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ABSTRACT : Genome-wide reanalyzed data of 25 Flammulina strains were compared against the reference genome (KACC42780)
to establish a genome-wide single nucleotide polymorphism (SNP). The rate of mapping differences between the strains reflected
in the strain variation in its result. Genome-wide SNPs distribution divided into types of homozygous SNP and heterozygous SNP
moreover all of the strains demonstrated a wide variation in all of the regions. In the further study of topological relationship
between the collected strains, phylogenetic tree was separated into 3 major groups. Group | contained F. velutipes var. related
strains of ASI 4062, 4148, 4195. Group 2 contained strains that are different species of ASI 4188 F. elastica, ASI 4190 F. fennae,
and ASl 4194 F rossica. The other 19 strains F. velutipes were classified as a single group. However, further experiment to
discriminate its genetic relationship between the white group and brown group did not verify its validity. The inferred tree
exhibited a phylogenetic relationship between Korea white fruitbody forming strains of ASI 4210, 4166, 4178 and Japan white
fruitbody forming strains of ASI 4209, 4167 confirmed to be genetically closely related.
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Table 1. List of Flammulina strains used in this study
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ASI No. Collection year Scientific name Geographic origin Color
4188 2011 F elastica Korea LB
4148 2005 E velutipes var. lactea Korea B
4166 2009 E velutipes Korea w
4209 2012 E velutipes Japan w
4178 2010 E velutipes Korea w
4195 2011 E velutipes var. lupinicola Korea LB
4190 2011 E fennae Korea
4192 2011 F. ononidis Korea
4194 2011 E rossica Korea LB
4062 1994 E velutipes var. longispora USA LB
4049 1993 E velutipes Korea B
4064 1995 E velutipes Korea B
4067 1995 E velutipes Korea B
4083 1994 E velutipes Korea B
4090 1994 FE velutipes Korea B
4175 2010 E velutipes Korea B
4103 2003 E velutipes Korea B
4210 2012 E velutipes Korea w
4167 2010 E velutipes Japan w
4069 1995 E velutipes Japan B
4028 1989 E velutipes Taiwan B
4057 1994 FE velutipes China B
4072 1997 E velutipes China B
4169 1995 E velutipes Japan B

Monol9 2012 E velutipes, monokaryon Korea -

ASI, Agricultural Sciences Institute; B, brown; LB, light brown; W, white.
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Fig. 1. Flowchart for single nucleotide polymorphism (SNP)
detection and selection within Flammulina velutipes strains.
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Table 2. Summary of alignment against the Flammulina velutipes reference genome
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ASI No. No. of total reads No. of mapped reads Reads-mapping region’
4188 51,018,766 9,416,665 (18.46%) 23,366,949 (65.56%)
4148 33,269,118 14,836,048 (44.59%) 27,668,162 (77.63%)
4166 24,636,642 15,668,615 (63.60%) 30,726,346 (86.21%)
4209 28,681,372 18,503,265 (64.51%) 30,910,475 (86.72%)
4178 27,580,790 18,926,070 (68.62%) 32,282,214 (90.57%)
4195 35,430,804 13,368,081 (37.73%) 26,937,958 (75.58%)
4190 38,958,932 9,359,256 (24.02%) 22,653,709 (63.56%)
4192 22,345,690 12,874,763 (57.62%) 30,734,321 (86.23%)
4194 33,377,266 6,844,811 (20.51%) 23,174,023 (65.02%)
4062 35,441,818 15,903,744 (44.87%) 27,137,546 (76.14%)
4049 8,653,264 5,281,423 (61.03%) 29,921,356 (83.95%)
4064 6,968,234 4,166,354 (59.79%) 29,374,331 (82.41%)
4067 7,785,916 4,773,954 (61.32%) 29,041,571 (81.48%)
4083 8,152,620 5,093,132 (62.47%) 30,045,448 (84.30%)
4090 10,459,370 6,576,247 (62.87%) 30,546,976 (85.70%)
4175 16,365,432 11,046,797 (67.50%) 32,294,244 (90.61%)
4103 10,157,554 6,094,302 (60.00%) 30,131,407 (84.54%)
4210 65,320,820 43,100,880 (65.98%) 30,146,465 (84.58%)
4167 10,213,916 5,917,559 (57.94%) 28,982,467 (81.31%)
4169 12,972,292 7,860,828 (60.60%) 29,273,484 (82.13%)
4028 5,815,778 3,469,441 (59.66%) 27,492,970 (77.14%)
4057 6,351,910 3,755,874 (59.13%) 29,329,487 (82.29%)
4072 14,340,410 8,652,448 (60.34%) 30,204,372 (84.74%)
4069 7,477,960 4,697,390 (62.82%) 30,060,108 (84.34%)

monol9 3,381,674 1,703,377 (50.37%) 25,188,497 (70.67%)

ASI, Agricultural Sciences Institute.
‘Reads-mapping region: consensus sequence of base = N (un-mapping region) deprived area. (Reads-mapping region / total length of ref-

erence genome) x 100
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Table 3. Summary of SNPs detection obtained from Flammulina strains

ASI No. No. of total SNP No. of homozygous No. of heterozygous No. of other
4188 476,642 473,518 3,124 10,513
4148 466,184 462,045 4,139 10,866
4166 315,555 301,743 13,812 18,944
4209 317,750 302,852 14,898 18,825
4178 164,606 164,606 86,287 60,975
4195 467,572 462,493 5,079 13,031
4190 447,991 445,895 2,096 9,378
4192 299,122 293,026 6,096 13,487
4194 460,161 457,155 3,006 9,862
4062 480,163 439,736 40,427 30,276
4049 209,341 135,060 74,281 88,990
4064 197,244 129,359 67,885 80,278
4067 208,760 170,383 38,377 49,882
4083 205,618 133,835 71,783 89,045
4090 220,148 138,751 81,397 97,741
4175 170,190 89,009 83,181 110,154
4103 222,101 142,817 79,284 95,744
4210 269,001 246,907 22,094 28,398
4167 228,470 195,580 32,890 42,517
4169 240,410 205,162 35,248 44,299
4028 206,210 199,978 6,232 9,812
4057 191,377 125,051 66,326 77,741
4072 239,694 156,219 83,475 103,172
4069 204,203 131,577 72,626 86,910

monol9 154,200 152,255 1,945 4,660

SNP, single nucleotide polymorphism; ASI, Agricultural Sciences Institute.

\ \
Gt
Xﬁzgs% Group1 \
g’z‘%
Group1 ’%‘0% Groupt

Group?2

;5 5 Group2 § Group2
3 " 2 %

.3 Radiation o Radiation - Radiation
o Set 1 Mushroom T Set 2 Mushroom - Set 3 Mushroom

Fig. 2. Phylogenetic tree based on SNPs of Flammulina strains representing their phylogenetic relationship. SNP, single
nucleotide polymorphism.
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minimum evolution methods. SNP, single nucleotide polymorphism.

3k §Q1 FA7E AHE EA] ot A2 o]2)e] frdas]
of TH SNP7} B =537 ¥3kg Ao] Yeloz
AV B 4= ASITE T3 2Z phylogenetic treeS THEw
spylol w) wha) ol slst 24 ol A groupt T
g = 1o}, Group 13 Group IIZ A=W Fig. 2
o] Aapel= AR (Fig. 3)

Fig. 4ol Al olul A % @ EE AR FET
S neighbor-joining©-2 —rr°4-47iﬂ g ;,‘:_‘4/;41 33Tk, gk W
A 1721 ASI 4210, 4166, 41787} Y- WA} #5591 ASI
4209, 4167°] 3P| 1502 P T}, Neighbor-Join-
inge= 2 HHR0 2 ko Ayt UEltow, AN s
I WA} 3HA] ==oA] TR RITE. Phylogenetic
tree Ao A] Sk WA ol QX Wil o] G A A)
0] w55 ERIT AT HIE ARRE T
S A SFon o]} R ABE olgale] MRS A
AI71A] oL A AL 5 5= e B4 v E TR

&5 e AR VIHEY T Yot AP g o]8H]

@ 4166 WKOR

@ 4210 WKOR
AL209WIPN White
A 4167(4209) W JPN
——— mono-19

@ 4178 WKOR L

4064 BKOR

4083 B KOR

4067 B KOR

40728 CHN

@ KOREA, White

A JAPAN, whnite 3

100 4062

15t Neighbor-Joining

ksl o 24 Ex}

b
kO

oA (Flammulina velutipes) 25%5-2] A A4
dlo|HE T4 (KACC42781)9}F Blask] genome-
wide single nucleotide polymorphism (SNP)E 413}
T, Tl W mapping&-9] Alol= 53 HolE vk
3190, genome-wide SNPEEZT homozygous SNP,
heterozygous SNPZ THEE|Q1 O BT 350 wE o]
7F A vepdt. TS Alole] RAdAE AR
7] 913, ASSE 128 A3}, Group = E velutipes var.
AE2) ASI 4062, 4148, 4195°] I R|3L, Group 1= ASI
4188 F elastica, ASI 4190 F fennae, ASI 4194 F. rossica]

2 Fo] o] I5FS Y. 1 9 E velutipes
197 AlS2 22 IF0= Yepkon I /334 AE

A 4209 W IPN

p—— mono-19

@ 4210 WKOR White
A 4167(4209) W JPN

94166 WKOR

@ 4178 WKOR ]

4064 BKOR

4083 BKOR

4067 BKOR

4072 B CHN

,7 448BEUR

[— 4M4BBELR n

100 4062

2 Neighbor-Joining

Fig. 4. Phylogenetic relationship of Korean and Japanese strains producing white fruit body.



e

238 $40] - LA - BT - AU - A - 2o - 2]
Gk, $RA WA groupd}t A groupS -FrATA
ASFaLAl A8l ot Aol W groupe: ©]F©]
eIQkTt. ke A FER0 AST 4210, 4166, 41787 A
£l F520 ASI 4209, 41675 228 A7} phyloge-
netic tree’doll A g WA F3h AR WAy FFke]
A AdEAol M- =5 ER1E = AT

T v = T

bt
i

XN
N

Acknowledgements

This work was carried out with the support of Research
Program for Agriculture Science & Technology Develop-
ment (Project No. PJ01016003) National Institute of Hor-
ticultural & Herbal Science, RDA, Republic of Korea.

REFERENCES

1. Oh SI, Lee MS. Functional activities of ethanol extracts from
Flammulina velutipes. Kor ] Food Nutr 2010;23:15-22.

2. Tonomura H. Flammulina velutipes. In: Chang ST, Hayes WA,
editors. Biology and cultivation of edible mushrooms. New
York: Academic Press; 1978. p. 409-21.

3. Chang ST, Miles PG. Edible mushrooms and their cultiva-
tion. Boca Ration: CRC Press; 1989.

4. Kitamoto Y, Nakamata M, Masuda P. Production of a novel
white Flammulina velutipes by breeding. In: Chang ST, Bus-
well JA, Miles PG, editors. Genetics and breeding of edible
mushrooms. Philadelphia: Gordon and Breach; 1993. p. 65-86.

5. Kong WS, Jang KY, Lee CY, Koo J, Shin PG, Jhune CS, Oh
YL, Yoo YB, Suh JS. Breeding progress and characterization
of a Korean white variety ‘Baek-A in Flammulina velutipes. ]
Mushroom Sci Prod 2013;11:159-63.

6. Mitchell JI, Roberts PJ, Moss ST. Sequence or structure: a
short review on the application of nucleic acid sequence
information to fungal taxonomy. Mycologist 1995;9:67-75.

7. Park YJ, Baek JH, Lee S, Kim C, Rhee H, Kim H, Seo JS,
Park HR, Yoon DE, Nam JY, et al. Whole genome global gene
expression analyses of the model mushroom Flammulina
velutipes reveal a high capacity for lignocellulose degradation.
PLoS One 2014;9:93560.

8. Cox MP, Peterson DA, Biggs PJ. SolexaQA: at-a-glance qua-

\O

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

L2 - o8 - AR - B

loty
ul

lity assessment of Illumina second-generation sequencing
data. BMC Bioinformatics 2010;11:485.

. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S.

MEGAG6: Molecular Evolutionary Genetics Analysis version
6.0. Mol Biol Evol 2013;30:2725-9.

Ness RW, Siol M, Barrett SC. De novo sequence assembly
and charcacterization of the floral transcriptome in crooss-
and self-fertilizing plants. BMC Genomics 2011;12:298.

Garg R, Patel RK, Tyagi AK, Jain M. De novo assembly of
chickpea transcriptomeusing short reads for gene discovery
and marker identification. DNA Res 2011;18:53-63.

Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioninformatics 2009;25:1754-
60.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
Marth G, Abecasis G, Durbin R. 1000 Genome Project Data
Processing Subgroup. The Sequence Alignment/Map format
and SAMtools. Bioinformatics 2009;25:2078-9.

Kim JE, Oh SK, Lee JH, Lee BM, Jo SH. Genome-wide SNP
calling using next generation sequencing data in tomato. Mol
Cells 2014;37:36-42.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar
S. MEGAS5: molecular evolutionary genetics analysis using
maximum likelihood, evolutionary distance, and maximum
parsimony methods. Mol Biol Evol 2011;28:2731-9.

Tamura K, Dudley J, Nei M, Kumar S. MEGA4: Molecular
Evolutionary Genetics Analysis (MEGA) software version 4.0.
Mol Biol Evol 2007;24:1596-9.

Jiménez-Gomez JM, Maloof JN. Sequence diversity in three
tomato species: SNPs, markers, and molecular evolution.
BMC Plant Biol 2009;9:85.

Jung JK, Park SW, Liu Wy, Kang BC. Discovery of single mu-
cleotide polymorphism in Capicum and SNP markers for cul-
tivar identification. Euphytica 2010;175:91-107.

Park Y], Kim JK, Kong WS, Song ES, Lee CS, Kim H, Hahn
JH, Kang HW, Lee BM. Electrophoretic karyotyping and con-
struction of a bacterial artificial chromosome library of the
winter mushroom Flammulina velutipes. Microbiol Res 2010;
165:321-8.

Hughes KW, McGhee LL, Methven AS, Johnson JE, Petersen
RH. Patterns of geographic speciation in the genus Flammu-
lina based on sequences of the ribosomal ITS1-5.8S-ITS2
area. Mycologia 1999;91:978-86.



