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Mycorrhizae, mushrooms, and research trends in Korea

Gi-Hong An, Jae-Han Cho, and Jae-Gu Han*

Mushroom Research Division, National Institute of Horticultural and Herbal Science, RDA, Eumseong 27709, Chungbuk, Korea

ABSTRACT: Mycorrhiza refers to the association between a plant and a fungus colonizing the cortical tissue of the plant’s roots
during periods of active plant growth. The benefits afforded by plants from mycorrhizal symbioses can be characterized either
agronomically, based on increased growth and yield, or ecologically, based on improved fitness (i.e., reproductive ability). In
either case, the benefit accrues primarily because mycorrhizal fungi form a critical linkage between plant roots and the soil. The
soilborne or extramatrical hyphae take up nutrients from the soil solution and transport them to the root. This mycorrhizae-
mediated mechanism increases the effective absorptive surface area of the plant. There are seven major types of mycorrhizae
along with mycoheterotrophy: endomycorrhizae (arbuscular mycorrhizae, AM), ectomycorrhizae (EM), ectendomycorrhizae,
monotropoid, arbutoid, orchid, and ericoid. Endomycorrhizal fungi form arbuscules or highly branched structures within root
cortical cells, giving rise to arbuscular mycorrhiza, which may produce extensive extramatrical hyphae and significantly increase
phosphorus inflow rates in the plants they colonize. Ectomycorrhizal fungi may produce large quantities of hyphae on the root
and in the soil; these hyphae play a role in absorption and translocation of inorganic nutrients and water, and also release
nutrients from litter layers by producing enzymes involved in mineralization of organic matters. Over 4,000 fungal species,
primarily belonging to Basidiomycotina and to a lesser extent Ascomycotina, are able to form ectomycorrhizae. Many of these
fungi produce various mushrooms on the forest floor that are traded at a high price. In this paper, we discuss the benefits,
nutrient cycles, and artificial cultivation of mycorrhizae in Korea.
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Table 1. Plant host, important characteristics, and numbers of plant and fungal species forming arbuscular mycorrhizal,
ectomycorrhizal, orchid mycorrhizal, or ericoid mycorrhizal associations (ver der Heijden et al., 2015; Smith and Read, 2008)

. - - Number of plant ~ Total estimated
Mycorrhizal . . e Characteristic Characteristic . .
Major groups of plants®  Fungal identity . species hosting number of
type structure functions . .
mycorrhizal fungi  fungal taxa
. Nutrient uptake
Mostly gymnosperms Basidiomycota Hartig net Mineralization of
Ectomycorrhiza Y8y . P yeota, Mantle . 6,000 20,000f
Some angiosperms Ascomycota . organic matter
Rhizomorphs ) .
Soil aggregation
Most herbs,
Arbuscule andorsnanertrsee;gsrarsrjzfl Arbuscules Nutrient uptake
: VTS A Gl omeromycota Vesicles : P 200,000 300-1,600°
mycorrhize  hornworts’ and liver- o Soil aggregation
. Auxiliary cells
worts
Orchid Supply carb d
rewe Orchids Basidiomycota Hyphal coils S PPY CAIRON ANC 54 656 35 000 25,000¢
mycorrhiza vitamins to embryo
S ith hyph
Ericoid Members the Ericaceae, Mainly Ascomycota, .ome with hiyp .ae Mineralization of
. . e . n  in cell, some with . 3,900 > 150
mycorrhiza some liverworts some Basidiomycota organic matter

mantle and net

“The taxonomic affiliation of the major fungal groups and the major groups of plants forming mycorrhizal associations are shown after Brundrett
(2009). The distinction between mycorrhizal categories is not necessarily strict (e.g. some plant species form dual association with both arbus-
cular mycorrhizal and ectomycorrhizal fungi (e.g. Egerton-Warburton and Allen, 2001; Onguene and Kuyper, 2001) while some fungal species
can form both ectomycorrhizas and ericoid mycorrhizas (Villarreal-Ruiz et al., 2004; Grelet et al., 2009) or orchid and ectomycorrhizas (Taylor

and Bruns, 1997).

"After Desiro ef al. (2013).

‘After Ligrone et al. (2007).

‘After Opik et al. (2013) and Kivlin et al. (2011).
‘After Read et al. (2000).

"After Rinaldi ef al. (2008) and Tedersoo ef al. (2010).
*Referrence of ven der Heijden er al. (2015).
"Referrence of ven der Heijden er al. (2015).

2] A (ectomycorrhiza) > 2. '_TLv‘i—EJE]-(Smith and Read,
1997; Um et al, 2014). G-I F2 424 HAL
29 2 A loH, o5 *O], solet 22 At
o] HAlE AAE= F=3E A AEY o]q, E3] &0
o] AF =ielolA s #% FEe A7 1Y
o AT 7R GG A -fr"ﬂ/\i«] 717
AAHA B o, i S A F A oE
she Agolet. sier 22 108 A¥E ) 93w
o &Jate] Fo] AF el AA 8] sk FAlolH Ty
Al FFol 9ste] a7t A=Al 2Ath(Jeon and Ka,
2016; Ka et al, 2017). #</43 WHAL] AFAwl 7] 72
o BAlg ATa Y A AREe T Awa]
U =45t Ae wjEAol Hofolth, B EXMoAE=
Zolgk wololn, A&} o] FAUA ol g A
goba 24, ) F24 wAle ATERS Hels
Lo oprlot & QYo thajo] elskant .

<] %%% 7]—?4}1, =} ao] 7187, -5k
Joll met o8 7KK FFE vk @A
7 %ﬁfz} #2 £FE Table 194 BAFE=

A ol FE Ad#e] dEo] sty otk
(subalpine) == &= (subarctic)3} 7o) v =7}
2 Ao FE ARl oste HdEd
(ericoid mycorrhiza)yS F/ggtt. Fged2 259
£33} HIAE Holl LIS #ALE FA k= Aol
E7olth.

QAHTE I e AT WE TS 9T B 29
THe 2] $H s =M FE FAtF (basidiomycetes),
UHo] 2Pt (ascomycetes), 252] T (zygomycetes)

of o]ated th-E-o] AR 2 E (gymnosperms)T UKo &

A 2] E(anglosperms)ﬂr %‘Uh:} QME?L & e, sy,

Azdl AHolA ke - ol FAdo] =,
Aoz Fod ddsF ZOﬂH He| 272325
(Dipterocarpaceae), =& ¥ (Myrtaceae), A2 H-of
}(Caesalpinioideae) Sol= FAJET}(Alexander, 2006;
Smith and Read, 1997; Tedersoo and Brundrett, 2017,
Yamamoto et al., 2017). B FZE o] He]e] FZA
F UWHE SHSA = B AE Alo] =k 3 Fste] B
AZ Abololl A HEe] wd Faw X sEaw
(hartig net)= A3, —ri E—’Fﬁ,‘iﬂ (absorbing roots)

ool T HARS e WES At e FHE



A E1A 7Pt (Smith and Read, 1997). 2 &3 FejE
YA e Ale oo 7 geto 2w #abo] yhsEth,

WAHES AEot =7t @ ARy diA S
of &ol= oy HExA A tiFEe] XEAES X
et F2E, B, ddAE F OYdd AEES s
AE olFaL vk, WA FAVE WA (arbuscular
mycorrhiza)2.2 2 dH A o, $X44 YAF+L 9
AgZ3= 28 F2H 2 (Glomeromycetes)ol| 213t
=L PA3Ith RS0 2 F2 v ZH4-7(Glomeromycota)
o &dl= SR EAS 23 7|7t F P (Zygomycota)
o] ZFEEE (Glomales)&Z HFEHAL 1} (Morton and
Benny, 1990), G71448 ZEE o] &3 #xHAlE 4
I At AR R 5HE @AE el
WA A FEWEZAEOR 2%k (Schipler e
al, 2001). A WAFZS 28] MEZ Afo] =
WEE #5et dARRY S A, e #7e] &
gk gl A (arbuscule)o]2hal sk UE7HA]
glo] FxE v, #AKY] YRR AL JEE s
ag(vesicle)s B4k 5 Sol4d 7xE AT
(Bonfante and Genre, 2010; Smith and Read, 1997; Um
et al, 2014). o|X 9 7} #29] TR/ w2t 77 EE
o] Zpo|7} ot A thiEe] S = Tl
£ o2 o ARHoE RE B F of 74%7}
A3 WA#=E 495 (Brundrett, 2009; Smith and
Read, 1997), 2% AWAZE, 9%+ o (orchid
mycorrhiza), 1%< IS FPIT A
2 THBrundrett, 2009; van der Heijden ef al, 2015).

oo 3 A AE2 0|

e F27e] FAL] 719 oF 49]6xvhd o=
&8 24t (Redecker ef al., 2000; Heckman et al.,
2001). Strullu-Derrien et al. (2018)2] R 7oA Q¥ 3}
o g RE] FAZ XA A E fJshH 2 TH]A
7] (ordovician)ol| ZZw Zr}lo] ZE]L}(Glomeromycotina)Z
7oA EALS} #APE HE SHEJE AR F4
s, Aol Hx 249 FAY A2 R 5
w772 F8-E dl7](devonian) F712 783k
o, sk HE3E 27 S350 Horneophyton lignieri®)
SHAoM AT d2o &, FAY B ZA fAR
gejo] 7x71 WA= JATH(Strullu-Derrien et al., 2014).
oA H ATl S EC] AR FHSAS el

e S dokgk Aejsgel A-8shrlol= He T
e 8] ZHA] 23 BT Aol S-Sl
9. % SolN FANEEL §aso] EAGA ool
AAEHOE SRS Fsle dhdd], $448Q %X
e A ES FHase] EAst BEEY RS
5% 5 A o) dnk, 2HEE 2] SN %
g2 RO} JlE FEe FFT F Jt FHol Ax

3 WAl 2R S e

ﬂ,
w

sle} Gopat BRI AEI] A Aoz EFo
FAL AGYS 7FsAel Bt oleid TATAGIA 4
2o AP Fole] ZRA 28 wh

[e)

[e]

o 3 ] =2 AFdt
TFe EFA 9, A 53 e FI|YES &

o] 21EoA Agdtr A tk(van der Heijden et
al, 2015; Read and Perez-Moreno, 2003; Smith and
Read, 1997; Um et al., 2015).

Ao 5502 AHHYE g AEHe] AFgH
A= A2 FA A (obligate symbionts)ol|A 44 A8
Z}(facultative symbionts) Aol o]ETtal & 4 Ut}
FAY WAREZ] A, 23 7FAEETEHT B
< Fa] wiEed ddiE FAelet & < o, A
TS AEENYH B49s I 5 SHAIRE 29
Foll WM e A= ), GHS ToE2EFEH =S
wafate] BAUS A FFE 7 7] "o doF
A9 7Fe A% AAIEIAL ATH(Smith and Read, 2008).
og] fEl2Ad ol EF APEZRTE AES F9A4
e T 10~20%2] FE AV WAl Rt B
%o} 2191 (Jakobsen and Rosendahl, 1990; Johnson et
al., 2002; Nottingham et al., 2010), 2|23} e
ZolAlE o 20%, Wl W= 50% o] waEst
Eo] uj& T o]F}(Hobbie and Hobbie, 2008). |4 H
B0 EYo o 58 Fo o3l FAEY A
T3 AeAlNA F83 75S TRk Averill e al,
2014; Clemmensen et al., 2013; Phillips et al, 2013;
Smith and Read, 1997). #2°l 749 B 2RE E
FTOE WMo FAl= ZZH| oM (protease)tt EZIHERA]
(phosphatase)®l 7+ 7H=isl] E4E ALt {7]1&9
2af e} RS ol §ES = 8T 7S S
Varrio et al. (2012)°]] ¢Jal¥ = e HEde ES
of galEo] de F7IEARe] F8& FFAoltt. 2 F
oAl smAER A Uit el v w2 Tk
2 EAlste AER 2o vlate] &3ll7] 419 94
T2 = %0 (Tricholoma matsutake)= ©|23+ 3j|n] A
ERQ2E Edllshe B4AF BHIsHAY AHH o= o0&
g 4 vk BEkA Qi) Fo] FAMIQl Al Z (shiro)
7F EAdte EGH 2384 2> EG WY ARd
ol g4l A4S AvE A dARelN =2
xylosidase &4-/do] Uelsth(Fig. 1). B3 AERZ X
o] 7S] AHEQl Al ZEH] Q2 (cellobiose)= F0]d9]
o] &3l7] H¥ BAYOoE AE AHE 7FET Fol
& WiFA ol = B-FFIZA T (B-glucosidase) A4
o] 1= th(Varrio ef al, 2012).

w2 st Fo] ikt Arke Fete] 7=
oA AlFste AL=E 2 A4 Ath(van der Heijden er
al, 2015). <A ¥ 9] EY Fole FEardA Y
(nutrient depletion zone)o| EA3HA =M ool g

L
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Fig. 1. Enzyme activities in soil samples dominated by T.
matsutake (Shiro+) and without T. matsutake (Shiro-). Mean
values and standard errors of xylosidase and glucosidase
(Varrio et al., 2012).

P depletion zone

/ N depletion zone

~ 10 mm

Root surface Mycorrhizal Hyphae

Fig. 2. Nutrient depletion zones near to the root surface. A
narrow depletion zone (e.g., 1 mm) usually develops for
phosphate, while a wide depletion zone (e.g., 10 mm)
develops for nitrate. Mycorrhizal hyphae can generally grow
beyond the phosphorus depletion zone (Smith and Read,
1997).

2 el e d2e] dARe|th(ver der Heijden ef
al, 2015; Smith and Read, 1997). ¥ 7Hx - ¥z
oF A BEGFEI Fo] Fito] AmE o] AR ujet
WA == (Fig. 2), 1A o] ¥ {549 o]
22 BE2A F ~ I mmo] F& AR A o] EA)5t
), Qb TR f5/de] FEeh AT 1A gL oF
~10mmeZ 27 4 HA EAlsks A2 RuEH
(Smith and Read, 1997). &+ T2 WG

il

ale] ¥HALS Y| AY EY ol v #AE we
oRA We) UE0R F5Y 5 Qb FRILAY v
o] FE7A Fste] A EoA AlFett. o|HE
TARE AR 7] 2ol 4 o] E (oxalate) 2} -2
Fr7latel st xF7IHAZRE 7] 9 f718%e] &
YA P2 frshe] AN, BF, B, 0T 2L
F7lFESs et A& A 5 Avk(Fox er
al., 1990; Landeweert et al, 2001; Read et al, 1989;
Wallander, 2000). T Ltol7} &AH#-2¢] 7S, 21E0] 2
Ao olga] ofele 7182t 919 FHE 715
el 2 Aksl 840485 F8te] AlEsl7 | o (Antibus
et al., 1997; Chalot and Brun, 1998; Landeweert et al.,
2001).

il

_I
(<)

EUTA Ol0|2z6l0|S T F22e| TH

o) AR 13N B #9095 EZUYS 3
Ml R el e TR 29 vgEEs) Jan)
82 Boel HBolA IHH FYL v THFinaly,

2008; Smith and Read, 1997). EA|7}A] oj&] ATZEE
o 7 AR, EY 2 EAlgte Ay EYUAEE
2 I AAF R AES] HINE AFELE STHTIE
T AEd APAQ FEFS vF Bk opg} 2o
of, A5, #TE 5ol T3 )l (Garbaye, 1994;
Linderman, 1988; Vivas ef al, 2003). § Yo/} 54 &
G ET} Fo] A AFL AF FEY T, AE
o] A4, AE W A 295 JEhlo] 2E9
&S FXAN7)7|= Sith(Barea er al, 2002; Budi et
al., 1999; Gamalero et al, 2004). iEH o2 FIAE
o] AAaTAHE A4S AT oA B2 gl <
2 8 Hled AV WATE Zo] AgE
Foll S7H QIAMEEC R Qlsle] AAF o] AA ¥
FET). olof e A} 9l ] FA AeEe] of
A= 3] 2 gER do BEY nAESS] oA
o|th(Artursson et al, 2006; Barea et al, 2002; Finaly,
2008; Smith and Read, 1997). %3t QA F=3} A
At vhkst o 2 AlFe] s A gk B2
AFEo] WYL A, WA (actinobacteria)S A A
oAl Ao #HIE ST AlxEe] a4E AL
st=dl, olgst Siae EYRTe] &8 F54olt
(Paul and Clark, 1996; Timonen and Marschner, 2006).
Varrio ef al. (2011) &8+, 53] Folto] Al=7} 5
k= A GollA] ohefFst vl Eo] FE3HL S Els)
Aot T oA Tomentollopsis sp.= ANZ T2 §71%
oA, Piloderma sp.= AZ27F EAsHE Bl A&
Ko, M oA Nocardia sp.2¢ Thermomonosporaceae
of &sh= FEo] Folo et B2 AT e
Aoz eyt AT g@Ade] dEES 75
=2 FEde Al =YY (obligate biotroph) &

O H —1T

o ol T
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Table 2. Microbial genera list of significantly enriched in a discovery odds ratio test (Oh et al, 2016)

Kingdom Phylum Genus log,OR”
Fungi Zygomycota Umbelopsis 1.24
Actinobacteria Mycobacterium 1.19
Tim-dominant Firmicutes Bacillus 2.68
Bacteria
Firmicutes Paenibacillus 5.13
Proteobacteria Burkholderia 2.40
Fungi Zygomycota Mortierella -1.27
Tm-minor Bacteria Acidobacteria Koribacter -1.50
Bacteria Acidobacteria Solibacter -2.05

* Tm-dominant : Tricholoma matsutake dominant soil
® OR : Odds ratio

ou}, oA AAF R fTES T
s, v':_" l8ted o] &stAY tE f7l= el
v EY el Falld f7lES o] 8T EA
FA e 94 (facultative saprotroph)ol] tigt 754
Eo] AAEL AT(Nehls er al, 2010; Varrio et al.,
2012). #HZoll= AL 714 <Y (NGS, Next Generation
Sequencing) wA1HE o] &3 HEA| =Y £4& F3t
of Fole}t #3F F=9°] EYHAE #HEAH ol g ot
&t EGAEEC] Folo] AA] A mX=
of tigt F717t o] FJ A 2L JTHKim et al., 2013; Oh et
al., 2018). Kim et al. (2013)°] 2|&PH Lo]dSo =
A7 (Basidiomycota), APdwF(Ascomycota), ZA;
o5+ (Chytridiomycota)’} A&F oW, Fol43ke] A&
oA e FoldslN HAEE +/FE Edetd JE
5 (Zygomycota)7}, w3t vPARFME FEWEF
(Glomeromycota)©] F7Ho2 AZHJTh. Ho|d3hz}t
ko] ¢k gl upgEe] BRI OTU 4] 23}, o]
AR 7 FAAE F3e] BRTES 78 Mo ERaell
Hjste] oA og oul, #3hpgEe] Fiol vt
159 W& A Rk, ol& Fo] A e m
Azl el oste] vepd Adetar 28R oH,
SolapdA o] FA o #F/e FF ol mA= zfol9 FEF
o taix= F7HS A7 28T o R HsT).
SHH Oh er al. (2016)= Folo] +Hete ES 18
A & EF WO Al 9] FElg Afolrt dval \1
23R E3] $oldo] A= B E Bacillus,
Burkholderia, Mycobacterium, Paenibacillus7} $-743l=
7208 BEAETH(Table 2). o] 3+ AHES Fo]iSho
A AEEAY, d2dds A FEH R HAE
= e ¢@Fute|2]oH(MHB, mycorrhiza helper
bacteria) = #¢ ZHH} AEES ST 7I5S o
= Aoz 484 9o fungiphilic bacteriaZ® E7&
4 JthH(Frey-Klett et al, 2007; Hrynkiewicz et al,
2009). Fol7} ¥ Edwt 28X e EA 9

FEIg Al 9] Zol= opn| it BEskE 5o
59t EujAl2E] 532 H(T3SS, type I secretion
systems)9] L&} -2 71520 Zfolol| UM = 7]&3)
Aol AEEO] FolH o 22X 471 (arginine),
3] 2~E]d (histidine), 2}°]4] (lysine) 53 7S o}m| =2k}
BrskEd] Sl EM ohdst A= Al
o] A5 AeS FAshs FHAAE L8 T3SS7F #23
A Qe Aol M E 2 FHAke] W YGo] Tl
Ao g Hol AldH #72o Fedgolr Fa3 IS
gd3ste Aeg Busta dtd. 53| Pseudomonas
Sfluorescens= ZZZM A (Laccaria bicolor)d] Ao
S Festal #AMSS XA 71, T3SS FA7t
olglgt AL K-S FXIAT= Al aalo] By
F Tt (Cusano et al, 2011; Deveau et al, 2007; Frey-Klett
et al., 1997). ©]9} o] d=d (mycorrhizosphere) % =
A (rhizosphere) EF o] thaFst mAEES} =39
FAASt 2 710l tEiA] B Ase] XdEogk
O} AR E HElR|A] gk FEE] o o=
LT FEs] A7 AE Z0 R o4t

a3

I F2d Aol o1

724 WAlol AFLo] ?‘%ol sl 1 9fsted]
A B ol o] FAAE Wo] 9] e
o] ZHA & N HARE AT Al tXH
ke QTS oF 10,000 9Fo] X k= Aow 4
#] JTth(Taylor and Alexander, 2005). =l %= 1,900 <]
o WAl T a2A HAol oF 35%E AT Bl
F2 Att(Jeon and Ka, 2015). HEHQ! 24 HAS
TE= HAREE ApdetFoll FEHAE (Pezizales), TR}
5ol ZEHAIE (Boletales), #1234 (Ramariaceae), &
TAHA I (Hydnaceae), AP A S (Thelephorales), 3
¥ A1 2 (Amanitaceae), #AL2]H A2} (Cantharellaceae),
AW A 2 (Cortinariaceae), 2]tHH A2t (Entolomataceae),
T A 7 (Russulaceae), -©]3}(Tricholomataceae) 5©|



6 T AT - AT
At (Agerer, 2006). YAFZE FA3= HES S
3, Fbrat, AR, ouE s, ARV ] 5
wolm, o] A v, gt &ete
FTE0] S AR o] #24d AR tF
o] A vehdth(Ka ef al, 2014). 724 #Ale &
A AFAu7F A xo}l AFAxFH ol o]FstaL o 1
7HA 0] Eof AFe AHAasdoA FA E 55
F= Aot Mortimer et al. (2012)F ©FA]oF R Yo
A F83 107149 HAES 2lskaL 9lom, o] F
=4 Ao 2= T2EWMAM (Boletus edulis), SR MR
(Morchella conica), S8WAF(Termitomyces eurhizus),
AVFAM AT (Thelephora ganbajun), 401 5-°] ATk, =
Welr= & 43 #4248 wHoEs Fol, FHA
(Sarcodon imbricatus), M (Ramaria botrytis), |7z
WA (Cantharellus cibarius), S7ZFHA (Amanita hemibapha)
ol A

U] #24d WA JIFAN As 2 FolE T4
o2 o]FoX|aL Ut HAUME AHHHSIS TS
2 Fo] AFo] AEHoH AA7A] FolHHR
(matsutake-infected pine seedling)?} 40|73 5. (matsutake-
inoculated pine seedling)E ©]-&3h= WHol 7P 2R H
wHog deEx SUth(Eto, 1990; Ka et al, 2017;

LS

|

i

W(Ka et al, 2006), Folrke] Fo)3he 2he § Frole]
o

YRS BET FUAT BES $7 Ho] BES o4
S 71900k sk aee] w3 welvt Basje ol

AREA BA7EA] Ha edolghs 7] Azl AQEE T
o] ©o] Att(Jeon and Ka, 2016). ©]213 EA|S B
al7] fete] Aled & We] FolgFER el siA
gk o] WS Fote] JERS kS 7Fs AT of
742 ool A o)Xk JERS AFA FoldEHe]
AT LAY B FRlEA R de AdEjoltt
(Ka et al., 2010). = o]9]oll AT FHO| o] Fo]

=)

=

=9 HEAZ T 749" AUE 1o 7+

T= == T ™
Y 5 wA] gAEe] BeT Al fHe 49
= N7 SR S

=
=
AR 271 el B3t =8EE FES] o]ox|al Tk
(Jeon and Ka, 2016; Ka et al,, 2008; Kim et al., 2005).
FHZoll= WERA =Y E4& Fot ol e Fol
BTG FFet Mo TR BAH FolAAA
ulo]AZnfols FA4E Fote] Fol 2 I8 E AA
Aol Y= A= EG vA=R] A 7FsAol
gt A Es] e E 5L JTH(Kim et al., 2013; Oh et
al, 2018; Oh et al, 2016). T3t Fo]¢F o] 2ol o
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