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Abstract

Tricholoma matsutake (Pinus mushroom, PM) is one of the most valued ectomycorrhizal
fungi in Asia because it is an expensive forest product with a unique flavor and taste.
Therefore, many studies have tried to successfully cultivate Tricholoma matsutake artificially
in Korea and other countries. However, its physiological and ecological characteristics are
still unknown. Thus, we need to understand the diversity and clusters of microorganisms
related to Tricholoma matsutake and to identify their core microorganisms related to their
growth and production. In this study, we obtained an average of 11,661 fragments from three
pine mushrooms with metagenome (an assemblage of genes of all microorganisms in the
natural world) analysis from a pine forest located in Pohang, Gyeongsang-Bukdo. Of these,
the valid reads were on average 5,073 per sample available for analysis, and the average
length of a read was 456 bp. There were an average of 33.3 phyla in the metagenome analysis.
Firmicutes phylum made up on an average 46% of the phyla and was dominant among the
phyla. The next dominant phylum was Proteobacteria at 27% followed by Bacteroidetes at
17%, Actinobacteria at 5% and Verrucomicrobia at 2%. The Proteobacteria phylum consisted
of the y-proteobacteria class at 54% followed by [3-proteobacteria at 37%, a-proteobacteria
at 6%, &-proteobacteria at 2% and (-proteobacteria at 0%. The metagenome consisted of the
Ruminococcaceae family at 17% followed by Pseudomonadaceae at 13%, Burkholderiaceae
at 7%, Bacteroidaceae at 7%, Lachnospiraceae at 7% and Clostridiaceae at 6%.
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Introduction

£:0](Tricholoma matsutake)+= Tricholoma 4:2] H ¢l+= A8 7153 Al & Shutolm, 11 2}
o] ZESH gkt & 71X s Ao THYun et al., 1997; Amend et al., 2010). °] 2 F2
S, S, Yol 25k H0], f7, FokLe] 7}, ofalop Aol AX] 9]k 20° 50° N Af
olo] LA Q1 2ojjof| Al = ' tHOgawa and Ito, 1989).

ALEAIAE ] o5 Sh=re] 0] AH|F2 201810l 654,000 kg2 &2 A 51 5t A2
Z3] 51 = Aoz vestth a2 o] F 32%5HS FuUoll A AAFsEaL 9lom, LA
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68%= S0l 2] EsH= A7 o|THKFS, 2019). AFE o] A4HE 4259 FA AF=of] ©]5HH 2019 ol 450,000 kg
SO1E #USIALH, 0] F99.99%= F=ollA AT A o' YET: o]HF &ol= gh=ollA 4~27F =0t 7
A2 072 ZQ35F JAHEo] x| THHe, 2010; Faier, 2011; Van Gevelt, 2014), X| gH9] £-0] £812R0- 428}7|719] 7|
Sslet 8 ek o 2 ZhASkal Q1= 210 2 eI TH(Iwase, 1997; Van Gevelt, 2014; Wang et al., 2017). AFxH <} 2+
2 YAk tieh SElE A 7] 219k Al 23S A AkeE A 7F Q1A TH(Choi and Lee, 2019), &)=
o} Hato|| w2 =8} kAol et AL vlH|gh A7 olct,

SOl LUl FAYSH] AHAAIE THEo] W, 2152527} 19°C o]st2 HolA]= 9g 2t 10l Al 7]
£ FAJohHA ARt Ogawa, 1991). ol= &2 70| 7HH29] *1F-4 Q1 AHA| B/do] E7Fs517] izl
(Cho etal,, 2002), %012 QIZAloll Tigt AL50] 2 A|A 2 o = 2hihelA] WY 3r ITh(Ka and Koo, 2002). &
5] 19831 L2t 201049 SF=roflAf= S0l FARE ol &3t fleH o= Foluil WA ol FEdt Tt A7}
B 1% v} QIth(Masuhara, 1992; Ka et al., 2013; Jeon and Ka, 2016). 0] 2+ 2 W2 AA7HA] &0l & Q1-3-AlH]
% T o=, oM 201082 2017100 Fo] T 20l AESI A Th(Ka et al, 2018), 0]

FRIZAHY o], 2ot FEE Q194 o g whejsto] £ol & AuliE 7Hs5HAl Sk AH(Na, 2003; Shim et
al., 2007)£ Y= AR A QI QIZ A 7|1} Fo] 9] A7 B82S 78 5HA] 2t doltt.

HAL A o Bk} T A 9l 7|34 50] GRS vl Aoprbe= A A o] 7] wiZel 9] nlAd=ell
2 2 S HH=C}(Antony-Babu et al., 2014; Pent et al., 2017). £3], &-0|HAl 2 EJol|A] #2HS FAI5hH =t
2t B0 g Qe EY ndE Fetat Fole] Aut/del thgh A7 423 5] o] $tTh(Vaario et al., 2011; Kim et al,
2013; Oh et al.,, 2016). ©| 5 AR Aol A= 2ol A FZ5 44-0] HiE|2]o} Fo] Fo] FAMA|Q] /-2 XA
Z1th= A5t Ax}E B 13} QITHOh and Lim, 20184, 2018b). 5HA|TF &-0]H Al U] 0] o] 5+ A= A5t
70|t

upebi] 2 Atolla= B 2T ofy e} mefAl s 5, AHd Aol EAllohs & nAdEe] f4A) et 2

A& 55to] Folet wlE nyEL] b = olslisha, S H A4 Aol Sl m A E-Ho| 21t
& Aot} A5 R FYstelT

fomo
ml“‘ >
;3

Materials and Methods

ZAHK] Tl

A5 A B Aot AdhiE] AR213, 179 8E AU of|A] £-0] 37HAIE A FH 5 thFig. 1).

0] LY 4}E{[2|0f DNA ==

£o] YY) JE2] DNA 352 DNA isolation kit (MoBio, CA, USA)S AH85131 oM, 7} £0] A|l& 5 g0 2
HE DNAE 3551 th 55 DNAZRE UA+9] 16S IRNA FAAE SE517] Qo S 448k
(PCR, polymerase chain reaction)= 23] =345}/ Th. 16S rRNA -F-52k2] V3ol A v49] J oS F2517] Q51| 341F
(5-TCGTCGGCAGCGTC-AGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG-3’) Z2to| 2} 805R (5
-GTCTCGTGGGCTCGG-AGATGTGTATAAGAGACAG-GACTACHVGGGTATCTAATCC-3') Z2to|H & ALE-51%)
CHHerlemann et al., 2011). 16S rRNA -F-2S F2517] 9] PCR A= th3-3} 2tk 27| ¥4 (initial denaturation)
95°C 3+, ¥1/d(initial denaturation) 95°C 302, Z2}o] ™ Z3H(primer annealing) 55°C 302, Hd (extension) 72°C 30%
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253] WHE 2|5 AZHES(final elongation) 72°C 5. 22} PCR-2 illumine NexTera barcodeS 525171 9|3} i5 forward
primer (5-AATGATACGGCGACCACCGAGATCTACAC-XXXXXXXX-TCGTCGGCAGCGTC-3")2} i7 reverse primer
(5- CAAGCAGAAGACGGCATACGAGAT-XXXXXXXX-GTCTCGTGGGCTCGG-3") 2o HE AR&351 THKim
et al., 2019). i5 forward primer®2} i7 reverse primer2] X F-2-2 7} £:0] A& ti/do] whe} Delsh= vz E g jo|ct.
PCR A2h= S35 83| 2 AI3¥5H 1S | 2lskal 12} PCR A xlet -5 U5HA| 2134513l
1% Agarose gel 117|852 AF8-51 Gel Doc system (BioRad, Hercules, CA, USA)°l| w2} A| Z}Fslslo] €-0lskict.
PCR ZZ AH=-2 (CleanPCR (CleanNA, Waddinxveen, Netherlands) A& 0.2 AA|5lo] 422 A A5t 2=
FEZ AE0] E4T} 37|15 275171 918l DNA 7500 chip= AHS-3 Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA)
% /\]'—‘EL'G]-Oﬂ T}, 0]% illumina MiSeq Sequencing System (Illumina Inc., San diego, USA)= A}85}0] Chunlab, Inc.0]| 4]
A& 4238510, Eof UA+2] 16s IRNA -2 714 B2 sl =51}t

Fig. 1. Place where research material was extracted. (A) Three pine mushrooms used in the study. (B)
Compartment 17, mountain 213, Sangdae-ri, Cheongha-myeon, Buk-gu, Pohang-si, Gyeongsangbuk-do,
Republic of Korea. (C) Pine forest in which the mushroom is collected.

£0| Lhdojd=2 A S X 28 S8 =4

M)

Trimmomatic 0.325 AR&5F0] Q25X A2 ThH S WE ST QC TA7F Bt &, vsearchS AF&5}0]
Paired-end sequencing Hl|°|E] 52 ¥ Esli ) Zato] = ChunLab’s in-house program (Chunlab Inc., Seoul, Korea)
-85t} FARE 08712 A AT S AbEolA 16S IRNAZF HEE|A] %= v 503t 79+ HMMER's
hmmsearch program (http:/hmmer.org/y AF-8-5F0] ZHA| 5+l tE DUDE- SeqS AF-8-5F0] Miseq sequencing +44 ¥+
ZF WYohs TR L FE AlAstAL, FEEA] &2 92 UCLUST S2|AE P oz &30tk 2784 5
A& 43517] Y3l vsearch X2 13l (https://github.com/torognes/vsearchy= AFE5FR O, -F-AHJ 0] 979% HT}
oA Z]H|2t A L& 2R15H7] Y3l non-chimeric 16S rRNA databaseS *]’9-0]'011‘:]' Z LA 97%) 22
A7) 52 T2 TSk, F71H4Q1 OTUsE A/35H7] 915l de-novo S AH & 35H=t] UCLUSTE

01
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Results and Discussion

£0| Lj40[ 4=2] 16S rRNA &
EHA] 57 Gk e A,

Hxt H7IMEEY

A5 17948F ApREol|A 37]9] Fo] A|R=HE et 11,661702] T
Atk o] F BAjo] AkgE 4 9l 88§ T (valid read)y2 A& o Ht 5 0737H°ﬂ.9n:] o7 thol i
g & OFFEE 32 - 3502 YT ZF £olo] n| 8 E-S T35k &

= 456 bpth. 2 £0] A5 3
Firmicutes” | T 45.92%, Proteobacteria” | X+ 27.47% -3-5FH A So|Ujof| 4 2-5H= A o 2 LrelyiTt

uHg
33 Zo

FollMe

0| L0 4= 2| bl B

&

o] Uj ¥tel2|o} E(phylum)2] H]

&0l Wl E(phylum) F2] ThFeE FA3H 23} 371412 F-o] Wolli= B+t 333712 Zo] EAlok= A 02 LRIt

0] Al U] Firmicutes -2 T8 45.9%°H &o] U 8E2] 7 B2 Hle-5 PR3t Th3-2 = Proteobacteria i
o] Tt 27.5%, Bacteroidetes T8 16.9%, Actinobacteria %87 4.6%, Verrucomicrobia Ht- 2.8%= LFEFATE 19, 0|7ke] H]- 8-S
7H2 -2 Acidobacteria, Cyanobacteria, Planctomycetes, Tenericutes 5-2-2, 0] 5-2 Other® F-7-610] vt 23%= LFERATH

(Fig. 2A).

o
oo

Mean of phylum

Other

| PR

| RAR)

[ 463

kgt
I
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B 2.0
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| R

0% 10% 20% 30% 40% 50% 60%

Mean of family

., 3413
13.03%

M 1.59%

I 2.06%

I 7.34%

— 17.3T%

I 4.72%

[ 6.46%
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Fig. 2. (A) Average phylum ratio of three pine mushrooms. (B) Average class of Proteobacteria ratio of three
pine mushrooms. (C) Average family ratio of three pine mushrooms.
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PMIOJ|A= FH F(phylum)2 57} 152 2 Uz 4= AT 7P 2 H]-8-2 Firmicutes (59.6%)= LEFSA!, 71 Tk
S-9 2 Bacteroidetes (19.5%), Proteobacteria (9.4%), Actinobacteria (4.8%), Errucomicrobia (4.1%)2} -2 54| 2 LERTE
PM20°1| A<= Firmicutes (58.7%)7+ 7 2 B &2 UEF O™, 1 th3-9 2 Bacteroidetes (19.7%), Proteobacteria (8.4%),
Actinobacteria (7.1%), Verrucomicrobia (2.9%)2t 22 <=4 2 UEHGTE PM30| A= 7 2 H|E2 Proteobacteria
(68.4%), Tk =41 2 Firmicutes (16.8%), Bacteroidetes (10.9%), Actinobacteria (1.7%), Verrucomicrobia (1.2%)2} o] L

ERstCh(Fig. 3).
A Diversity of phylum
100%
90% -
m Other ~ 30% |
m Verrucomicrobia s 70% -
_ _ E o6
m Actinobacteria ‘; 508
m Proteobacteria E 40% -
Bacteroide 5 Sl
ct t
m Bacteroidetes o0 |
m Firmicutes 10%
0% -
PM1 PM2 PM3
B SEM of phylum
300000 -
250000 -
200000 -
=
g 150000 -
=
100000 +
50000 -
0 -
R R
3 & & xS & 0
Qf ,bc}z's .@60 ).&\50 00(0
Y L W R &

Fig. 3. (A) Percentage of bacteria phylum in pine mushrooms. (B) Standard error of the mean (SEM) of
phylum in pine mushrooms.

PM32] Proteobacteria2] 7(class), =-(order)

PM32 PM1} PM22} T2 JL/dH| S Ho]=d|(Fig. 3 - Fig. 6), Proteobacteria £2] H|-&-0] Ag3] =4Th(Fig. 3A).
UHFA O 2 Proteobacteria®] “J(class) a-, -, 6-, Y-, &-, {-proteobacteria= -3 E T}, A| 40| W Proteobacteria 2] -+
ZJ(class)2] H|-E-2 y-proteobacteria 40| ¥ 54%, [B-proteobacteria v 37%, a-proteobacteria - 6%, O-proteobacteria
3t 2%, (-proteobacteria”} Ht 0% <=2 2 UEFHTHFig. 2B). PM3 W Proteobacteria®] 732 y-proteobacteria (58.92%)
©} B-proteobacteria (39.78%)7 F =2 KT}, U 2] 72 2% B| ko] ThFig. 4).

PM3 W 71 2 H]-E-& 7FA| = Zd(class)Q] y-proteobacteriar= Pseudomonadales SHorder)= 97.93%2 74 &o] 7H4
ThHFig. 5A). 7L th2-2 2 2 B-proteobacteria 732 Burkholderiales =-(order)©] 99.58% = T2 X}A| i thFig. 5B).
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A Diversity of Proteobacteria's class
70% -
< 60% -
8
m Zetaproteobacteria E 50% -
m Epsil teobacteri £
psilonproteobac en.a 5 400 |
= Gammaproteobacteria 3
m Deltaproteobacteria E 30%
. <)
m Betaproteobacteria 5 20 |
u Alphaproteobacteria s
=]
£ 10% -
&
0% -
PM1 PM2 PM3
B SEM of Proteobacteria's class
90000 -
75000 -
60000 -
5 45000
8 ]
=
30000 -
15000 - T
0 B T T T ]- T -[ 1
o~ S > @ 2 &
c}qp 5‘@0 6@’0 c;"é§> d&o ¥
i R F A RS S
& & & & & &
3 8 3 S S o
& ° > AP o
YSQ ? Q C>(§ @QC’\ v

Fig. 4. (A) Percentage of Proteobacteria class in pine mushrooms. (B) Standard error of the mean (SEM) of
Proteobacteria class in pine mushrooms.

A Order of y-proteobacteria B Order of B-proteobacteria

2.07% __-0.42%

N\_99.58%

m Pseudomonadaceae
= Other

m Burkholderiaceae

= Other

o

97.93%

Fig. 5. (A) Percentage of y-proteobacteria order in pine mushrooms. (B) Percentage of 3-proteobacteria
order in pine mushrooms.

Korean Journal of Agricultural Science 48(3) September 2021 498



Diversity and cluster analysis of pine mushroom’s endophytes using metagenome analysis

o] W dte|g]o} 2Kfamily)2] H]&

0] A2 W Ruminococcaceae}” | 5t17%. 22 &0 Uof|A] 7178 B2 HIE2 2R SH. Th2-2 2 Pseudomonadaceae
38713%, Burkholderiaceae T877.5%, Bacteroidaceae T77.3%, Lachnospiraceae 3816%, Clostridiaceae TH76% =0 2 LFEFG
ChFig. 20).

PMIo|A 58 T2 570-50] gttt pMI1 WollA| 7 2 H]E-3 2FA|5k= 2H= Ruminococcaceae (22.84%) T},
TH3-© 2 Bacteroidaceae (9.08%), Lachnospiraceae (8.24%), Clostridiaceae (7.79%), Rikenellaceae (5.65%)5=C] AT}, 4% O]
512 AA| 5= TS Other (46.4%) 2 E-F31ICE PM2ol A 8 2 7] 250 2 Lhro] oo, pM1T} H|S=3H
P 7 Ao = YERth PM2 Woll A 7 2 H] 82 ZFA|6h= = Ruminococcaceae (21.74%) AT Th3 O &2
Bacteroidaceae (9.31%), Lachnospiraceae (8.13%), Clostridiaceae (8.04%), Rikenellaceae (6.51%)<C| 21T}, 4% O] 5= 2}HA]
8= THS-2 Other (46.27%) % w73tk PM3ollA] 8 T2 57150] Ughtt PM3 WollA] 718 2 888 2|8k
}= Pseudomonadaceae (38.72%)°] ™, TH2-© 2 Burkholderiaceae (20.27%), Ruminococcaceae (6.56%), Oxalobacteraceae
(6.54%), Sphingobacteriaceae (4.84%)%>C| 31T} 4% ©|5+& X}A|5H= -2 Other (23.07%) = 7 3 THFig. 6).

A Diversity of family
100% A
m Other 90% 1
Pseudomonadaceae 30% -
m Sphingobacteriaceae g 70%
m Oxalobacteraceae = 60%
m Burkholderiaceae g 50%
. S
® Ruminococcaceae ; 40%
Rikenellaceae é 30%
= Lachnospiraceae 20%
m Clostridiaceae 10%
m Bacteroidaceae 0%
PM1 PM2 PM3
B SEM of family
200000 A
160000 o
§ 120000 o
= 80000 -
40000 A
O -
&
o &
¢ ©

Fig. 6. (A) Percentage of bacteria family in pine mushrooms. (B) Standard error of the mean (SEM) of family
in pine mushrooms.
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Conclusion

Al 78A12] EolH A Ui nfo] 3 2Hfo] 82 ZAFSE A3t F(phylum) 4E0llA Tt Fimicutesi-0] 7Hg B2 Hl&
2 Z}A|51H 0, T2 O 2 Proteobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia <=2 2 VFEFSTE 12} 7HA)
Z¥7k-g BH PM13E PM2= A2 8|55 H]&2] Fo] EA5HAA|TE, PM3-2 PMI, PM29} 5] THE H|&9] o]
EAok= A 0 &2 el

PM13} PM20|A] 2311 Q1= Firmicutes2] Ruminococcaceae?t= At} 522 W3ol Wol Birskar Qlct
(Tap et al.,, 2009; Ma et al., 2019). Ruminococcaceae}2] YH F-2 Al A2 o] /412 cellulose S EolE 4= U

= cellulaseS YAd5H= 202 A2 QIThBrule et al., 1948; Biddle et al., 2013). $0]= AUREo] ZHof|A] o3

Ruminococcaceae?F2] B A-E0] celluloseE -0fi5t0] 0] 2] AR 2 Sabol| =23 =202 AR HTH
Lol Al #2 Yl u|AE thFdollA] Proteobacteria?t Aot AFA7F Bl vE QITH(Kim et al.,
2014). =5 oAl Ui e] A-ATto)| A Proteobacteria 2] H| 0| E} 0| FHC} =9rom, pM3e} ZHo]
Pseudomonadaceac?}7} 7 2 H| S-S 7Hth= A7 F UERHTHL et al,, 2015; Oh et al., 2018). PM3°l|A 7 2 H]
£2 7H]+&= 29l Pseudomonadales?] 7]50] &= 42 Pseudomonas®| ™, YH 2 AlH-S ESISH A E1} ZE0f
2 07] 4~ Qlth(Sadikot et al., 2005; Stoyanova, 2014; Xin et al., 2018). E=8F HAlo]| /A4S Vel = S gt
I 1TH(Raine et al., 1991). TH3-0-2 -2 Burkholderiales %:2] 7]50] ¥ £-2 Burkholderia®| ™, ©] £:2] 57
Z705h= 7o 2 A thSudrez-Moreno et al., 2012). 12U Burkholderia £5:2] -2 Z0] 4]
J91 7.0 2 2] YTHO Carroll et al., 2003; Ura et al., 2006). T2HA] PM32] 749, E o] oJ5
AU AHAR &7|= 5 2o IRtk 253 4= ok A/d4Q1 &ol= PM1Y} PM2
folA2Hlo] &5 7HE Z1 0 & of| ST,
AE E)E PM1Y}F PM20ol|A] o] W £ o] A= Hbo| &2 & 4= R oH, o] = Fo]o] A5 2 A

= O

ol = nE-Ho| RuEA S 2 ] 882 4 8l 2ol T2y Fol7t avtke) ddatEelzhe A
o

o

= o
115

N il ok
(@]

> 0
o
oZ
ol

o
o
o)
o
o o

oF Mo MU Y X
© 4

o rie

M
i)
o ok
=)
ox
il
=2
o}
o2
o 3o

>,

ok or

g rf
o i 4

My

ol 22 70| Qitoll AHREIQITY o= PM3TH e ATHE LR 4 Q180 2 B ol & o B
FHo] g ZA} B e Zlo|ch S Al o] U] A Tieke] elitolm], $ole] Aled 54 Tk
2 wjols}7] Slaia = Solet EF 250l g 24 o] itElo] 2 |ofolat 2o Tt
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