
Table S1. The growth and physiological indicators of ryegrass. 

Treatment Height (cm) Weight (g) Tiller 
numbers 

Soluble protein 
(μg·g−1 FW) 

Chla 
(mg·g−1FW) 

C0 65.07±2.20a 17.19±1.60a 6.33±0.52a 242.67±16.36b 2.68±0.48a 
C5 60.17±1.57ab 13.79±1.13b 5.00±0.89a 252.78±19.47ab 3.03±0.38a 

C25 56.57±1.66ab 13.47±1.41b 5.67±1.37a 282.78±12.71a 3.10±0.23a 
C50 53.57±4.29bc 12.17±0.82b 5.33±0.52a 252.28±13.43ab 2.96±0.32a 
C100 53.67±2.44cd 12.44±1.03b 4.67±0.52ab 232.83±20.63b 3.03±0.52a 
C500 48.77±3.19d 5.00±0.41c 3.00±0.89b 261.44±11.79ab 3.15±0.39a 

F 10.531 30.200 4.350 2.716 0.427 
P < 0.001 < 0.001 0.017 0.073 0.821 

Note: Data are expressed as mean values with standard deviations (±SD), and analyzed by ANOVA with Duncan's test. 

Different lowercase letters indicate that values are significantly different at P < 0.05. 

 
Table S2. Enzyme activity varying in ryegrass. 

Treatment MDA (nmol·g−1 
FW) 

SOD (U·g−1 
FW) 

POD (U·g−1 FW) CAT (U·g−1 FW) 

C0 27.83±2.31b 37.41±3.55d 76.17±13.34c 4.50±0.82c 
C5 19.37±3.14d 208.78±69.10c 109.17±11.90b 5.20±1.42c 

C25 19.90±2.12cd 254.69±46.08c 148.67±8.85a 7.80±0.54a 
C50 17.92±2.41d 513.59±110.79b 135.00±29.33ab 6.23±0.05abc 

C100 24.77±0.14bc 812.13±131.42a 108.00±12.23b 7.37±0.69ab 
C500 33.78±3.50a 338.16±47.12c 133.92±8.85ab 5.97±0.69bc 

F 14.202 27.291 6.608 5.731 
P < 0.001 < 0.001 0.004 0.006 

Note: Data are expressed as mean values with standard deviations (±SD), and analyzed by ANOVA with Duncan's test. 

Different lowercase letters indicate that values are significantly different at P < 0.05. 

 
Table S3. Antioxidant enzyme gene expression abundance in ryegrass under cadmium stress. 

Treatmen
t 

POD CAT APX Cu/ZnSOD FeSOD MnSOD 

C0 1.03±0.28b 1.00±0.00c 1.75±0.12
b 

1.11±0.54b 1.03±0.31c 1.04±0.34a
b 

C5 4.35±2.00b 2.77±1.98c 0.22±0.14c 0.57±0.33c 1.21±0.58b
c 

1.30±0.64a 

C25 25.34±13.60
a 

1.37±0.87c 1.47±0.02
b 

0.86±0.18b
c 

1.12±0.62b
c 

1.45±0.26a 

C50 2.05±1.28b 1.62±0.23c 2.88±0.41
a 

2.30±0.63a 2.58±0.50b 1.30±0.16a 

C100 0.13±0.03b 10.36±3.87
b 

1.45±0.12
b 

0.54±0.16b
c 

2.52±0.53b 0.78±0.08b 

C500 0.85±0.16b 15.54±5.13
a 

3.34±0.61
a 

2.47±0.57a 4.17±1.47a 0.97±0.17a
b 

F 9.013 14.429 37.741 13.452 7.826 2.719 
P 0.001 < 0.001 <0.001 < 0.001 0.002 0.072 

Note: Data are expressed as mean values with standard deviations (±SD), and analyzed by ANOVA with Duncan's test. 

Different lowercase letters indicate that values are significantly different at P < 0.05. 

 

  



Table S4. Summary of sequencing data statistics. 

Sampl
e 

Clean 
reads Clean bases 

Error rate 
(%) 

Q20 
(%) 

Q30 
(%) 

GC content 
(%) 

C0_1 46,641,088 
6,842,055,34

9 0.0247 98.11 94.50 55.16 

C0_2 47,641,532 
6,974,942,41

9 0.0245 98.21 94.72 55.32 

C0_3 43,093,830 
6,339,134,77

7 0.0247 98.11 94.47 54.97 

C50_1 47,116,950 
6,910,700,65

5 0.0245 98.19 94.68 56.23 

C50_2 50,036,728 
7,364,445,12

6 0.0244 98.22 94.74 55.05 

C50_3 43,855,802 
6,519,257,20

8 0.0244 98.24 94.79 55.54 

C500_1 51,212,352 
7,403,707,95

0 0.0245 98.21 94.71 55.68 
C500_2 50878,358 7381652,488 0.0245 98.20 94.68 54.31 
C500_3 46455,420 6794815,811 0.0246 98.15 94.60 55.20 

 
Table S5. Optimized transcriptome assembly details. 

Type Unigene Transcript 
Total number 118,443 222,269 

Total sequence base 89,265,563 183,347,587 
Largest length (bp) 15,667 15,667 
Smallest length (bp) 201 201 
Average length (bp) 754 825 

N50 length (bp) 1168 1223 
E90N50 length (bp) 2091 1725 

Mean mapped percent (%) 73.905 83.512 
GC percent (%) 49.34 50.06 
TransRate score 0.1691 0.22442 

BUSCO score 78.5% (1.1%) 78.5% (1.1%) 
 

Table S6. Alignment and quality analysis of transcriptome data. 

Sample Clean reads Mapped reads Mapped ratio 
C0_1 46,641,088 33,855,478 72.59% 
C0_2 47,641,532 34,550,862 72.52% 
C0_3 43,093,830 30,729,218 71.31% 

C50_1 47,116,950 33,972,838 72.10% 
C50_2 50,036,728 36,057,502 72.06% 
C50_3 43,855,802 31,191,086 71.12% 

C500_1 51,212,352 37,085,298 72.41% 
C500_2 50,878,358 37,188,322 73.09% 
C500_3 46,455,420 33,450,956 72.01% 

 

  



Table S7. Unigenes annotation results from six databases. 

 Unigene number Percent (%) 
NR 52,373 44.22 

Swiss-Prot 32,703 27.61 
Pfam 32,907 27.78 
COG 48,414 40.88 
GO 43,497 36.72 

KEGG 20,654 17.44 
Total_anno 53,550 45.21 

Total 118,443 100 
 

Table S8. Primers used for qRT-PCR. 

Gene ID Primer sequences (5'to3') Product size (bp) 

DN12652_c0_g1 
F: AGGAAATGATGGACAGCGGG 

103 
R: ACAGTTGGGCACTACCTCCT  

DN5585_c0_g1 
F: CGAGGAGGACAGATAGCTCG 

90 
R: TGAAATCCACGGAAGCCACT 

DN123028_c0_g1 
F: GCAAAGATGGATGCCTCGGA 

99 
R: TGCAATGGCTGTCCTTGACT 

DN92214_c0_g2 
F: TGACCGTATGCCATCTGCAC 

93 
R: TTTACAGACGACGGCGACAA 

DN18566_c0_g1 
F: GATCGAGGCCTGGGATGAAC 

92 
R: TTCAGAAGATCAGCCGACCG 

DN85_c0_g1 
F: ATATGCCCGTCTACCTCCCA 

92 
R: TTGGGTTTCGCTACGGAGTC 

DN18177_c0_g1 
F: CACGAACACGACATGACATT 

120 
R: AAATTACGGGAGCATGCGTT 

DN290_c0_g3 
F: ACAAACACCAACCTCGGCA 

107 
R: TGTGGGATGTCGATCACCAG 

DN4816_c0_g1 
F: CAAAGCGATCGGATTCGCAG 

92 
R: GCTGGTCCTCTGCATCCATT 

DN75_c0_g1 
F: TCGCGTTCTCTATCCGCTTC 

95 
R: TTGCCACTTCCGTTCCGAAT 



 

Figure S1. Accumulation of Cd content in different parts of ryegrass. 

 
Figure S2. The distribution of unigenes and transcripts retrieving from ryegrass 

transcriptome. 
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Figure S3. (a) Principal component analysis (PCA) of expression genes in different treatments. 
(b) Venn diagram of expression genes among three treatments. 
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TRINITY_DN88012_c0_g1
TRINITY_DN13117_c0_g1
TRINITY_DN18042_c0_g1
TRINITY_DN6206_c0_g1
TRINITY_DN90057_c1_g4
TRINITY_DN18743_c0_g1
TRINITY_DN11439_c0_g1
TRINITY_DN41266_c0_g2
TRINITY_DN24152_c0_g1
TRINITY_DN40129_c0_g1
TRINITY_DN1356_c0_g2
TRINITY_DN1846_c0_g4
TRINITY_DN3907_c0_g1
TRINITY_DN6458_c0_g1
TRINITY_DN23151_c0_g1
TRINITY_DN19942_c0_g3
TRINITY_DN13020_c0_g1
TRINITY_DN27400_c0_g1
TRINITY_DN7732_c0_g1
TRINITY_DN5947_c0_g2
TRINITY_DN34175_c1_g1
TRINITY_DN44569_c0_g1
TRINITY_DN43989_c0_g1
TRINITY_DN20159_c0_g1
TRINITY_DN50523_c0_g1
TRINITY_DN90_c0_g1
TRINITY_DN31596_c0_g1
TRINITY_DN20826_c0_g1
TRINITY_DN61846_c0_g2
TRINITY_DN103342_c0_g1
TRINITY_DN3049_c0_g1
TRINITY_DN60975_c0_g1
TRINITY_DN3148_c0_g1
TRINITY_DN13787_c0_g1
TRINITY_DN60619_c0_g1
TRINITY_DN23496_c0_g1
TRINITY_DN61846_c0_g1
TRINITY_DN109021_c0_g2
TRINITY_DN53560_c1_g1
TRINITY_DN17674_c1_g2
TRINITY_DN17674_c1_g3
TRINITY_DN1801_c0_g1
TRINITY_DN6369_c0_g3
TRINITY_DN10383_c0_g2
TRINITY_DN20610_c0_g3
TRINITY_DN31424_c0_g2
TRINITY_DN9321_c0_g1
TRINITY_DN20352_c0_g2
TRINITY_DN1856_c1_g2
TRINITY_DN10163_c0_g1
TRINITY_DN9760_c1_g1
TRINITY_DN18125_c0_g2
TRINITY_DN33954_c0_g1
TRINITY_DN4711_c0_g5
TRINITY_DN17373_c0_g1
TRINITY_DN50249_c0_g1
TRINITY_DN2186_c0_g3
TRINITY_DN11744_c0_g1
TRINITY_DN93859_c0_g1
TRINITY_DN109_c0_g1
TRINITY_DN25467_c0_g1
TRINITY_DN57462_c0_g1
TRINITY_DN22973_c0_g1
TRINITY_DN2633_c0_g5
TRINITY_DN21976_c0_g1
TRINITY_DN42980_c0_g1
TRINITY_DN7741_c0_g1
TRINITY_DN27050_c0_g2
TRINITY_DN48915_c0_g3
TRINITY_DN14406_c0_g1
TRINITY_DN12903_c0_g1
TRINITY_DN20594_c1_g1
TRINITY_DN35562_c0_g1
TRINITY_DN459_c1_g1
TRINITY_DN3278_c0_g1
TRINITY_DN89_c0_g1
TRINITY_DN1832_c0_g1
TRINITY_DN363_c1_g2
TRINITY_DN4422_c0_g2
TRINITY_DN4422_c0_g3
TRINITY_DN6052_c0_g1
TRINITY_DN22498_c0_g1
TRINITY_DN43169_c0_g1
TRINITY_DN30911_c0_g1
TRINITY_DN6387_c0_g1
TRINITY_DN10294_c0_g1
TRINITY_DN1600_c0_g1
TRINITY_DN28717_c0_g1
TRINITY_DN5352_c0_g1
TRINITY_DN55498_c0_g1
TRINITY_DN92214_c0_g2
TRINITY_DN18491_c0_g1
TRINITY_DN94255_c0_g1
TRINITY_DN18639_c0_g1
TRINITY_DN30248_c0_g1
TRINITY_DN39539_c1_g1
TRINITY_DN43475_c0_g4
TRINITY_DN54665_c0_g1
TRINITY_DN12652_c0_g1
TRINITY_DN100422_c0_g1
TRINITY_DN6609_c0_g1
TRINITY_DN12706_c0_g1
TRINITY_DN42653_c0_g2
TRINITY_DN21308_c0_g1
TRINITY_DN2992_c0_g1
TRINITY_DN12038_c0_g1
TRINITY_DN39317_c0_g1
TRINITY_DN53494_c0_g1
TRINITY_DN10817_c0_g1
TRINITY_DN4153_c0_g1
TRINITY_DN49970_c0_g1
TRINITY_DN5970_c0_g2
TRINITY_DN5748_c0_g1
TRINITY_DN11337_c0_g1
TRINITY_DN35042_c0_g2
TRINITY_DN14341_c1_g1
TRINITY_DN14891_c0_g1
TRINITY_DN46952_c0_g1
TRINITY_DN3283_c0_g1
TRINITY_DN32201_c0_g1
TRINITY_DN24354_c0_g1
TRINITY_DN56462_c0_g1
TRINITY_DN11167_c0_g3
TRINITY_DN77_c0_g1
TRINITY_DN44008_c0_g1
TRINITY_DN10453_c0_g1
TRINITY_DN16014_c0_g1
TRINITY_DN7434_c1_g2
TRINITY_DN68399_c0_g1
TRINITY_DN10241_c0_g1
TRINITY_DN748_c0_g1
TRINITY_DN53365_c0_g1
TRINITY_DN20783_c0_g1
TRINITY_DN41283_c0_g1
TRINITY_DN36477_c0_g1
TRINITY_DN17_c0_g1
TRINITY_DN18696_c0_g1
TRINITY_DN126850_c0_g1
TRINITY_DN8523_c0_g1
TRINITY_DN130_c0_g4
TRINITY_DN32522_c0_g1
TRINITY_DN70817_c0_g1
TRINITY_DN54563_c0_g1
TRINITY_DN26135_c0_g1
TRINITY_DN31474_c0_g1
TRINITY_DN18566_c0_g1
TRINITY_DN36715_c0_g1
TRINITY_DN91771_c0_g2
TRINITY_DN81007_c0_g1
TRINITY_DN10905_c0_g1
TRINITY_DN16800_c0_g1
TRINITY_DN19425_c0_g3
TRINITY_DN32581_c1_g2
TRINITY_DN7964_c0_g1
TRINITY_DN8507_c0_g2
TRINITY_DN89360_c0_g1
TRINITY_DN34758_c0_g1
TRINITY_DN25011_c0_g1
TRINITY_DN5014_c0_g2
TRINITY_DN33166_c0_g5
TRINITY_DN88838_c0_g3
TRINITY_DN19681_c0_g1
TRINITY_DN2085_c1_g1
TRINITY_DN53911_c0_g1
TRINITY_DN81474_c0_g1
TRINITY_DN66888_c0_g1
TRINITY_DN19604_c2_g1
TRINITY_DN84750_c1_g1
TRINITY_DN47941_c0_g1
TRINITY_DN27343_c0_g2
TRINITY_DN5585_c0_g1
TRINITY_DN32715_c0_g2
TRINITY_DN12982_c3_g2
TRINITY_DN17436_c0_g1
TRINITY_DN10552_c0_g1
TRINITY_DN19604_c0_g3
TRINITY_DN2032_c0_g2
TRINITY_DN47770_c0_g1
TRINITY_DN73070_c0_g1
TRINITY_DN88838_c0_g1
TRINITY_DN52128_c1_g1
TRINITY_DN45928_c0_g1
TRINITY_DN20862_c1_g1
TRINITY_DN7375_c2_g1
TRINITY_DN16704_c0_g1
TRINITY_DN27164_c0_g1
TRINITY_DN11793_c0_g2
TRINITY_DN46117_c0_g1
TRINITY_DN69528_c0_g1
TRINITY_DN2633_c0_g2
TRINITY_DN99913_c0_g1
TRINITY_DN126140_c0_g1
TRINITY_DN49608_c0_g1
TRINITY_DN42019_c0_g1
TRINITY_DN42936_c0_g3
TRINITY_DN24530_c0_g1
TRINITY_DN34350_c2_g2
TRINITY_DN12601_c0_g1
TRINITY_DN28918_c0_g1
TRINITY_DN5377_c0_g2
TRINITY_DN99745_c0_g1
TRINITY_DN66782_c0_g1
TRINITY_DN123028_c0_g1
TRINITY_DN54997_c1_g2
TRINITY_DN17434_c0_g1
TRINITY_DN5674_c1_g2
TRINITY_DN4411_c0_g3
TRINITY_DN50735_c0_g1
TRINITY_DN23979_c0_g1
TRINITY_DN23838_c0_g2
TRINITY_DN5553_c0_g1
TRINITY_DN23109_c0_g1
TRINITY_DN13772_c0_g1
TRINITY_DN36126_c0_g4
TRINITY_DN20003_c0_g1
TRINITY_DN5196_c0_g1
TRINITY_DN47155_c1_g1
TRINITY_DN2_c0_g4
TRINITY_DN18776_c0_g1
TRINITY_DN35427_c0_g4
TRINITY_DN25527_c0_g2
TRINITY_DN6312_c0_g1
TRINITY_DN129558_c0_g1
TRINITY_DN36283_c0_g4
TRINITY_DN33673_c0_g1
TRINITY_DN35052_c0_g1
TRINITY_DN8604_c0_g1
TRINITY_DN12903_c0_g2
TRINITY_DN12794_c0_g1
TRINITY_DN21504_c1_g1
TRINITY_DN17734_c0_g1
TRINITY_DN8947_c0_g1
TRINITY_DN6705_c0_g1
TRINITY_DN23872_c0_g1
TRINITY_DN81782_c0_g1
TRINITY_DN7685_c0_g1
TRINITY_DN41378_c0_g2
TRINITY_DN23828_c0_g1
TRINITY_DN38485_c0_g1
TRINITY_DN15900_c0_g1
TRINITY_DN16658_c0_g1
TRINITY_DN49867_c0_g1
TRINITY_DN27860_c0_g1
TRINITY_DN130101_c0_g1
TRINITY_DN89188_c0_g2
TRINITY_DN10245_c0_g1
TRINITY_DN48123_c0_g2
TRINITY_DN12850_c0_g1
TRINITY_DN16509_c0_g1
TRINITY_DN10753_c0_g2
TRINITY_DN36622_c0_g1
TRINITY_DN6111_c0_g1
TRINITY_DN99681_c0_g1
TRINITY_DN7923_c1_g1
TRINITY_DN22701_c0_g2
TRINITY_DN33509_c0_g1
TRINITY_DN72429_c0_g1
TRINITY_DN16573_c1_g1
TRINITY_DN27352_c0_g1
TRINITY_DN77029_c0_g1
TRINITY_DN2660_c0_g1
TRINITY_DN4816_c0_g1
TRINITY_DN709_c0_g1
TRINITY_DN85_c0_g1
TRINITY_DN26489_c0_g1
TRINITY_DN31559_c0_g2
TRINITY_DN8309_c0_g1
TRINITY_DN64302_c0_g1
TRINITY_DN68337_c0_g2
TRINITY_DN31089_c0_g1
TRINITY_DN26351_c0_g2
TRINITY_DN1750_c0_g1
TRINITY_DN10891_c0_g1
TRINITY_DN11677_c0_g1
TRINITY_DN38168_c0_g4
TRINITY_DN67893_c0_g1
TRINITY_DN33468_c0_g1
TRINITY_DN11126_c1_g1
TRINITY_DN5220_c0_g2
TRINITY_DN8104_c0_g1
TRINITY_DN22125_c0_g1
TRINITY_DN1540_c1_g1
TRINITY_DN503_c0_g2
TRINITY_DN17359_c0_g1
TRINITY_DN36056_c0_g1
TRINITY_DN1437_c0_g1
TRINITY_DN4711_c0_g3
TRINITY_DN22468_c0_g2
TRINITY_DN489_c0_g2
TRINITY_DN45271_c0_g2
TRINITY_DN39935_c0_g1
TRINITY_DN28714_c1_g1
TRINITY_DN14554_c0_g1
TRINITY_DN45748_c0_g1
TRINITY_DN8508_c0_g1
TRINITY_DN27702_c0_g1
TRINITY_DN11215_c0_g1
TRINITY_DN343_c0_g1
TRINITY_DN18177_c0_g1
TRINITY_DN60761_c0_g1
TRINITY_DN157_c1_g1
TRINITY_DN77479_c0_g1
TRINITY_DN22055_c0_g1
TRINITY_DN28334_c0_g1
TRINITY_DN75068_c1_g1
TRINITY_DN36280_c0_g1
TRINITY_DN4267_c0_g1
TRINITY_DN103245_c0_g1
TRINITY_DN9175_c0_g1
TRINITY_DN20382_c0_g1
TRINITY_DN1266_c0_g1
TRINITY_DN16072_c0_g1
TRINITY_DN1308_c0_g1
TRINITY_DN41916_c0_g1
TRINITY_DN86671_c0_g1
TRINITY_DN28365_c0_g2
TRINITY_DN1846_c0_g1
TRINITY_DN17591_c0_g1
TRINITY_DN60816_c0_g1
TRINITY_DN39233_c0_g2
TRINITY_DN15633_c0_g2
TRINITY_DN2307_c0_g1
TRINITY_DN2307_c0_g3
TRINITY_DN16842_c0_g1
TRINITY_DN8146_c0_g1
TRINITY_DN48193_c0_g1
TRINITY_DN11346_c4_g1
TRINITY_DN16072_c0_g3
TRINITY_DN111102_c0_g1
TRINITY_DN24806_c0_g1
TRINITY_DN14253_c0_g2
TRINITY_DN2880_c0_g2
TRINITY_DN3938_c0_g3
TRINITY_DN22346_c0_g3
TRINITY_DN61595_c0_g1
TRINITY_DN29773_c0_g1
TRINITY_DN37768_c0_g1
TRINITY_DN11389_c0_g1
TRINITY_DN28544_c0_g1
TRINITY_DN4788_c0_g2
TRINITY_DN32400_c0_g1
TRINITY_DN32387_c0_g2
TRINITY_DN45341_c0_g1
TRINITY_DN5615_c0_g1
TRINITY_DN22147_c0_g1
TRINITY_DN22147_c0_g2
TRINITY_DN2412_c0_g2
TRINITY_DN7896_c0_g1
TRINITY_DN58275_c0_g1
TRINITY_DN12255_c0_g1
TRINITY_DN7643_c0_g2
TRINITY_DN16081_c2_g1
TRINITY_DN13245_c0_g2
TRINITY_DN124384_c0_g1
TRINITY_DN67620_c0_g2
TRINITY_DN1618_c0_g1
TRINITY_DN22802_c1_g1
TRINITY_DN7223_c0_g1
TRINITY_DN12538_c0_g1
TRINITY_DN4257_c1_g1
TRINITY_DN5517_c0_g1
TRINITY_DN14847_c0_g1
TRINITY_DN24743_c0_g1
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Figure S4. Cluster analysis of differentially expressed genes. Note: Each line represented an unigene. 
Red represented the high expression level of the unigene in the sample, blue represented the low expression level. On 
the left is a dendrogram of unigene clustering. Branches with similar expression of unigene are clustered together. 
 

 
Figure S5. KEGG analysis of DEGs in ryegrass leaves among different treatments. 

 

Figure S6. KEGG enrichment analysis of significantly regulated genes in ryegrass leaves 
under Cd stress. 
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