and 72 °C for 30 s and a final extension at 72 °C for 6 min. Annealing temperature of 
different SCAR markers were 55-62 °C. 



Tu M et al. (2020). Not Bot Horti Agrobo 48(2):509-522 

 

513 
 
 
 
 

 

Results 
 

Identification of HT in KBG materials 

The top three HT materials were J10 (imported variety), J84 (wild material abroad) and J06 (imported 
variety). Their HT scores were all over 22 points, which meant that they did not show serious stress state until 
49 days after thermal stress. There were 19 materials with more than 19 points, among which 14 were imported 
varieties, 1 was domestic variety, and 4 were wild materials from home and abroad. The three materials with 
the lowest HT scores were J64, J51 and J46, which were all wild materials in China. All of them scored less than 
5 points, suggesting that they were significantly worse off after 15 days of heat stress. A total of 18 materials 
scored less than 14 points, except J22, the rest were all wild materials (13 domestic and 4 foreign). Comparing 
the top three and the bottom three materials, the tolerance time to stress was more than one month different, 
indicating that there was a significant difference in HT between them. As a whole, the HT of imported varieties 
was better than that of wild materials. 

According to the material’s HT score and the individual plant’s HT score in the material, 15 plants with 
the strongest and weakest HT were selected from the recovered plants respectively (Table 1) for subsequent 
polymorphism screening. Among them, all the heat-tolerant individual plants scored more than 22 points, and 
their materials scored more than 19 points. All the heat-sensitive individual plants scored less than 11 points, 
and their materials scored less than 15 points. The tolerance time of the individual plants between the two 
pools was more than 22 days. 

 
Table 1. Heat tolerance ranking and score of the materials constituting the heat-tolerant and heat-sensitive 
pools1 

Code 
HT 

ranking2 
HT 

score2 
GRH3 

(%) 
Code 

HT 
ranking2 

HT 
score2 

GRH3 

(%) 

J10 1 22.90 13.04 J46 82 4.81 20.21 

J84 2 22.19 37.43 J72 81 5.55 21.54 

J06 3 22.05 12.67 J69 80 6.04 28.44 

J11 4 21.75 17.27 J70 79 6.96 20.72 

J83 5 20.99 19.40 J53 78 7.33 28.98 

J01 7 20.33 39.72 J48 77 8.03 23.23 

J41 8 20.32 39.01 J71 76 8.92 23.30 

J27 11 19.58 32.42 J52 75 9.25 23.95 

J62 12 19.40 44.40 J49 74 10.25 29.77 

J39 13 19.32 33.27 J781 73 11.05 27.27 

J12 14 19.30 16.91 J74 72 12.18 51.40 

J02 15 19.21 30.04 J80 69 13.23 26.30 

J42 16 19.14 62.15 J79 68 13.61 36.20 

J07 17 19.12 20.22 J22 67 13.81 40.09 

J35 18 19.11 34.72 J04 66 14.57 18.02 
1The left half of the table is the materials used to build heat-tolerant pool, the right half of the table is the materials 
constituting the heat-sensitive pool. 
2HT, heat tolerance; both score and ranking refer to the average performance of the material.  
3GRH, growth rate under heat stress 

 
Growth rate under thermal stress 

After heat stress, the growth rate of all materials slowed down significantly, and the slowing degree of 
different materials was obviously different. For example, in the first heat stress week, the GRH of J42 could still 
reach 62%, and the GRH of J68, J45, J31 and J74 could also reach more than 50%. However, some other 
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materials showed severe growth inhibition after stress, such as J06, J10, J13, J14, J15, J16, J51, J64 and J66, 
whose growth amount in the first heat stress week were less than 15% of normal temperature. Further analysis 
showed that there was no correlation between HT ranking and GRH among these most heat-tolerant and 
sensitive materials (Table 1). In the HTP, some materials were severely inhibited by high temperature (J06, 
J10), while others were less affected (J42). Therefore, the HT of the material could not be judged simply by its 
GRH. 

 
Screening for molecular markers related to heat resistance 

Between the heat tolerant and sensitive materials, SRAP and SSR markers showed high polymorphism, 
with a total of 1254 SRAP and 77 SSR polymorphism bands (Figure 1). If the presence or absence of bands 
were identical in these 30 plants, then these bands were classified into one type. After classification, there were 
373 types of SRAP bands, denoted as SRAP-1~SRAP-373, and 36 types of SSR bands, denoted as SSR-1~SSR-
36. Cluster analysis (15 + 15) of these band types and HT trait was then performed. 

 

 
Figure 1. Polymorphism screening of SRAP and SSR primers in two pools and 30 plants that comprising 
the two pools. Primers from top to bottom are me4×em9 (SRAP), PM8×em10 (SRAP), GA1 (SSR), and 
GA753 (SSR); HT, heat-tolerant pool; HS, heat-sensitive pool; Arrows indicate the polymorphic bands 

 
In the statistical process, it was found that the amplification results of some plants were sometimes 

different from others in the same pool, such as J06, J27, J42, J79, J22, and J04. Then, these individual plants 
were removed and the remaining 12 heat-tolerant and 12 heat-sensitive plants were analysed again. The SRAP 
bands were merged into 186 types and the SSR bands into 31 types. Cluster analysis (12+12) was used to find 
the band types with high correlation with HT trait (Figure S1). Based on the results of cluster analysis (12+12) 
and referring to the results of cluster analysis (15+15), 29 SRAP bands and 2 SSR bands were selected finally. 
These fragments were present in most heat-tolerant plants and absent in most heat-sensitive plants. 

 
Development and validation of SCAR markers 

Of the 31 bands (29 SRAP+2 SSR) mentioned above, 24 were sequenced successfully, most of which 
were between 200-600 bp in size. According to their sequences, 24 pairs of primers were designed, and these 
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SCAR primers were amplified in the 30 plants of the two pools (Figure 2). By comparison, the amplification 
results of 19 SCAR markers were consistent with the original SRAP/SSR markers, and then these SCAR 
markers were further amplified in 82 materials that had been previously tested for HT (Figure 3). Finally, 14 
SCAR markers were obtained that could amplify the stable clear specific bands in the population (Table 2). 

 

 
Figure 2. Polymorphism screening of SCAR primers in two pools and 30 plants that comprising the two 
pools. Primers from top to bottom are S-GA1 and S-me22×em18; HT, heat-tolerant pool; HS, heat-
sensitive pool; M, DNA Marker DM2000 (CWBIO, China) 
 

 
Figure 3. Amplification bands of 87 Kentucky bluegrass materials generated by SCAR markers. (A) The 
SCAR primer combination S-me52×em5; (B) The SCAR primer combination S-PM8×em10 

 

 

 



Tu M et al. (2020). Not Bot Horti Agrobo 48(2):509-522 

 

516 
 
 
 
 

 

Table 2. 14 SCAR primer pairs derived from the cloned SRAP and SSR markers 

SCAR name Primer sequence (5'->3') 1 
Annealing 
temp (°C) 

Amplicon size 
(bp2) 

S-me2×em9 
F: TGAGTCCAAACCGGAGCAGGA 

56 397 
R: GACTGCGTACGAATTTCACACATATAAT 

S-me4×em4 
F: TGAGTCCAAACCGGACCTGCA 

59 341 
R: GACTGCGTACGAATTTGACCAGTTT 

S-me4×em9 
F: TGAGTCCAAACCGGACCGTGGTAT 

55 300 
R: GACTGCGTACGAATTTCATCATTGT 

S-me5×em51 
F: TGAGTCCAAACCGGAAGTGTAGAT 

55 267 
R: GACTGCGTACGAATTGATTGATGTT 

S-me7×em6 
F: TGAGTCCAAACCGGTGCCATCTA 

55 345 
R: GACTGCGTACGAATTGCATGTAAAAAG 

S-me7×em7 
F: TGAGTCCAAACCGGTGCAGAGTA 

55 216 
R: GACTGCGTACGAATTCAAGGAGAAG 

S-me8×em2 
F: TGAGTCCAAACCGGTAGACATC 

55 368 
R: GACTGCGTACGAATTTGCCATC 

S-me9×GA18 
F: TGAGTCCAAACCGGCAGGAGAA 

56 606 
R: GGCTTGAACGAGTGACTGAACCTT 

S-me10×em9 
F: TGAGTCCAAACCGGCATCGAC 

55 368 
R: GACTGCGTACGAATTTCACCTCTG 

S-me22×em18 
F: TGAGTCGTATCCGGAGTGATAACAG 

55 265 
R: GACTGCGTACGAATTCCTTTGCC 

S-me23×GA18 
F: TGAGTCGTATCCGGTAGAATCAGC 

58 347 
R: GGCTTGAACGAGTGACTGACTG 

S-me52×em5 
F: TGAGTCCTTTCCGGTAACAGAGC 

55 244 
R: GACTGCGTACGAATTAACAGTATTC 

S-PM8×em10 
F: CTGGTGAATGCCGCTCTCGATC 

62 387 
R: GACTGCGTACGAATTGAGGGCAA 

S-GA1 
F: AAGGCTCGGTTGAGTTCAGTGAGG 

55 201 
R: TTTGGAAGAGGAGGCAGAGAAGTG 

1F, forward primer; R, reverse primer 
2bp, base pair 

 
According to the HT ranking of 84 materials, three sections of materials were selected (10 materials in 

each section): heat-tolerant group [1st-11th, except J23 (6th)], medium group [38th-48th, except J25 (44th)], 
and heat-sensitive group (75th-84th). The total number of bands amplified by each SCAR marker in 10 
materials per section was calculated (Table 3). 14 SCAR markers amplified an average of 9.6, 8.3 and 4.4 bands 
in heat-tolerant, medium and heat-sensitive group respectively. Unexpected, there was no significant band 
reduction in the medium group compared with the heat-tolerant group. In the sensitive group, the markers 
with the least bands were S-me8×em2 and S-me52×em5 (2 bands), followed by S-me22×em18 and S-GA1 (3 
bands). Except for S-me4×em4 and S-me7×em7, the number of bands amplified by the other 12 SCAR 
markers in the three groups showed a tendency of gradually decreasing with the decrease of HT. 
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Table 3. The number of bands amplified by 14 SCAR markers in heat tolerant, medium and sensitive 
groups1 

SCAR name 
The number of amplified bands 

Heat-tolerant group Medium group Heat-sensitive group 

S-me2×em9 10 7 4 

S-me4×em4 10 7 9 

S-me4×em9 10 9 5 

S-me5×em51 10 8 5 

S-me7×em6 10 9 5 

S-me7×em7 7 8 4 

S-me8×em2 10 8 2 

S-me9×GA18 10 7 5 

S-me10×em9 9 9 4 

S-me22×em18 10 10 3 

S-me23×GA18 9 5 5 

S-me52×em5 10 10 2 

S-PM8×em10 10 9 6 

S-GA1 10 10 3 
1According to the heat tolerance ranking from high to low, three groups of materials were chosen: heat-tolerant group 
[1st to 11th, except J23 (6th)], medium group [28th to 48th, except J25 (44th)], and heat-sensitive group (75th-84th). 

 
The total number of bands amplified by 12 SCAR markers in each material was also counted. The 

materials with no or few bands (≤ 2) were J28 (0), J78 (2), J49 (0), J71 (0), J48 (0), J72 (1) and J51 (0), and 
their HT ranking was in order of the 57th, 73rd, 74th, 76th, 77th, 81st and 83rd. Obviously, most of them had 
poor HT, which was consistent with the results of band amplification. It could be seen that the 12 SCAR 
markers developed had high accuracy in the identification of heat-sensitive materials, and the fewer bands, the 
more heat sensitivity. 

In addition, the five materials not identified for HT before were also amplified by the 12 SCAR markers 
(Figure 3): X1 and X5 amplified all 12 bands, X2, X3, and X4 amplified 6, 8, and 10 bands, respectively. 
Presumably, their HT from strong to weak was X1/X5, X4, X3, X2; of course, this had yet to be verified after 
the HT identification of these materials. 

 
 
Discussion 
 
HT identification is the most basic, critical and difficult part in the HT researches. In some studies, 

agronomic traits or physiological and biochemical indicators related to HT were used as criteria for HT 
identification (Said et al., 2015; El-Rawy and Youssef, 2014; Sun et al., 2015a; Jespersen et al., 2018; Priya et 

al., 2018). In this study, plant appearance (yellow leaves) was taken as the only criterion to evaluate the HT of 

plants, which could more directly reflect the stress degree of plants and facilitate large-scale identification. And, 
during heat stress, various measures had been taken as far as possible to ensure that about a thousand plants 
could be exposed to uniform environmental factors (temperature, light, wind speed etc.). At the same time, the 
selection of individual plants for marker screening was also very cautious, first select the materials according to 
the average performance of individual plants in the material, and then from each of these materials to select the 
most extreme individual plants. Individual plants could be easily detected and removed if they exhibited 
exceptional HT due to chance factors. 

As a complex trait, HT is the result of a large number of genes acting together. Different stress 
environments and different materials may involve different heat resistance mechanisms (Sun et al., 2015b). 

Meanwhile, screening for molecular markers related to HT is also a matter of chance, such as the number and 
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type of markers would affect the results. In tall fescue, Sun et al. (2015a) placed 100 diverse accessions in 

greenhouse and growth chamber for thermal stress, and screened SSR markers related to HT, respectively. 97 
and 67 marker alleles associated with HT related traits were identified in the two trials, but only 2 SSR marker 
alleles were consistent. In addition, SRAP markers related to drought and heat tolerance were evaluated in 
wheat, and only the specific bands for drought tolerance were found (El-Rawy and Youssef, 2014). In this study, 
some heat-sensitive plants sometimes had HT bands, probably because their heat sensitivity was related to the 
absence of some other heat-tolerant genes, which were not associated with these bands. Similarly, several heat-
tolerant plants did not amplify some HT bands, and their HT might be independent of the heat-tolerant genes 
associated with these bands. Therefore, it was the right choice to relax the selection criteria of HT bands in this 
study. 

Due to the reproductive characteristics of KBG, the genetic background of each individual plant in a 
material is not completely consistent. In this study, single plant DNA was used for molecular markers screening, 
while multiple individual plants mixed DNA in this material was used for SCAR marker validation. As long as 
one strain DNA could amplify the band, the mixed DNA of this material would do so. This might be why, in 
SCAR validation, more than the expected number of bands was amplified in the materials of heat-sensitive 
group and medium group. To test this idea, we looked at three individual plants (J06, J27, and J42) in the HTP, 
as they sometimes failed to amplify HT bands. In the subsequent amplification with 12 SCAR primers, HT 
bands were all amplified in the three materials’ mixed DNA, which confirmed our suspicions. Thankfully, the 
results showed these developed SCAR markers had high identification efficiency for heat-sensitive materials. 
For example, the occurrence rate of S-me8×em2 and S-me52×em5 markers in the 15 most heat-sensitive 
materials was both only 13%. Of course, further verification will be carried out in individual plants within the 
material to assess the correlation between these SCAR markers and HT. 

We would also like to know what information was contained in these obtained HT related fragments, 
and whether they could help us find more HT genes. Therefore, the amplified sequences of 12 SCAR markers 
were compared with NCBI (National Center for Biotechnology Information) database, and the plant sequence 
information (Query Cover > 50%) was sorted out (Table S3). No homologous sequences were found in the 5 
bands amplified by S-me4×em9, S-me8×em2, S-pm8×em10, S-me22×em18 and S-me7×em6. The other 7 
fragments had higher homolog with Brachypodium distachyon, Oryza sativa, Aegilops tauschii, Triticum 

aestivum, Hordeum vulgare and so on. Unfortunately, none of these fragment comments was directly related 

to HT. 
Using molecular markers, screening genes related to HT in the large and complex genome of KBG is like 

looking for a needle in a haystack. Is there a better way to screen with greater efficiency? In many crops it was 
common to use two materials with significant differences in resistance to construct isolated populations and 
map the linkage map with high saturation. Then, QTL mapping of resistance traits could be carried out to find 
out the genes location and the relevant molecular markers that caused the difference of resistance between the 
two materials. However, due to the complex genetic background and reproductive mode of KBG, it was 
difficult to establish isolated populations for genetic map construction, so no research reports in this field have 
been found so far.  

With the popularity of transcriptome sequencing, some studies began to seek and develop molecular 
markers related to resistance from transcriptome information. This could greatly increase the number of 
molecular markers that directly target genes, particularly in species with unclear and/or complex genetic 
backgrounds. Recently, some work on that has been reported in the grass. For example, in Miscanthus, Nie et 

al. (2017) developed SSR markers associated to drought tolerance by transcriptome sequencing. Similarly, Zhu 

et al. (2017) developed SSR markers related to drought stress based on RNA-Seq in Sudan grass (Sorghum 

sudanense). In orchardgrass (Dactylis glomerata L.), a cool-season grass, Huang et al. (2015) identified 

differentially expressed genes under heat stress and developed SNP and SSR markers through transcriptome 
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analysis. We have just completed the transcriptome sequencing of two KBG ecotypes (J29 and X4) in response 
to heat stress (Li et al., 2019), and the development and of SSR markers related to HT are under way. 

 
 
Conclusions 

 
In this study, the HT of nearly 1000 KBG plants from 84 materials was identified. Through the 

screening of a large number of SSR and SRAP markers, we developed 12 SCAR markers related to HT, among 
which S-me8×em2 and S-me52×em5 had the highest identification efficiency. The appearing probability of 
these two amplification bands was very low in the most heat-sensitive materials. However, the amplified 
sequences of 12 SCAR markers were not found to be homologous with known heat-tolerant genes. 
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Table S1. Background of the Kentucky bluegrass materials 

J Code1 Z Code2 
Commercial 

name or 
Place of origin 

Types3 J Code1 Z Code2 
Commercial name 

or 
Place of origin 

Types3 

J01 Z01 Odyssey 
Imported 

variety 
J46 Z45 Tianzhu1 

Domestic wild 
material 

J02 Z02 Freedom 
Ⅲ

 
Imported 

variety 
J47 Z46 Qibian 

Domestic wild 
material 

J03 Z03 Everest 
Imported 

variety 
J48 - Aba 

Domestic wild 
material 

J04 Z04 Arcadia 
Imported 

variety 
J49 - Gulang 

Domestic wild 
material 

J05 Z05 Nuglade 
Imported 

variety 
J50 - Gansu 

Domestic wild 
material 

J06 Z06 Award 
Imported 

variety 
J51 - Lushan 

Domestic wild 
material 

J07 Z07 Nassau 
Imported 

variety 
J52 Z47 Tianzhu2 

Domestic wild 
material 

J08 Z08 Classic 
Imported 

variety 
J53 - Luqu1 

Domestic wild 
material 

J09 Z09 Blue Chip 
Imported 

variety 
J54 Z48 Midnight 2 

Imported 
variety 

J10 Z10 Kingdom 
Imported 

variety 
J55 Z49 Brilliant 

Imported 
variety 

J11 Z11 Barrister 
Imported 

variety 
J56 Z50 Merit 

Imported 
variety 

J12 Z12 Baron 
Imported 

variety 
J57 Z51 Kenblue 

Imported 
variety 

J13 Z13 Merit 
Imported 

variety 
J58 Z52 Miracle 

Imported 
variety 

J14 Z14 Barvictor 
Imported 

variety 
J59 Z53 Numerit 

Imported 
variety 

J15 Z15 Midnight 
Imported 

variety 
J60 Z54 CPP811 (Danmark) Imported line 

J16 Z16 Rugby2 
Imported 

variety 
J61 Z55 CPP812 (Danmark) Imported line 

J17 Z17 Abbey 
Imported 

variety 
J62 Z56 Allure 

Imported 
variety 

J18 Z18 Sapphire 
Imported 

variety 
J63 Z57 Harmony 

Imported 
variety 

J19 Z19 Blue fox 
Imported 

variety 
J64 - Songpan 

Domestic wild 
material 

J20 Z20 Park 
Imported 

variety 
J65 Z58 Dushan 

Domestic wild 
material 

J21 Z21 Kentucky 
Imported 

variety 
J66 Z59 Daqingshan 

Domestic 
variety 

J22 Z22 Brooklawn 
Imported 

variety 
J67 Z60 Qinghai 

Domestic wild 
material 

J23 Z23 Bedazzled 
Imported 

variety 
J68 Z61 Changlin 

Domestic wild 
material 

J24 Z24 Nublue 
Imported 

variety 
J69 - Maqu 

Domestic wild 
material 

J25 - Yongji 
Domestic wild 

material 
J70 - Hongyuan 

Domestic wild 
material 

J26 Z25 Avanlanche 
Imported 

variety 
J71 - Maerkang 

Domestic wild 
material 

J27 Z26 Huhe 
Domestic 

variety 
J72 - Heishui 

Domestic wild 
material 



J28 Z27 Jilin 
Domestic wild 

material 
J73 Z62 Russia1 

Wild material 
abroad 

J29 Z28 KBG03 
Domestic 

variety 
J74 - Czechoslovakian 

Wild material 
abroad 

J30 Z29 KBG04 
Domestic 

variety 
J75 - Denmark 

Wild material 
abroad 

J31 Z30 Evergreen 
Imported 

variety 
J76 Z63 Russia2 

Wild material 
abroad 

J32 Z31 Nu destiny 
Imported 

variety 
J77 Z64 Kazakhstan1 

Wild material 
abroad 

J33 Z32 Superglade 
Imported 

variety 
J78 Z65 Kazakhstan2 

Wild material 
abroad 

J34 Z33 Blueberry 
Imported 

variety 
J79 Z66 Kazakhstan3 

Wild material 
abroad 

J35 Z34 
Gourment 
Midnight 

Imported 
variety 

J80 Z67 Russia3 
Wild material 

abroad 

J36 Z35 B6 
Imported 

variety 
J81 Z68 Kazakhstan4 

Wild material 
abroad 

J37 Z36 Jumpstart 
Imported 

variety 
J82 Z69 Russia4 

Wild material 
abroad 

J38 Z37 Liberator 
Imported 

variety 
J83 Z70 America 

Wild material 
abroad 

J39 Z38 Moonnight 
Imported 

variety 
J84 Z71 Russia5 

Wild material 
abroad 

J40 Z39 Right 
Imported 

variety 
X1 - Thermal blue 

Imported 
variety 

J41 Z40 4-season 
Imported 

variety 
X2 - Luqu2 

Domestic wild 
material 

J42 Z41 bright 
Imported 

variety 
X3 - Xiahe 

Domestic wild 
material 

J43 Z42 Zahe 
Domestic 

variety 
X4 Z72 Ninglan 

Domestic wild 
material 

J44 Z43 Nublue 
Imported 

variety 
X5 Z73 Langra 

Imported 
variety 

J45 Z44 Lanzhou 
Domestic wild 

material 
    

1Materials of J25, J29, J45-J87 came from State Medium-term Repository for Grass Germplasms, China 
2The Z code was the number of materials in the reference (Yuan et al., 2018) 
3Imported varieties were distributed by: Beijing Bright Turf & Forage Co., Ltd.; Beijing Barenbrug International 
Co., Ltd.; Beijing Clover Turf & Forage Co., Ltd. and Beijing TopGreen Seed Co., Ltd. Domestic wild materials are 
named after their collection sites in China. Wild materials abroad named after the country of origin. 

 

 

Table S2. List of SRAP primers used in the present study 

Forward primer Sequence (5'->3') Reverse primer Sequence (5'->3') 

me1 TGAGTCCAAACCGGATA em1 GACTGCGTACGAATTAAT 

me2 TGAGTCCAAACCGGAGC em2 GACTGCGTACGAATTTGC 

me3 TGAGTCCAAACCGGAAT em3 GACTGCGTACGAATTGAC 

me4 TGAGTCCAAACCGGACC em4 GACTGCGTACGAATTTGA 

me5 TGAGTCCAAACCGGAAG em5 GACTGCGTACGAATTAAC 

me6 TGAGTCCAAACCGGACA em6 GACTGCGTACGAATTGCA 

me7 TGAGTCCAAACCGGTGC em7 GACTGCGTACGAATTCAA 

me8 TGAGTCCAAACCGGTAG em8 GACTGCGTACGAATTCTG 

me9 TGAGTCCAAACCGGCAG em9 GACTGCGTACGAATTTCA 

me10 TGAGTCCAAACCGGCAT em10 GACTGCGTACGAATTGAG 

me11 TGAGTCCAAACCGGTCT em51 GACTGCGTACGAATTGAT 

me52 TGAGTCCTTTCCGGTAA em14 GACTGCGTACGAATTCAG 

me53 TGAGTCCTTTCCGGTCC em18 GACTGCGTACGAATTCCT 

me54 TGAGTCCTTTCCGGTGC OD3 
CCAAAACCTAAAACCAGG

A 



me21 TGAGTCGTATCCGGTCT SA4 
TTCTTCTTCCTGGACACAA

A 

me22 TGAGTCGTATCCGGAGT GA18 
GGCTTGAACGAGTGACTG

A 

me23 TGAGTCGTATCCGGTAG   

DC1 TAAACAATGGCTACTCAAG   

PM8 CTGGTGAATGCCGCTCT   

 

 

Figure S1. UPGMA cluster analysis (12+12) based on polymorphic band types and heat tolerance trait. 

(A) 186 SRAP band types + HT. (B) 31 SSR band types + HT. HT, heat tolerance trait 
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Table S2

		Table S3 The homologous plant fragment information compared with the amplified sequences of 12 SCAR primer pairs (by NCBI database)

		No.		SCAR name1		fragment size (bp)		Number of cognate plant entries (Query Cover>50%)		Query Cover (%)		Per. Ident (%)		Description		Accession

		1		S-me2×em9 		397		2		61		69.72		Oryza sativa Indica Group cultivar Shuhui498 chromosome 2 sequence		GenBank: CP018158.1

										61		69.32		Oryza sativa Indica Group cultivar RP Bio-226 chromosome 2 sequence		GenBank: CP012610.1

		2		S-me4×em9 		300		0

		3		S-me5×em51 		267		1		64		68		Aegilops tauschii chromosome 1Ds prolamin gene locus, complete sequence		GenBank: JX295577.2

		4		S-me7×em6 		345		0

		5		S-me8×em2 		368		0

		6		S-me9×GA18 		606		4		78		83.06		Oryza sativa Indica Group cultivar Shuhui498 chromosome 1 sequence		GenBank: CP018157.1

										78		83.06		Oryza sativa Japonica Group DNA, chromosome 1, cultivar: Nipponbare, complete sequence		GenBank: AP014957.1

										78		83.06		Oryza sativa Japonica Group genomic DNA, chromosome 1, BAC clone:B1112D09		GenBank: AP003432.2

										78		82.86		Oryza sativa Indica Group cultivar RP Bio-226 chromosome 1 sequence		GenBank: CP012609.1

		7		S-me10×em9 		368		11		53		89.34		Lolium perenne clone EST28 stem rust resistance protein-like gene, partial sequence		GenBank: EU054394.1

										55		87.38		Triticum aestivum mRNA, clone: whr18g11, cultivar Chinese Spring		GenBank: AK446542.1

										55		87.38		Triticum aestivum mRNA, clone: tplb0006f23, cultivar Chinese Spring		GenBank: AK454642.1

										55		87.38		PREDICTED: Aegilops tauschii subsp. tauschii cysteine-rich receptor-like protein kinase 6 (LOC109747505), transcript variant X2, mRNA		NCBI Reference Sequence: XM_020306553.1

										55		87.38		PREDICTED: Aegilops tauschii subsp. tauschii cysteine-rich receptor-like protein kinase 6 (LOC109747505), transcript variant X1, mRNA		NCBI Reference Sequence: XM_020306552.1

										59		85.91		PREDICTED: Aegilops tauschii subsp. tauschii putative receptor-like protein kinase At4g00960 (LOC109750481), transcript variant X2, mRNA		NCBI Reference Sequence: XM_020309530.1

										59		85.91		PREDICTED: Aegilops tauschii subsp. tauschii putative receptor-like protein kinase At4g00960 (LOC109750481), transcript variant X1, mRNA		NCBI Reference Sequence: XM_020309468.1

										57		86.32		PREDICTED: Aegilops tauschii subsp. tauschii cysteine-rich receptor-like protein kinase 6 (LOC109784785), mRNA		NCBI Reference Sequence: XM_020343383.1

										55		82.13		Triticum aestivum mRNA, clone: tplb0061l24, cultivar Chinese Spring		GenBank: AK453072.1

										55		81.07		PREDICTED: Aegilops tauschii subsp. tauschii cysteine-rich receptor-like protein kinase 37 (LOC109733454), mRNA		NCBI Reference Sequence: XM_020292680.1

										57		79.34		PREDICTED: Brachypodium distachyon putative receptor-like protein kinase At4g00960 (LOC100845522), mRNA		NCBI Reference Sequence: XM_010240912.3

		8		S-me22×em18 		265		0

		9		S-me23×GA18 		347		43		85		75		Aegilops tauschii chromosome 1Ds prolamin gene locus, complete sequence		GenBank: JX295577.2

										87		71.8		PREDICTED: Brachypodium distachyon uncharacterized LOC104584065 (LOC104584065), mRNA		NCBI Reference Sequence: XM_014900473.1

										90		70.29		Hordeum vulgare clone HV_Mba112-L24, complete sequence		GenBank: AC256240.1

										88		70.45		Triticum aestivum clone BAC 123F24, complete sequence		GenBank: JF758497.1

										90		69.68		Triticum aestivum gamma gliadin-B1, gamma gliadin-B2, delta gliadin-B1, gamma gliadin-B4, gamma gliadin-B6, omega gliadin-B3, omega gliadin-B6, LMW-B2, and LMW-B3 genes, complete cds		GenBank: MG560141.1

										87		70.39		Triticum aestivum mRNA, clone: tplb0051b06, cultivar Chinese Spring		GenBank: AK458468.1

										79		71.01		Hordeum vulgare clone lambda phage TD-T6C, complete sequence		GenBank: EU593542.1

										80		69.75		PREDICTED: Aegilops tauschii subsp. tauschii uncharacterized LOC109776333 (LOC109776333), mRNA		NCBI Reference Sequence: XM_020334974.1

										80		69.53		Oryza sativa Indica Group cultivar Shuhui498 chromosome 3 sequence		GenBank: CP018159.1

										80		69.53		Oryza sativa Japonica Group DNA, chromosome 3, cultivar: Nipponbare, complete sequence		GenBank: AP014959.1

										80		69.53		Oryza sativa Indica Group cultivar RP Bio-226 chromosome 3 sequence		GenBank: CP012611.1

										80		69.53		Oryza sativa chromosome 3 BAC OSJNBa0077G22 genomic sequence, complete sequence		GenBank: AC084831.6

										77		68.89		Oryza sativa Indica Group cultivar Shuhui498 chromosome 2 sequence		GenBank: CP018158.1

										77		68.89		Oryza sativa Japonica Group DNA, chromosome 2, cultivar: Nipponbare, complete sequence		GenBank: AP014958.1

										77		68.89		Oryza sativa Indica Group cultivar RP Bio-226 chromosome 2 sequence		GenBank: CP012610.1

										77		68.89		Oryza sativa Japonica Group genomic DNA, chromosome 2, PAC clone:P0017C12		GenBank: AP004769.3

										89		66.99		Saccharum hybrid cultivar BAC clone 51L01, cultivar R570		GenBank: AM403006.1

										76		68.54		Oryza sativa Indica Group cultivar Shuhui498 chromosome 12 sequence		GenBank: CP018168.1

										87		68.54		Oryza sativa Japonica Group DNA, chromosome 12, cultivar: Nipponbare, complete sequence		GenBank: AP014968.1

										76		68.54		Oryza sativa Indica Group cultivar RP Bio-226 chromosome 12 sequence		GenBank: CP012620.1

										76		68.54		Oryza sativa chromosome 12, . BAC OSJNBa0024J08 of library OSJNBa from chromosome 12 of cultivar Nipponbare of ssp. japonica of Oryza sativa (rice), complete sequence		GenBank: BX000492.1

										50		77.69		Ipomoea trifida cultivar NCNSP0306 chromosome 2		GenBank: CP025645.1

										58		70.67		PREDICTED: Sorghum bicolor uncharacterized LOC110437330 (LOC110437330), mRNA		NCBI Reference Sequence: XM_021465751.1

										57		70.79		Hordeum vulgare subsp. vulgare mitochondrial DNA, complete sequence, strain: HarunaNijo		GenBank: AP017301.1

										57		70.79		Hordeum vulgare subsp. spontaneum mitochondrial DNA, complete sequence, strain: H602		GenBank: AP017300.1

										57		70.79		Hordeum vulgare subsp. vulgare mitochondrial rps2 gene for ribosomal protein S2, complete cds		GenBank: AB158193.1

										85		67		PREDICTED: Quercus suber uncharacterized LOC112024740 (LOC112024740), mRNA		NCBI Reference Sequence: XM_024057374.1

										50		70.19		Triticum urartu clone BAC 252P12+402A6 cytosolic acetyl-CoA carboxylase (Acc-2) and putative amino acid permease genes, complete cds		GenBank: EU660893.1

										55		80.52		Brassica oleracea HDEM genome, scaffold: C5		GenBank: LR031877.1

										68		67.22		Triticum urartu clone BAC 059G16 plastid acetyl-CoA carboxylase (Acc-1) gene, complete cds; nuclear gene for plastid product		GenBank: EU660896.1

										74		72.81		Ipomoea trifida cultivar NCNSP0306 chromosome 3		GenBank: CP025646.1

										68		72.41		Ipomoea triloba cultivar NCNSP0323 chromosome 11		GenBank: CP025670.1

										76		65.41		Triticum monococcum clone BAC AM10001, complete sequence		GenBank: GQ184456.1

										56		79.17		Brassica oleracea HDEM genome, scaffold: C9		GenBank: LR031875.1

										51		75.86		Arabis alpina genome assembly, chromosome: 4		GenBank: LT669791.1

										55		81.25		Arabis alpina genome assembly, chromosome: 3		GenBank: LT669790.1

										55		72.22		Brassica oleracea HDEM genome, scaffold: C7		GenBank: LR031876.1

										52		75.9		Ipomoea triloba cultivar NCNSP0323 chromosome 2		GenBank: CP025661.1

										61		74.23		Linum usitatissimum chromosome Lu2		GenBank: CP027626.1

										72		77.78		Ipomoea triloba cultivar NCNSP0323 chromosome 6		GenBank: CP025665.1

										60		74.26		Ipomoea triloba cultivar NCNSP0323 chromosome 4		GenBank: CP025663.1

										54		76.62		Arabidopsis thaliana genome assembly, chromosome: 3		GenBank: LR215054.1

										76		68.15		Oryza sativa Japonica Group DNA, chromosome 10, cultivar: Nipponbare, complete sequence		GenBank: AP014966.1

		10		S-me52×em5 		244		3		84		74.55		PREDICTED: Aegilops tauschii subsp. tauschii inositol-tetrakisphosphate 1-kinase 6 (LOC109764293), mRNA		NCBI Reference Sequence: XM_020323136.1

										87		74.01		Triticum aestivum cDNA, clone: WT005_H07, cultivar: Chinese Spring		GenBank: AK333021.1

										86		72.34		PREDICTED: Brachypodium distachyon inositol-tetrakisphosphate 1-kinase 6 (LOC100837016), mRNA		NCBI Reference Sequence: XM_003578407.4

		11		S-PM8×em10 		387		0

		12		S-GA1-HT 		201		1		61		93.6		Poa pratensis microsatellite NJPpGA1 sequence		GenBank: HM136687.1

				1Bold font: results of highly similar sequences (megablast); Normal font: results of somewhat similar sequences (blastn) 

				Megablast is preferred for comparison.When no information can be obtained through megablast, blastn is adopted for comparison.























