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ABSTRACT

Korean fir (Abies koreana), an endangered alpine conifer native to Korea, has recently
experienced severe dieback on Mount Deogyu owing to climate change-induced thermal
and water stress. As rhizosphere microbial communities play a vital role in tree health and
stress resistance, this study aimed to isolate and identify previously unrecorded fungal
species from the rhizosphere of A. koreana. Soil samples were collected from natural stands
on Mt. Deogyu, and fungi were isolated using the dilution plating method on Potato Dextrose
Agar medium. The isolates were identified based on morphological characteristics and
phylogenetic analyses of internal transcribed spacer regions and large-subunit ribosomal
DNA sequences. Three fungal species—Mucor fusiformisporus, Mortierella turficola, and
Entomortierella sugadairana—were identified for the first time in Korea. These species are
saprotrophic members of Mucoromycota and Mortierellomycota, which participate in organic
matter decomposition, phosphorus solubilization, and nutrient cycling in cold forest soils.
Members of the Mortierellaceae family are plant growth-promoting fungi that maintain high
enzymatic activity in subalpine environments, contributing to nutrient availability through
mechanisms such as phosphate solubilization and siderophore production. This study
provides baseline taxonomic information on the fungal diversity associated with A. koreana.
Furthermore, the identification of cold-adapted and phosphorus-solubilizing fungi suggests
their potential as valuable microbial resources for future conservation and restoration
strategies for this endangered species.
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TR (Abies koreana)= SOl A] AHAYSH= A 7;;%} 2, F2 319 1,000-1,900 me] ofal
Abtiloll 2azsh, hebaka} 2)2jak, Y4t So] thEA Q) A AR &= A ITH1,2]. 19801

o] 2]\ 4001 WAZF HtRe] ek AL FAfo] Bl 5 012‘31 2011 Holl= FARAR S A
2 (International Union for Conservation of Nature and Natural Resources, [UCN)°| FHAUES HEE
7]&(Endangered, EN) 2. & -7 oPiiEr 2-4]. 0|21t A E| @A o) 7| T2 QI3 7] Aol T
U Aol FFF= vlAl= A o= B R oW (5], 4] E|oh= 7IAlE2 14t 7l Aol Hlsh
FHE 58 2ol & 58] Z‘]O = 5, i AEE|Ae WAE YA ZAIE e AL
2 ZI=|3lTHe).

G, T (rhizosphere)2 A& 2| S St 4 Ye|nEo] EFO R, kot Aash A
514 2H o] Yofu= 3to|th7]. £3] LAYt (ectomycorthizal fungi)y 7|5 AlE-2] Al

8
AREEASRE 0.2, olefet BB RE AR FE E4 4 0|8 BE SO, B AuHA
O

<

A 5ol A ek 4% q[g 0
2} Jeong 52 FHEPAH AU APYR|ol| ] 7478 LpRo} IS L] B X 2412
B 245 Av} TAFeE AR E ool A= 2hdi-E( Ascomycota)2] H]-&0] EA] Lhe HhH,

SR (Basidiomycota)2] B 324 5] ZASHs FA-S BTt E35] A8 wQ] Russula,
Sebacina, Phenoliferia -2 71735t AR EQo AUt EAZ O Z Qolst ZH -2 HYom
AR R EGollAE o] 59 FR-E7F AR 5] WA UERSTH2]. T3 You 52 gFehit
A4k, G-gAake] SR A A|of| A AZE F A 2F AF ZHA 2] T E R (thizoplane) 2] Rl
& EA5r AT} Clavuling, Beauveria, Tomentella £:0] 7A739F A0l A QAL & /d =}
Holl5 A E Bl el A7 2 A2 7| oStk 73S AAISHITH10]. )= <8
o] U] A3t TRlo] S-S AlAbohH, AA|E Shebit EQRS BAISH A3 A
ol X & Clavulina 40| 273 U5 7iA12] Eol A= 63%2] =g B o IAF7HA)
o] EFoA= 10%= F45] A TH11]. Ko 52 Al 2|AF Al A tha] A Q1to] AL AHAY
A], A A], DARR] Q] 2 Rt 2 ARE = )L A6l 1 AT AHYA] oAM=
Agaricomycetes’d ©l| &= 2|0 AAIE WU 2F 70%0] Eot= gt o R 22 TR T

FAIsHH QAR 3 25 Hel whH, Aul 2|2k ARl A= o] 52] - =7} H A5

Ol'

E o1 v

SO Aol whE MEA o] 2A] UERTH12]. o2t A AaE2 A Rl o]
U] 747 e 9 Aol A A QN AehS aeHES AAKSITE E3], AU AR of|A]
YA 0 2 PAH Tt U EH A= U7 S Aol = Y2t 4 e s F=
%83t 7]4bo] = £ Q1T}2,10,12].

THolle ARt oyt AP, &5, WA, Hew 5tk ddo] 331, o]
E-2 #2] AEE(root exudates)S EFAY O E o] 85HHA EF n|YE # 12} JUE &
e 2ASH78) YRbARl 2l AIF-S AEEA FudgEA 2lad 5 B8 /7182
Boljsto] ehAet AAE BY|gletal, AH F2 A55 2 Z(IAA) A4 siderophore 2473, B+
4% 5 ot 7182 Fofl 715 Alge] A AERA WS Exletke 202 Bl
[8,13-16]. 3] & Ao B 1 Mucor X Mortierellaceae A15-2) 52 B9, U, 52 v
A T odeh 7|FoA s = gl EAR BAH e g, §7]& 2ol 17 9] Z7] ©Alol|A] i
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27| FAFE Bslo] A7 Bl 7l5aks A0 2 oejA] QITH17-19], o] 7+l Morterella
% Entomortierella <5 X2 Q14+ 7188} 1AASH 2+ Al ES 22 AJ4k, siderophore /3 52 &
3 AlEo Ql et S & Jﬁl~E A2 E X0 Fplant growth-promoting fungi) 2= 5=
Hh3 9l om[13-16,20], 2Ad 719t A2 oM T =2 AFET a4 TS FAI5H E’LW
2] Eofo] EbA "l o QR 43lo] ]6‘ AlZ o] oAehS £3Y5}= 7 QEE_]_EIOJ]E}Z(LM

olof] £ Aol A= TR AR o] 2 B e Ag-S Hefeha Westd U 21t
Aty g4 5o Fu) 07155 358 SHeon, o5 £RIH 54, Yeid 54,
ABA 91315 S| Bk ek 2 Q7 Ak TR 29 132 bl et

J
_Lu
rO
H.l

=
S Yo n| Y E A FHof 7| g Z o = 7|t

202450 El-fAte]| Q= SRR FHA AHT B AR E ARESho] THAISI A =
02 -5 B5Ith EXF A& 2 g Ht4 20 mLE YAl EEA TA (Vortex Mixer VMI,
LABTron, Seoul, Korea)= w45t £85It} HEHL HHEFE 0|85 103 gmL 5=7}
& dAX o2 5|519ict 2|F 02 5% ZHL ampicillin(100 pg/mL)°] 7FE potato
dextrose agar (PDA, BD Difco™, America, New Jersey) B Z|of| 50 uLA] =g S Saf ZEst
91‘3} HEE HIAE 25°C HlF7]0NA] 347t vt &, FAdE Xt #FF-2 PDAHA]of| &

5o 25°C H| Y7ol 4] 7UXF Bl gSIQATt vl e R2] mlAltE= Fehan] 7 (Eclipse

TE2000 Inverted Microscope, Nikon, Tokyo, Japan)& AF-8-5}F0] 25}t

2] 779 B ESH 542 5HA cetyltrimethylammonium bromide (CTAB) &4
< 0] 85} genomic DNAS FZ51%1.2 M intemal transcribed spacer (ITS) regions 2 large subunit
ribosomal DNA (LSU) Z2}to|H[25-27]E- 0]-8-5}0] PCRS Z1345}3Ith. 0] National Center for
Biotechnology Information (NCBI)©l] 2)+= Basic Local Alignment Search Tool (BLAST)E- 5-51| NCBI
t|o]EjHo] Ao SEE]o] = FRELHFE/dS Bl WSt Al'S4= MEGA X[28] Z= 1]
= o]-&3sto] A5kt

Mucor fusiformisporus H. Zhao, Y.C. Dai, Yuan Yuan & X.Y. Liu, Fungal
Diversity 123: 72 (2023) (FN570931) (Fig. 1 & 2)

e5Ha EAJ: PDA B A|of|A] 25°Col| A 747 B S5 S W, 22 80-90 mmE 2 A
5IEE 27]0e B A9] F-5FAk(aerial hyphae)?} B551A] A5t oH, 2t g
(Marguerite Yellow) 2= H3{T}. ol wAloll= A o] glou} Ad<alZ| A A o] Adx|3]
o}, ARG 2K Sporangiospores) = {5 (fusiform)|H, F-A T= 2] A 0] I (hyaline or
subhyaline) EH-2 j 1T}, ZA} 3 7]=3.5-6 pm X 1.4-3.7 um A Ch(Fig. 1).

BE AR MR B A A E] YR4K35°51'13"N 127°44'48"E), NIBRFGC000515082,
ITS: PX517491, LSU: PX517495

H|31: DAKAP 1231 7= 1TS 99 2] 71482 o]-&sto] Als w4S 345 21 Mucor
fusiformisporus NR191168 -2} 7 54> /3ol A -5 L3t LE(clade)ol] &5h= 21 0.2 Bl of %]
2 © 2 Mucor fissiformisporus = 573 =] 2 ThFig. 2).
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3% Mucor fisiformisporus”} 455 Mucor 42 EY, 52 Bl &, Y9,
71 Zoj|A] BHAE] = H A4 (ubiquitous) Z-0]TH17,19]. 0] 52 PDAL} 2
FAA S8 Holo] 7] Wule) $8 2L 252 Exhdol e

M0 2 Hoh= EAE ZH=TH18]. Mucor &2 7V 523 el 752

rlo e

Al 5 oS- ohefst
v Z|of| A] ufj-%- wif=
A 42k A 9 g
7|2 &llolth. ol
2 w2 Y S5 ulEo 2 (7|5 2ol 1 2] A (pioneer species) 2.2 2251, £5] &
tH 25l (dung decomposition)2] 7] BA1E B3k A 2= YA UTH17]. Ding 5+ Mucor <

0| BRI FEie] f71elRtEe Tt FHIE Bolishs 53 7l e, ol gt 2

| 852 Bast ae) £3S H)

=)

o

r
N

—

ALY
702 BejS0] F4102 §7188 ol8d 4

ol
¢

5 3PS 2/ 18] Mucor &2 T2 25°Col|A] 2|2 A2 H.o| = F-2/d (mesophilic)©]
L}, 4-30°C2] 5 2 Helo A FAS A5 YE £ 37-42°C2] Ao A Aol 715

steHIs). olefd e 2 2542 A WEol 2 2o AR B7olN S8 4E wol
2 4 Qlek M. fusiformisporus7t T UHR7} A5k ofalakd] ZolA RelEloks A2,
o] o] A4 A B0l A g0l g ARIth ZUL e A2 ER I8l thaglo] §
B3 hot spot ©| L2, o] 23 B0l /714, FF 58 WA ol g3k 13 BaAkEA 7]
B0z 2HE1)

Fig. 1. Morphology of Mucor fusiformisporus. A, B: Colonies on potato dextrose agar; C:
Chlamydospores; D: Sporangia; E: Sporangiophores; F: Columella. Scale bar, C-E: 20 pm; F: 10 pm.
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Mucor moniliformis(NR191174)

5 Mucortakensis(NR178158)

Mucor aseptatophorus(NR178161)

100

[ Mucor breviphorus(NR191162)

Mucor irregularis(NR172288)

Mucor souzae(NR165210)
[~ Mucor donglingensis(NR191166)

Mucor fusiformisporus (DAKAP_1231)
100 o

Mucor fusiformisporus(NR191168)

Mucor fusiformis(NR111660)

Mucor hiemalis(NR152948)

Mucor homothallicus(NR191171)
— Mucor hemisphaericum(NR 191170)

Mucor luteus(NR120224)

—_—

0.020

Fig. 2. Neighbor-joining phylogenetic tree of the genus Mucor based on sequences of the internal
transcribed spacer region of rDNA. The numbers at the nodes represent bootstrap values (%) from
1,000 replications (values below 80% were removed). The fungal strain isolated in this study, Mucor
fusiformisporus DAKAP 1231, is indicated in bold. The scale bar represents a genetic distance of 0.020.

Mortierella turficola Gams W, and H, Persoonia 9: 141-156 (1976) (Fig. 3
& 4)

Fef3tA B4 PDA Bl 2|0l A] 25°CollA] 787t Bl EHIS W, - E-2 70-80 mmE w2 A <&
=8 Bt 7)ol S ujrprh HaF g0 2 By 2‘11, % TARE tha A FAgH
AT}, ARG EZKSporangiospores)= - (globose) O] AL Wi I12]% EHS 7HA| 1L 9l o, 2]
2.4-3 um@th. T2 2K Chlamydospores)= 22| 2] 29 THFig, 3).

FE AR, Hets e Baat A A2 9-54K35°51'13"N 127°44'48"E), NIBREGC000515083,
ITS: PX517492, LSU: PX517494

rlo

H]1: DAKAP_1234 755 LSU tDNA 9 <j2] Q7| -F-& o] g5to] Als A4S 4345 At
Mortierella turficola T-5+(HQ630350)2t Al'5-4 /gollA] 5L s TG0l &oh= A0 =R Ejlx| o], %]
T2 2 & Mortierella turficola=. 573 =] A THFig. 4).
12 Mortierella 2] 7P - 2.5F el 715 5 she= 1A ]'39]'(phosph0rus solubilization)
oJtH19]. 1Py AlE AL B4 thiF 4ol AT EF Ul 22 584 77191 [Cay(POL),
FePO, 5] £= 771% FHlZ EAIsto] Algo] 24 42 4 HAQL} A4t 7HeE n A=
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(Phosphate-Solubilizing Microorganisms, PSMs) ©]2]8h 52/ Q& 718/ e = Hgsto] 4
20] 12 35T 4 A=F =ETH13,19]. Sang 52 Aol hEm, M. =
€ 5%l PKO HiZ|ol| A 75:9] f-7]4ak(&AlAE, At ofM EAL SARE EF2E2AE Tk A E2
F ) wH[oHH, o] F SAlAk, A4t ofM| EARe] E9tEo] 2 9 &oll & Iidote A2
AHE i Bg|Qlet o] f7]AHE2 X2 ESk(protonation)2} Z & 0] ESH(chelation) 712}
SAIZITH19]. M. turficola®] 0|23t 522 A 0 2 A& A% 113 Lot
™, M. capitata’s S<4=0]] &g Ao} Hpo| QUi A S 2F 35% S7HAI7| L EY -8
28% /A1, 18] (rock phosphate) S35 53l A122] 1 S45 S7HIZ A
TH14,15]. T3+ Mortierella -2 Q1 G 704 Qloll = 1AA 5 A& S22 A4k 24

T+, 18] 11 Siderophore A4t 58 H(Fe) D5 58 5 TS 3 717HS
el
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=
)
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2
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=
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25t A2 432 M2 BRI o S7E A2 B/ ma B A 2

o] 7|2fo] 7] 15} [20], A¥ch BN Mortierella?} 7 2 4o = 57]
Ash B4 nlER 7155 Sl

i
O>~
R

Fig. 3. Morphology of Mortierella turficola. A, B: Colonies on potato dextrose agar; C: Vegetative
hyphae; D: Sporangia; E: Sporangiophores; F: Columella. Scale bar, C, D, F: 20 pm; E: 10 um.
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Mortierella alpina(HQ630345)

Mortierella humilis(HQ630326)

100| Mortierella humilis(HQ630327)

Mortierella humilistHQE30325)

| Mortierella wolfi(HQB630303)

1901 ) tortierella wolfiiHQB30304)
Mortierella polycephala(HQ630333)
_0{ Mortierella polycephala(HQ630332)
Mortierella yunnanensis(MT031917)

100

Mortierella indohi{HQ630299)

Mortierella indohi{HQ830300)
Mortierella cogitans(HQ630281)

| Mortierella elongata(HQ630336)

100 prortierelta elongata(HQB30337)

8 —— Mortierella gamsi(HQ630340)

- P Mortierella gamsiiHQ830341)

r Mortierella turficola(HQ830350)
19| Mortierellaturficola(DAKAP_1234)

—
0.50

Fig. 4. Neighbor-joining phylogenetic tree of the genus Mortierella based on sequences of the internal
transcribed spacer region of tDNA. The numbers at the nodes represent bootstrap values (%) from 1,000
replications (values below 80% were removed). The fungal strain isolated in this study, Mortierella
turficola DAKAP_1234, is indicated in bold. The scale bar represents a genetic distance of 0.50.

Entomortierella sugadairana Y. Takash., Degawa & K. Narisawa,
Mycoscience 59: 201-204 (2018) (MB 822148) (Fig. 5 & 6)

Jeljsha] £4: PDA B 2|0l A 25°Col|A] 747 i ol ), 22 4045 mmE SRR
AT} BlAo] 48] 7ke T2} Hiake 0 2 WA xjeie) TApde mxpgdo] &
of] 713 (globose) 22 FAJ= Tt EAPGEA = 18] = oF-¢ (subglobose)o|H, FAHo| 1 3
2 o1} EA} 2172 2.1-3.7 um %A ThFig. 5).

FE AR, MepEE L3 A Age] ©-04K35°51'13"N 127°44'48"E), ITS: PX517490, LSU:
PX517493

H]1: DAKAP 1258 &5 LSU 992 F7|1MEE& o] &dlo] Als BAS &
Entomortierella sugadairana®] w+=+(MF510830)2} Al &4 /ol A ELdet TLEoll &ot= Aoz &
QlE|o], 2|54 O 2 Entomortierella sugadairana = 573 =| 1 Ch(Fig. 6).
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1% Entomortierella sugadairana®] S7-2 22 43/ 1} Aldol| FslA| Bxgtth= 7102
o] T2 16°CollA 2] S Kol 4-25°C2] {2 & HRlollM = o] 7Fsat, 30°C
A= A7EHA] Qe A2/ (psychrotolerant) 212] £/8& HRITH22]. o] =g A2 E/d2 A2
oAM= FA7FST AR Al B 84, A5 A oA £ At 5o )] 712ko) 7]l
0, =0] ARl EYOM = 7715 Bl 5 A|&5H she Y53 o] Hth22,23]. =3 E. sugadairana
L /\H/\ Oh_L/\ olE H-”ELJ— E_x]_,] Pinus, Picea, Ab1es ] Ox-l—{;].‘_—_ o]-_Ty_/\}LH,_T!_/\H:H A]—El

oM HEA oz FeEon, Jdrd Bl S A2 EATH26,28,29]. o] =g 2
42 AV (pH 40-5.5), =2 ONHIE, 1231 E2]Hs 5 22 tiAtE o] S5et e Y
o] T 4Rl EHS 7HAH, ol T2 A4 STt {AFSITH22]. E. sugadairana+= ©|

2i3k gHgollA BT 2A {71E 2ol W G 2ol 7@t Takashima 5ofl T2, U]
HDHL O] W2 7FA|o| M= E. sugadairana?} £-2] =2 2H, o] = £ 225 F3floh= 5o
= AAFRH Mortierellaceact 752 YR 0 & AEeA], 2AkdeholA], gl 1d 2l &
Zx(laccase 5)E ”*}0}04 AlE AlEE Y w2 2ollehH, £5] 21 o] ok Esi7h =

o[)h

i

U HAS U S BEHOE Pajstol A4 YeAle) JoFE 2Bl A 4TS 3,
3k 0] 52 5712 3] T O, NH, HPOL, K- 5-& W& l0] A120] o] § 7153 9o
22 3350 EFISEE FUAITH2]

Fig. 5. Morphology of Entomortierella sugadairana. A, B: colonies on potato dextrose agar; C, D:
sporangia; E, F: sporangiospores. Scale bar, C—F: 20 pm.
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Entomortierella sugadairana(DAKAP_1258)

100
Entomortierella sugadairana(MF510830)

91

Entomortierella jenkiniiMT521814)
Entomortierella parvispora(HQE67375)
100
Entomortierella parvispora(HQ667374)

Mortierella sossauensis(KC018330)

99

100

100
Mortierella sossauensis(KC018385)

r Mortierella alliacea(KC018349)

100 L{ Mortierella turficola(KC018339)
95

Mortierella turficola(KC018409)

ﬁ Mortierella alpina(MG833783)
8

Mortierella alpina(MG833801)

100 L
Mortierella lapis(NG149005)

Entomortierella beljakovae(HQ667428)

99 Entomortierella lignicola(HQE67435)

H Entomortierella echinosphaera(HQ667431)
99
Entomortierella chlamydospore(HQ667430)

0.010

Fig. 6. Neighbor-joining phylogenetic tree of the genus Entomortierella based on sequences of the large
subunit ribosomal DNA region. The numbers at the nodes represent bootstrap values (%) from 1,000
replications (values below 80% were removed). The fungal strain isolated in this study, Entomortierella
sugadairana DAKAP 1258, is indicated in bold. The scale bar represents a genetic distance of 0.010.

<]

T3 (Abies koreana)y= 7| S RISHRE Q15 A E|SHAL = Sh 1152 ofaratt) o]
ok 2|2 e At 2 n)gEo| WSk o] Qlgol Btk glont w2
of tigt A= F55 Aotk 2 A= 20248 B PR AR 9] 2 EYo gy
El XS &4 Belsto] B4t sl AF et EF AIRE TAISIH = 8RS o] &5t
Ampicillin®] Z7He PDA HiA]of] =253l o, BejH F+F52 e 54 ¥ LTS, LSU

1DNA F7| XG5 o] &3 FAAIE S A4S Fall 5785t 1 A2k, Mucor fusiformisporus,

@
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Mortierella turficola, Entomortierella sugadairana 35-0] =+Uj 0]7| &0 2 SRQIE|Qlc} 2 =72 7}
9 Y TR o0 5 A4S 591 0 A A
= VT L] R T ol st 72 B A B E Ay, E5] Qi 7185k il

4o 31—8—*3% N FREL FE TR B D 2L o3 38 nlYE Yo 2M 9|
Aelg 71 Ao 7ot
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