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Rapid screening of glutamate-producing macrofungi
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Abstract: [Background] Macrofungi are important food and drug resources, which can produce a variety
of nutrients including essential amino acids. Glutamate, one of the important functional molecules of edible
macrofungi, presents umami taste and is an important index to measure the nutritional value of edible fungi.
[Objective] We evaluated the resources of macrofungal strains containing glutamate based on the conserved
homologous genes of glutamate synthase in Agaricales, aiming to guide the exploitation of wild macrofungal
resources and the manufacture of glutamate products. [Methods] We compared the glutamate synthase gene
sequences from 25 strains and analyzed the conserved exon region. Two pairs of degenerate primers, GS
Ag les F1/R1 and GS Ag_les F2/R2, were designed for the conserved exon region of glutamate synthase and
used for PCR screening of 65 strains belonging to 13 families of Agaricales. In addition,
phenylisothiocyanate derivatization was combined with LC-MS and HPLC to quantify the glutamate
produced by the 65 strains, and then the screening efficiency of this method was evaluated. [Results] The
screening efficiency of primers designed in this study was 86.2%, and the screening efficiency of the primer
pair GS Ag_les F1/R1 was significantly better than that of GS Ag_les F2/R2. The fermentation conditions of
Agaricales for the production of glutamate were optimized as follows: LMM medium, 28 °C, 200 r/min and
2—-4 days. The results of PCR and HPLC showed that the primer screening method in this study had a true
positive rate of 81.5%, and the application scope involved multiple families including 7richolomataceae,
Physalacriaceae, Agaricaceae, Cortinariaceae, Bolbitiaceae, Lyophyllaceae, Pleurotaceae, Psathyrellaceae
and Nidulariaceae of Agaricales. [Conclusion] The primers obtained in this study exhibit a good application
prospect in the screening of glutamate-producing strains of Agaricales.

Keywords: glutamic acid; glutamic acid synthase; molecular marker; edible mushroom; efficient
screening
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AN[F) 43 25 B0 N 4G 195 5 < B A R A T
BA RN J R 6 M2 R TS, fh4
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20k, BEH 28, LA H 48 BEH 1R
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HAPRG MEA R 43 K BTN R K R R il AT
#r, bootstrap {E K 1 000,

144> A 5] J 94 SR G IS IR 81 A 7 R~
S0, A MEME 5.4.1 0B xd < BN
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Table 1 The fungal strains screened glutamate production in this study

Family Species Strains i Family Species Strains

Tricholomataceae  Lepista sordida SZ1L-003 i Psathyrellaceae Psathyrella bivelata SZ1.-004
Lepista sordida SZL-026 ! Psathyrella bivelata SZ1.-028
Lepista sordida SZL-072 i Psathyrella bivelata SZ1L-030
Lepista sordida SZL-097 Psathyrella bivelata SZ1L-054

Physalacriaceae Flammulina velutiper SZL-109 ! Psathyrella subsingeri SZ1L-021
Flammulina velutiper SZL-118 i Psathyrella subsingeri SZL-061
Oudemansiella raphanipes ~ SZL-117 Psathyrella candolleana SZ1L-058

Agaricaceae Coprinus comatus SZL-089 ! Psathyrella candolleana SZ1-147
Coprinus comatus SZL-174 i Psathyrella candolleana SZ1-148
Agaricus sp. SZL-015 ! Coprinellus radians SZ1L-020
Agaricus sp. SZL-130 i Coprinellus radians SZ1L-087
Agaricus sp. SZL-079 Coprinellus radians SZL-108
Agaricus xanthodermus SZL-047 | Coprinellus radians SZL-179
Agaricus xanthodermus SZ1-040 Coprinopsis atramentaria SZ1-014
Agaricus xanthodermus SZL-029 Coprinopsis atramentaria SZL-036
Agaricus xanthodermus SZ1.-044 i Coprinopsis atramentaria SZ1.-049
Agaricus xanthodermus SZL-081 Coprinopsis atramentaria SZL-060
Agaricus parvibrunneus SZL-105 ! Cortinariaceae Hebeloma sp. SZ1L-010
Agaricus blazei SZL-110 | Hebeloma sp. SZL-033
Agaricus bisporus SZL-025 ' Strophariaceae Stropharia rugosoannulata SZL-119
Agaricus bisporus SZL-125 i Omphalotaceae Lentinula edodes SZ1L-043
Agaricus bitorquis SZL-059 Lentinula edodes SZL-178
Agaricus bitorquis SZL-046 ! Bolbitiaceae Agrocybe pediades SZL-154
Agaricus bresadolanus SZ1.-052 i Agrocybe aegirit SZL-111
Agaricus bresadolanus SZL-051B : Panaeolus retirugis SZL-100
Agaricus subrufescens SZL-053 | Pleurotaceae Pleurotus geesteranus SZL-113
Agaricus subrufescens SZL-074 i Pleurotus sajor-caju SZL-116
Agaricus subrufescens SZL-099 ! Pleurotus eryngii SZ1-122
Macrolepiota sp. SZL-168 i Pleurotus ostreatus SZL-127
Agaricus xanthodermus SZL-038 | Amanitaceae Amanita sp. SZL-157

Lyophyllaceae Hypsizygus marmoreus SZL-112 ! Lycoperdaceae Lycoperdon sp. SZL-180
Hypsizygus marmoreus SZL-114 . Nidulariaceae Cyathus sp. SZL-181
Hypsizygus marmoreus SZL-121 i
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R2 AARPHAGHIES 4
Table 2 The primers for screening strains produced
glutamate in this study

Primer

GS Ag les F1

Sequence (5'—3")
ATGGGYTGYATCATGATGCG

GS Ag_lesR1 GARATYTCCTTCCARTCCTTGAC
GS Ag les F2 CGKACYATYAATGAGATGG

GS Ag_lesR2 GTRAAYTCYGGGAAGTTG

1.2.3 E[FE4H DNA B2 S PCR ik

MAP-Ai B IRGER 43 P 22 B2 FP 3] 10 mL %€
A LMM W IAREEFREE 0N, 28 °C #iE b
F% 3-5 d, PRHGHRAr B 22 W T35 97 AL Jm i AT 2
K21 DNA 3EH, $REUT S IR I
[H2H DNA $2 5053, PCR 784 F ] SanTaq
PCR Mix 17, PCR JZ W& & (10 pL): K&
20 DNA (20 ng/uL) 0.5 pL, #5149 (iF 16 1
JZ 1], 10 pmol/L)%% 0.4 pL, SanTag PCR Mix
5 uL, JoiE KA s PCR KW 4544 : 94 °C 5 min;
94 °C30s, 54°C30s, 72°C 1 min, 33 Mg
FR; 72 °C 5 min; 12 °C {#£4F. PCR F=Hy# i
WL 1% B0 BE S H Uk (135 V, 16 min)
AT
124 BEHRHECSAEHER

BRAFEAE 4 °C PDA B3R ELRHATAY 65 PR
PRIZEFN 2] PDA P s 57 0 |, 28 °C H5 5% 3-5 d,
SRIG N LR BB &L 1Y) PDA Ky 573k b RE 5%
5-7d, fEREBEA T FIHICETTFLARTE- R
AR A B A TETAL, RS EAR 1 em 2247 1Y
BF, B 2 BREDEIOA 2 mL JCHE B3 A B 1
BB I TR ARBRE(70 Hz, 60 s), SR)EBL
A 5 A TR 73 1| 32 PP #2647 10 mL PDB, LMM
5 CBY MIMARKG R, 28 °C., 200 r/min $
KPR K E 10 d, KEER R 2A R & &5
2 KA —K
1.2.5 AREEITEURN

ok 4 2 R F B R R TR (phenyl

isothiocyanate, PITC)fifA by ik k414 & IR
() HPLC &™), o Se RS s B Ar e it i T
Ak, B 1 mg/mL A AR bR
WEWRE, SRJT BB H 0.1 mol/L Y PITC ¥k
(0.6 mL PITC %5 T 49.4 mL ZJiE)#1 1 mol/L =
LREEW(6.75 mL = LRV F 43.25 mL 4JF)
WEATAT A A SN o SR F A 4E 0.1 mol/L PITC
100 pL. 1 mol/L = Z W&V 100 pL FIA 2R
PRUER 200 pL, WA WSEEEE 1 h, &5
A 400 pL IEC Rk . BUF 23 W
12000 r/min =& 15 min, EFERAT
HPLC & LC-MS #4341 o A [m] T bk A e v 4%
SR RGN R AR ) B A A Ak 0B A T
1.2.6 ARERITEYNEFRERZOHIE

W RECHIFAY 1 me/mL B4 & B bR
W FR B 0.00, 0.05, 0.10, 0.15, 0.20, 0.25,
0.30 mg/mL MWREERERE, 2 5liEA T A AL e 8
it HPLC i A & it HURAR SN
WRARAR . A SRR AT A P 0 T B Ry A A AR 22 il B
HEMZR, IR AP 5 e X AT S R A 7 it
43
127 AEBRENSEESH
B 300 pL REEWE 12 000 r/min 25 I 550
15 min, SRJ5K &0 05 1 BIE P T PITC i1k
Fl HPLC ArhrAail, AKH0 4 2 R AT A= 0 i A if
2] & B (1 % R AT 7 . HPLC 4y
K XTerra MS C18 (4.6 mmx250 mmx5 pm)
ORERE AT, N 1| mL/min, KK A
254 nm. HPLC Ji sl AH#E FE BRI 25144 : 0-2 min,
FE 10%—28%; 2—13 min, FIEE 28%—28%;
13-28 min, 28%85%; 28-28.1 min, H[E
85%—100%; 28.1-33 min, WL 100%—100%;
33-33.1 min, W 100%—-10%; 33.1-38 min,
H I 10%—10%. £ 0 & R h 45 R £
) LC-MS ¥ i Agilent 1200 ¥£47, LC-MS
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FEEVERL 2514 K. 0-30 min, ZJE 5%—100%;
30-35 min, ZJ& 100%-100%; 35.0-35.1 min,
2N 100%—5%; 35.1-40.0 min, ZJE 5%—5%.
B RARATEY I T =AU T IR A 2 R
TR AT ATk .
1.2.8 HEVEBSZHITHNEE

ik Excel 2016, MEGA 6.0, DNAMAN
& SnapGene 3.2 SFEF X5 | 51 Bsf () Bcdis i
A3, i3 GraphPad Prism 8.01 XJ 5245
B T g1t B, it Agilent ChemStation
Rev. B.04.01 X} LC-MS ¥4l 4740 A Ab 2
MER IR FR AT E 3 AN ER

2 HERE504

21 AEREMIERFIREEGSER
Sk

T K 55 B < iR A SR A Y
GILRR T AT R EE X, SRAFEJE A 59 Fh
AN R BRI A A% 2B Gl , I X 3k SE gk A 7
TRERN . ERGEKEW S, 77 59 Fisy
R A EMRE & 21 DR 8 A~ H, Hi
D HBMA 25 B, JLT BT RN —
Fo R HE 25 BRE MR SHE T 12 R, AR
T H T 3% 28 43 24 R & i 78 A [ Bl 22 8] 79 5 %
KEKIE, BRSPS EARIFA S,
41 KN817587.1 1 KL142370.1 %5, H)& F[i]—
HMR ARG AZRAN 5, HPhaA
R G Tl 1 O 57 PEAE < T8 H (Agaricales) 11 ik 3
79.12% ., TEZL%% H (Russulales) 35 %) 82.45% .
% fL B (Polyporales) ik #| 90.09% . £ H H
81.61% . 4 H H
(Tremellales)ikF| 97.54% . W H (Tuberales)ik
F) 94.58% . R EE H (Hypocreales)ik%!| 74.16%
(B 1), 845RRW, fEmFEFE PR AR S M
H N BEORST S

(Dacrymycetales) ik %

22 EHIMEHMARERSEEE PCR
118

WX T H A 25 BRI A R A il A
DU SN EAT PRSP0 A, 2R3 T 4 By a5k
¥4, 4351 ATGGGXTGXATXATGATG
XG. CGXACXATXAAXGAXATGG. XAAXT
TCCCXGAXTTXAC #1 GTCAAXGAXTGGAA
XGAXATXTC, Herp - ORAT 1 23 B4 T ok U
BT 12408, JLF LAl H A & LR,
e W] 3 6L IR o A7) A A < H HA Ao 9
SRS FET ARG X L AR AT AR DN Y 51 3
st 1A H A E IR = A e i 2 X i 51
Yy, TS H 745 2R T R 9 PCR i B SGIE .
Wit 5% GS Ag les F1/R1 ) PCR 4 B4 56 41F
R, 1 65t H @tk AL A 51 pRaER
HBZaT, kiR mik 78.5%; M 514
%F GS Ag les F2/R2 [ PCR ¥"#, JLH 44 ¥k
RES AT H Y254, AT 10 Bk RAER 5=
PEP 1S, FI, GS Ag les F1/R1 4 7 126 2 58 B
WALTF GS Ag_les F2/R2, SR 1 24 2 Xt 5| ¥4 &
i FH B 3% R R 1k 86.2% (K 2A—2D). %45 #
KW, ARBEFAR A E R A WO P 5 8T
W& B A T H  Tricholomataceae
Physalacriaceae . Agaricaceae. Cortinariaceae .
Bolbitiaceae . Lyophyllaceae . Pleurotaceae .
Psathyrellaceae 55F}HH 7 45 24 TR TR K 1R 07 146 o
23 AEEHRABERTARBREESNS
ERE L

A G TR A W A N R R A Y A
B, 25 ZMEE AR, KT, M
T A B R R R AL I TS BOHTE — R
HPLC 437 i 2 v sl LA B 22 Bl D00 A e 2t
I, ARWFFE S A AR HEAT PITC AT EAL S FEXT
AR MHAT HPLC R IAE & i i A 2 ebn
i 5 PITC FEATAT AR AL B, A 1) Jg
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100 Armillaria ostoyae (SJL04743.1)
10071 Armillaria solidipes (PBK64564.1) Physalacriaceae
52 Armillaria gallica (PBK83723.1)
78 Pleurotus ostreatus (KDQ33871.1) | Pleurotaceae
l Moniliophthora roreri (ESK88306.1) | Marasmiaceae
7 Gymnopus luxurians (KIK63597.1)
% 1EGynln9pus androsaceus (KAE9406738.1) ‘ Omphalotaceae
95 Lentinula edode (GAW06304.1)
100 Amanita thiersii (PFH50078.1)
6 Amanita muscaria (KIL69620.1) ‘ Amanitaceae
Pluteus cervinus (TFK76592.1) | Pluteaceae
74 Hypsizygus marmoreus (RDB20943.1)
91 l“ I:Laccaria amethystina (KIK06586.1) | Lyophyllaceae Agaricales
1004— Laccaria bicolor (XP_001878616.1) ‘ Tricholomataceae (79.12%)
49 Hebeloma cylindrosporum (KIM49264.1)
8 Gymnopilus dilepis (PPQ99114.1) ‘ Cortinariaceae
9) Psilocybe cyanescens (PPQ78537.1)
00( 63 Galerina marginata (KDR81473.1) .
Hypholoma sublateritium (KJA18566.1) Strophariaceae
100 Leucoagaricus sp. (KXN90539.1)
Agaricus bisporus (XP_007326712.1) deari
100 LAgaricus bisporus (XP_006458247.1) garicaceae
Psathyrella aberdarensis (RXW24891.1)
87| 100 Coprinopsis cinerea (XP_002911893.1) Psathyrellaceae
95 Coprinopsis marcescibilis (TFK29800.1)
100 Dentipellis sp. (KAA1474899.1)
Dentipellis fragilis (TFY68246.1) L
Hericium alpestre (TFY80717.1) Hericiaceae Russulales
Dichomitus squalens (TBU65635.1) (82.45%)
90 Ganoderma sinense (P1L.24163.1)
98| Trametes coccinea (OSD08674.1)
Trametes cinnabarina (CD0O72890.1)
Trametes pubescens (OJT14629.1) Polyporaceae Polyporales
90 Lentinus tigrinus (RPD66325.1) (90.09%)
100 100 Polyporus arcularius (TFK91234.1)
100— Polyporus brumalis (RDX56569.1) b )
Dacryopinax primogenitus (EJT98370.1) acrymycetales
00— Calocera viscosa (KZ099353.1) | Dacrymycetaceae | (81.61%)
r Tremella mesenterica (RXK40878.1) ‘ P I ‘ Tremellales
100L Tremella mesenterica (XP_007002529.1) remetlaceae (97.54%)
77 Choiromyces venosus (RPA99962.1) e
100 E Tuber borchii (PUU80941.1)
Tuber magnatum (PWW74871.1) Tuberaceae Tuberale;v
100 100 Tuber aestivum (CUS11322.1) (94.58%)
Morchella conica (RPB15543.1) | Morchellaceae | Pesizales

100 (Metarhizium rileyi (OAA41399.1)
Metarhizium rileyi (TWU74149.1)
Metarhizium majus (KIE04003.1)

Pochonia chlamydosporia (XP_018138770.1)
Torrubiella hemipterigena (CEJ85532.1)

100 - Beauveria bassiana (PQK17461.1)

Beauveria bassiana (KAF1729524.1)
Beauveria bassiana (XP_008596092.1)
Beauveria brongniartii (OAA42318.1)

100 I: Ophiocordyceps polyrhachis (RCI15135.1)
Ophiocordyceps sp. (RDA83923.1)

100 Hirsutella minnesotensis (K1Z75597.1)
54Eolypoc/adium paradoxum (POR38383.1)
100 Purpureocillium lilacinum (PWI173711.1)

Clavicipitaceae

Cordycipitaceae

Ophiocordycipitaceae

Hypocreales
(74.16%)

Bl SFEEAERSBNARGLXBESN 5 HHFESSRA AN KA 2R 5 BEH) GenBank
BT PSRBT R AN R 3 S (6] BB SRR 5 AR RN AN [R] TR R 9 45 24 R 7 T =2 (] i
AR IR B 4 L A5

Figure 1 Phylogenetic analysis of glutamate synthase in higher fungi. Serial numbers in brackets indicate the
GenBank accession numbers of glutamate synthase of different strains. The number of branch points represents

the confidence degree between different branches of the evolutionary tree. The scales indicate the proportion of
evolutionary distances between glutamate synthases of different strains.
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Figure 2 Degeneracy primer design of glutamate synthase and PCR screening of strains in Agaricales. A:
Conservative motif of gene by MEME and the designed GS Ag_lesF1/R1 primers; B: PCR with the GS
Ag lesF1/R1 primers; C: Conservative motif of gene by MEME and the designed GS Ag_lesF2/R2 primers;

D: PCR with the GS Ag_lesF2/R2 primers.
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Figure 3 Glutamate derivation and standard curve measurement for in fermentation broth of mushrooms. A:
HPLC analysis of glutamate derivative; B: HPLC analysis of the SZL-110 strain; C: LC-MS analysis of
glutamate derivative; D: The standard curve of gultamate determined by HPLC analysis.
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Figure 4 Effects of media and fermentation period on glutamate production in different strains. A:
Glutamate production of Agaricus sp. SZL-015 (Agaricaceae); B: Glutamate production of F. velutipes
SZL-118 (Physalacriaceae); C: Glutamate production of L. edodes SZ1.-043 (Psathyrellaceae); D: Glutamate

production of P. bivelata SZL-004 (Tricholomataceae); E: Glutamate production of L. sordida SZL-026
(Omphalotaceae).

= Tricholomataceae

0.2+ ®m Physalacriaceae = Strophariaceae w3 Lyophyllaceae = Amanitaceae
—_ .
g = Agaricaceae =3 Omphalotaceae wm Pleurotaceae = Lycoperdaceae
S mm Cortinariaceae mm Bolbitiaceae = Psathyrellaceae ®m Nidulariaceae
g
S~
=
S 0.1
= Ol
S
9]
o
:
E
o

0.0 .I.Hé..y.x...uux....

S A A A A A AN A A A A AN AN AN SIS, 9’\»’\»’\»’\»’\»’\»’\)’\)'\)'\)'\)'\)'\)'\f\f\f\f(\y'\»'\f\f\f\f\f\f\1\5\5\5\1\5\5\5\5\5\5\5\1\5\1\5\1\1\5\5\5
R R R R e R R R R R R Rk
Strains

5 ¢EBEAEEHKRE LMMIERETHNATRIETENH
Figure 5 Quantitative analysis of glutamic acid yield for the macrofungi strains Agaricales in LMM broth
fermentation.
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