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Physicochemical properties and microbial communities of soil
growing Morchella in different habitats

CUI Huicui?, LIU Yang?®, ZUO Xin!, WEI Jun', ZHANG Guoqing', CHEN Qingjun"!,
ZHANG Weiwei'
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3 Yangqing District Agricultural Technology Extension Station, Beijing 102100, China

Abstract: [Background]| Since Morchella was successfully cultivated for commercial purposes,
soil and soil problems caused by continuous cultivation have become obstacles in the sustainable
development of Morchella. [Objective] To offer a reference point for soil improvement and
ecological restoration in the cultivation of Morchella. [Methods] During the harvest stage, soil
samples were collected from both wild habits of Morchella and the cultivation regions of Morchella
with different yields. The physicochemical properties and microbial communities of these samples
were then analyzed. [Results] The content of nitrogen and activities of alkaline and neutral
phosphatase, catalase, and urease in the soil samples from wild habitats were all higher than those
from cultivation areas. The relative abundance of bacteria in the rhizosphere soil of Morchella was
significantly higher than that of fungi. The richness and interrelations of microorganisms in the soil
samples from wild habitats were much higher than those from cultivation areas. At the bacterial
phylum level, Actinomycetota, Proteobacteria, Chloroflexota, Acidobacteriota, and Bacteroidota
accounted for more than 80%. The soil samples from cultivation areas of Morchella had higher
abundance of Firmicutes than those from wild habitats, which reached up to 28.91% in low-yield
areas. At the fungal phylum level, Ascomycota, Basidiomycota, and Mortierellomycota accounted
for 90% or more. The dominant genera were Bacillus and Mortierella in the low-yield areas and
Humicola and Aspergillus in high-yield arcas. Moreover, the yield, alkaline phosphatase, urease,
and catalase showed significantly positive correlations with several bacterial and fungal genera.
[Conclusion] Abundant organic matter and microbial communities are conducive to the yield
improvement, ecological restoration, and sustainable development of Morchella.

Keywords: wild Morchella; cultivated Morchella; physicochemical properties; microbial diversity
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(Pezizomycetes) H (Pezizales) - fi: i #l
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FEZ2AT TR 5 FE I EARIG 0 - 8h 56 1EF
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1.1 &

FE R E I A 2021 4F 11 A7EdL T
KM F mJEHEF L EREREM, T 2022 4
3-4 H TR, RS RS ) S TR B
PN PN M AN, SRR R S IR
Ji: #i(Morchella sextelata), 43545~ CH, CM,
CL. 7E/NX P IR JI SR A H 7R 0-5 cm
B 3R S, B AU B 3-5 ¢ /M,
AW A T EE, AT AN,
A% 0 - 8 I AL BN

PPA ERE R R L. 2022 45 5 A FAEECH
FEPRIX T Z 05 RHE G RAE, AR A
FAEBIEM, BOAH R EYE 5, SERET
8 AEFASERREE, Zad I PR A B B AR SR
B AP 8 2E B (Morchella esculenta), oAb
BTHIE 2 D RFESGSH WQ-2., WQ-4),
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1.2 FERFIFUEE

Bl , et R R E M HAR A R T A A
WENE, FWAEVRHARA A 75%0E
INARZHREFmBHEBERHCA R A W s TTK R,
R 2 R A R ] 5 B B ) L I 24H DNA
PEHUA TR & Fil 2xTaq PCR Master Mix, [
W AE IR A B | ITST 5191 1TS4 514,
ETAY TR RO ABRA A ; FastDNA
A, B E A B ARG R A H]

W1 pH-EC i, i SR BAL I E R AT
WA WK, FERIHERAGA R
Ay L4, Thermo Fisher Scientific 22 H];
[ AL, Gerhardt 24 ] ; 2 AgtE R HE R R 57
. TUREBRETAR LA M EO AL,
Eppendorf /3 ] ; PCR Y, Bio-Rad AH]; HLIK
1, s —AEYRHA R A
1.3 EFHFE

Ty 4% 2 7 75 M B I8 (potato  dextrose agar,
PDA)YE RS (g/L): #ifif S 200.0, HIZ M
20.0, BifE 20.0,

14 HRHIBLM R RESE M AN

Al PR AL PE BT E S pH . MR
(electrical conductivity, EC) ., & /K & | BA & & .
T . AL APLEP,

{67 R B I 8 400 b €8 7 %0 i D T 0 1 4
BEATIRYE vV BRI B R T S A A,
I 58 SRR 5836 37 °C. 24 h Bk 1 nmoL

Fz 1 HEMSHMENES| I REFF]
Table 1

R 1A AT 5 R N - U SRR B Lt ik
HEAT O Tt Tl O 0, W A S T v i B
37°C.24 h %4 1 pg NH3-N 5E L 1 N A
05 587 P v ol B 0 A T 2o SR A U S
PN, S SRR RN 25 °C . 24 h fiEfk
1 mmoL H,O, B E A 1 AN B2,

1.5 EIZHMERNE

XF TR AR AR R DNA S5 54T PCR
g, ARSI I F AR 1 R

PCR JZW A Z (20 pL): 10xbuffer 2 uL, ANTPs
(2.5 mmol/L) 2 uL, 1E. S 5I4)(5 pmol/L)%%
0.8 uL, rTaq polymerase 0.2 uL, BSA 0.2 uL,
DNA 10 ng, ddH,O M 20 pL. S &0 95 °C
3min; 95°C30s, 55°C30s, 72°C45s, 354
E¥; 72 °C 10 min; 10 °CHR¥E .

P11 PCR =i il it —25 e o zlift
{1/ MiSeq PE300 ~F- {5 #E4 7 B X A s 120 3
1 2 H 45 = 4 Hr (www.majorbio.com)F- 5 Xt
S £ 2 Je R R 5 T TR R IR O A ) 2 R
PEAT AP o Zead oV Ja B8 HE A T A AR
HEVE Y 22 5
1.6 D

] 30 il 4y B 2 o % A B S R P
SPSS v.26.0 it gitort, 25 BEEH
Duncan #i 2 W ZEIATRL, BEMHEATFRE
1 P<0.05 . AR 4 4 Br 4 AL A A Origin 2021
YEKE,

Primers and their sequences for microbial diversity determination!?’!

AES 5149145 B

Classification Primer name

ElkZ 2]

Primer sequence (5'—3")

40T 16S rRNA 338F
Bacterial 16S rRNA 806R
EH(ITS) rRNA ITS1F
Fungal (ITS) rRNA ITS2R

ACTCCTACGGGAGGCAGCAG
GGACTACHVGGGTWTCTAAT
CTTGGTCATTTAGAGGAAGTAA
GCTGCGTTCTTCATCGATGC
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2.1 FHEEETIFEEMBLMER
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pH {H7E 7.0-8.0 Z [0, PiFEZEHANK, F£HF
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IKETERE R 22 5 AR, A FE AR
I —((E 1B, Kl 10), ZREKMEHA
i, WA S AR AE 0.65%-0.92%
TP, TR XY 0.16%-0.25%, EAkbsF
FEBRY 3-5 fi5(Bl 1D). ik it 745N HURE i 22
] iy 22 S B Bl B R, L BP A SR I WQ-2.
WD-1 HUHE S S ik s #R AR =, X AT RS P AE S i
R R AR AR TE I 2 T A T A R IR S8 1E)
i 281 L R0 4y Y A S R RIS T AR s E i, AR
FHHAATE 8.45-15.45 YU, AkBsE M HALE
7.01-31.29 {E FEI(E 1F). A HLET LA R A
WENR SRR, 7 7.65%—14.29%2 0], N T3
FEBO7E 1.90%—11.90%E Bl (] 1G). 55 45 il 45
B, A 2 TR Ak 2 T A SR - I A
Bz EfEE—EES, THESTA R ER
FEEEIE S, RUEARRE T EIEM A
AW EAESRFE R, AN TS
st 58 3k U IDNGSEC N T 0p- A L E A
2.2 EIETIEEEEM

- TG 2 G PR B AR . N 2A
JIE7 B AR S T TRRI AR % A AT 1 1R e e R
(acid phosphatase, ACP)i&E P IEFlI A 35-47 U/g,
R B 2 R B B S T A SR B R
W5 B2 ¥ (neutral phosphatase, NEP) i 4712 Fl
TE 55-120 U/g (I 2B), Bl1h: B2 M (alkaline
phosphatase, ALP)IPEHEPENLFEIR 50-350 Ulg
(& 2C), 249 LU A 2 b 2 s AR BT SR AR
A [6) B8 I UK B (urease, URE) Y il 76 1 € B
e B35 2 5, W R CGE R TR A e S MR

196-681 U/g, it KF 15 A (& 2D). B
ASEREE 3 AN EBORE S R 1 22 SRR, &
AT A RS T R E SR A A R, AN [R5 B A
A Ak A B (catalase, CAT) Y i 7& ¥ ¥5 Bl M
70-180 U/g, BFA:2E0H B K FH 1,
Hr WD-1 e i S PR, 38 180 Ulg, 4%
B X CL R s BS PE5e [ 70 Ulg
(¥l 2E). £ PG 25 R R W], BPAE E I IR N
AR T =i B 2 o i W I 5 Ol e w4
FEA T FLE R, 3 0 1 SRS
BB, E A TS AN

2.3 FHEEEIIRMEDSHEME

X5 h WQ-2, WQ-4, WD-1 HJEFA: T4
JE 41 CH, CM. CL Bk 35 s yE L3t 47 17l
F, IR EGE FAZEIZE NCBI Mk, 558
SAMN42848720—42848731 Hl SAMN42848732—
42848743, FEXFHMIFA B . DhRE S IR
KREHT T 34T,

2.3.1 B3 L 3E F & kR 5 #7 (principal
coordinate analysis, PCoA)

PCoA BB 1L WA [R) 4 AR [1] 0 1 % 245 1 O
F, ATRL AR b Rk A% HORE 5 4H PN R ] 1 SR AR
PEFN G EPE . [ 3 S5 REHT, AR TS 327 AR
4 PC1 5 PC2 Wsgmi sy ilik gl 55.73%5
10.36%, ELEREE 3k 5] 36.79%F1 13.52%.
TEAR IR, AR FEIE Y32 F s PCL 5
BOR, MR A 2 PC2 SUMEE K FEEE
HEVE WQ-2 Fl WQ-4 55,52 PCA2 524 K, WD-1
HURE SR PCL. BFAEF B SR F I Yy
2 T R TR A U Y O . SRR L AT
R G 3
232 EIELIRI]. BAKFIFER D

PR R A RIS G B I EY
VR . T 97%M)F5IAEMPE, R llumina
MiSeq PE300 V-5 73 5D E] T 42 177,136 44,
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1 FHEEREDEEMBAMR A BRWME; B: LS, C: SKE; D: S&&E; E: SKE;
F: BRAEL: G: AP, WQ-2: THEEFAEFIG 2 S RSN s WQ-4: THIEEAETIE 4 5
RAERIFERD; WD-1: SEZOAEFAF IR 1SRG CHL CM Al CL 73 5 A8 I e ™= .
FEHUT N ORAE AR . ITRARNS PR ES B E . T

Figure 1 Soil physicochemical properties of Morchella habitats. A: pH; B: Electrical conductivity; C:
Moisture; D: Total nitrogen; E: Total carbon; F: C/N; G: Organic matter. WQ-2: Sample from sampling point
No. 2 of wild Morchella from Qianjiadian; WQ-4: Sample from sampling point No. 4 of wild Morchella from
Qianjiadian; WD-1: Sample from sampling point No. 1 of wild Morchella from Dongjiagou; CH, CM and CL:

Sample from sampling point of high, middle and low yield areas of cultivating Morchella, respectively.
Different lowercase letters in the figure indicate significant differences. The same below.
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Figure 2 Variations of enzyme activities in Morchella habitats. A: Acid phosphatase (ACP); B: Neutral
phosphatase (NEP); C: Alkaline phosphatase (ALP); D: Urease (URE); E: Catalase (CAT).
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Figure 3 Principal coordinate analysis analysis of Morchella habitats. A: Bacteria; B: Fungi.
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336 H. 533 #}. 1013 J&. 2240 FI LA K 7291 4
OTU MIZHE; 1617, 5844, 136 H. 326 B},
768 J& . 1336 AL J% 3 928 1~ OTU WY E R . 1
PR A R, TR A A 4 TR AR X S B
B2 = F E A (B 4A-4D).

HE 4A ATLIEW, 7E4RT K, B4
R BA S AR 6 R AT AL 4 B R i R T
(Actinomycetota) . “ZJE # [ ] (Proteobacteria) . £k
LB ] (Chloroflexota) . B@#T B ] (Acidobacteriota)
AT 1] (Bacteroidota), B0 5l 80%
PLE, WA CERE AL 22 RO, SR
TR 7 S AR AR AL o Rk 5 2 FH R X = B i
A LR JERER T (Firmicutes), ZH[A]LL CL B
FE S IR RE TR [T A AE G 32 B e =y, 15 810 28.91%,
T & 77 (CH . CM) I - 32 7 40 1 B VR A 22K
Ko FEELH T TAR(E 4B), TP A P T T AR X
FERI =102 T3 H ] (Ascomycota) . +H T[]
(Basidiomycota) F1 4 1t 45 [ ] (Mortierellomycota),
EATHY A7 ELIk 90% K LA 5 AREs 2 TR A H 7B
I F R A SRR B, A KR RE TR AR
FFE ], HAp 7= X CL BB EE ] ik 36.18%.
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Figure 4 Relative abundance of microorganism on phylum and genus level. A: Bacteria on phylum level; B:

Fungi on phylum level; C: Bacteria on genus level; D: Fungi on genus level.
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TR T A BRI 3], T A R B B I X B B
A/ 6 I 1) 7Y 2% 55 7R & (Tomentel | a) Fl ¢ 4R 7T
J&(Metarhizium), 7£87 A= B A R0 2]
24 MEERFESMEDEEREXSHT
Ryt A3 2 B A A ERAL IR SR
T HMEMRER RN OC R, MRS 1 5k
YITEVE MR . IR S AT, FESF AR Sk T
R IE AR 22 P15 TR - 55 A TR A ST A 1) A TR
Bl (pH)  HPEBE R BE(NEP) | it A AL S B (CAT)
JIX B (URE), H:H 5 NEP #% i 2& IEAH SE 194 133
41 40 T J& (Solirubrobater) Fl i & B # J&
(Microvirga), 5 CAT. URE {3 IEAHOCHIAG A
32K M B AT # B (norank_f  Xanthobacteraceae) ;
SHEMEEREWIEAARERFH pH.
ACP. NEP, URE. CAT. & /K% (moisture),
Hp 5 CAT. URE W8 35 IEAH G A B3k %8
(Volutella), 5 CAT. URE. NEP # i # IE A&

B A K 4> 25 1) 3% 52 T W (unclassified ¢

Sordariomycetes), 5 URE #% i 3% 1F A0 40125
& (Paraphoma) &5 . TGI8 J2 4 T i J2& EL 1 B
%, 20FH 10 MUY R S5 T Z [H R
hy i 2 BN S S TE AR OGR4 TR T
WA FE 5.

TER B F IR EIE (8 6), 52 AE &
IEAH S FfL IR [ 74 ALP ., CAT , moisture
HL RS A, 77 28R A ek,
1515 2 4T 1 )@ (Bacil lus) 2 2. 3 7k 56 , & &L
5 o ZIEH ] (Alphaproteobacteria)t i &
IEAHE . i (yield). ALP, URE, CAT 5%
MTHEEREMIEMEC, HhS2g)E
(Myceliophthora) . & i % J& (Humicola) 5 7= & |
URE 2 3 1IEAHC, 5% 14 & (Gibberella) 5™
IR E IEASS, EATA T RRTE RS gk
T R AR

METEATEEGE, R EIES LR

K IEAH G A TAE D A 2 I i b, N TRk R
T ECE W B RS2 TN RS
1M SRR T B A TR 3 A 5 AR TR 7 ] 1)
KR
2.5 ZHEIhEETILM

FIH PICRUSt2 3T KEGG #dis & Wil T
P A R R R B R T AR A T RE . A
KEGG i@l ] LIE H, 2 R s LI 4nE
T T (37.75%-38.21%) . it & (5
B Ab PR (6.03%-6.55%) . B B g B 4 3
(5.09%-5.73%) . 4H i3 #2(2.29%-2.39%) . &
SR RS SR KA S WA (9.10%-9.65%)
N IERR AU (8.13%—8.27%) , AR I LY
PRI 7KT- B = T B A T YE (A 7).
2.6 FHE&MmMLEE

It B P R 4% 43 M7 (co-occurrence network
analysis) ] LA I35 J& 7 B A% o 49 il 2 i) AH EL B
., BEMS I AR AR 2 ] B AR AU AN 22 SR
I8 s H A6 TR IR 5 R 3% = I G TR 0 1) Y 1Y)
AN AEE I B 25 5, T M W 2%
AN (] 8A. 8B) T EARNK A L]
(Actinomycetota) . “ZJE 14 [ ] (Proteobacteria) . 4
] (Chloroflexota) . ¥ A& 2 ik BT B 3 (1) 15 1
B CPRERER I AES 2, HOE Y
AR 0T 2 % 4K R D g — W AR
L2 M R 25 55 A A FL A (8] 8C)KR A T4 1A ]
(Ascomycota, 33 4>). [ J(Basidiomycota,
11 AN) AR B TR 3 L2 Pk o 28 777 5 1) LR (& 8D)
K H TR ] (Ascomycota, 43 4Y), EFAHEIE
WHIFhZ RO ECE 2, SE Ry, A E R
RUR(EE 2),

3 Wik
A X BAT 5 BB A R R, T
Sk SR A S JE R T 0 4 B BRI o 2 0 A X
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| ] | ] Norank_f Vicinamibacteraceae
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--- Norank__JG30-KF-CM45
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== ---- Norank_f__norank_o_ S085
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Unclassified_o__Sordariales

R Unclassified { Arthopyreniaceae
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Metarhizium
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Volutella
Stilbella
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 Exophiala
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Unclassified_o__Hypocreales
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| Dldymeﬂa

Cladosporium

Vishniacozyma

Knufia

Unclassified_f Herpotrichiellaceae

PEEE A |R>0.05, HEHUEFERERT 30 FHIFN, MR ESEA N Spearman.,
Figure 5 Heat map analysis between environmental factors and microbial communities in wild Morchella
habitats. A: Bacteria; B: Fungi. |R>0.05 was set as the correlation threshold of significance marker. The top
30 species with total abundance were selected, and the correlation coefficient type was Spearman. *: P<0.05;
**: P<0.01; ***: P<0.001. The same below.
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Figure 6 Heat map analysis between environmental factors and microbial communities of cultivated
Morchella habitats. A: Bacteria; B: Fungi.
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Metabolism Carbohydrate metabolismfFenesen
Amino acid metabolism %
Energy metabolism e
Metabolism of cofactors and vitamins % wg:;
Lipid metabolism CIWQ-4
Xenobiotics biodegradation and metabolism CICH
Nucleotide metabolism g gy
Metabolism of other amino acids
Biosynthesis of other secondary metabolites
Metabolism of terpenoids and polyketides
Glycan biosynthesis and metabolism
Genetic Translation
information Replication and repair
processing Folding, sorting and degradation
Environmental Membrane transport
information processing Signal transduction g
Cellular processes Cellular community-prokaryotes e ) ) ) )
0 20 40 60 80 100

Relative abundance (%)

[E 7 PICRUS® IRHEETIRMEINEE TN (CRINELR, >1%)
Figure 7  Prediction of bacterial function in soil annotated by PICRUSt2 (secondary functional
category, >1%).

A C
B Actinomycetota
| Chloroﬂexota_ W Ascomycota
Proteobacteria W Basidiomycota
mm Firmicutes W W Rozellomycota
B I Acidobacteriota D — Chytridiomycoya

Unclassified-k-Fungi
W Mortierellomycota
W Zoopagomycota

M Bacreroidota
Gemmatimonadota
Nitrospirota
Methylomirabilotan

8 HLZMMWEOT A BEREIEMME; B: ARBEEIENMNE; C. FARIERLE; D R
PR H A

Figure 8 Co-occurrence network analysis. A: Wild bacteria; B: Cultivated bacteria; C: Wild fungi; D:
Cultivated fungi.
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Table 2 Key topological properties of co-occurring microbial networks in different treatments

S o

Network indices

WA L 20T

treatments

SRR R A 2

Bacteria of wild Fungi of wild Bacteria of cultivated Fungi of cultivated

treatments treatments treatments

7 2544 Nodes 50
184 Edges 419
S Average degree 3.38
H1% Diameter 5
#iHefk Modularity 0.172
Y% AE K B Average path length 1.765

XA R L Average clustering coefficient 0.309

49 50 48
343 284 222
7 5.68 4.625
4 7 7
0.344 0.329 0.44
1.884 2.117 2.252
0.319 0.258 0.302

N LR 3 TR Y ek R ] gl kS oA
HEMSHME ., PRI, 1)1
X 224> 2 TR AR 1 b o 4% pH (EYE R
5.14-7.40, FENEEMIRE T HULMNE T EMZ
b B AR SRR B YR, DU E 2 B A A R R
(pH 6.67). 38 % b 5t BF A 3 i 1 5 R 3% it
R A o R B, SERER IR pH {E
7.0—8.0 2 J8], id PA A6 5T b X Al 2 B B 45 K 3 1
SRR A AR R A S B SR B T AR SR T B
BB S R, SR SRR, SRR, AL
FE¥ ARG E T, RUE A RIS At
W R A B EREENEYE -5, X545
T AFPESE 3 AR A SRR HLE T R A
U . Bl RS SRS R —8, N THREE
P A 1) - 498 A2 0 55 A FR R R R 11 5 i e B
135 AR

RS 5 AR B R A i 4
UG . EE R WA AR R R v LY
MG . TN B T P i 2 AL Ao ] ) 2 4K T
L IBCA AR AR S AR AL S T R
A R I P TR A PRI e A Tl R
PRS2 o TR AT, T R R I 2 LA
AREEI B S TR AR YE, R AR IR
T H R R S T B R AR A K Y
4, WY ER B - PRl B A T IR

Bty 255, TRl IR T 114 40 U0 RE A R b B 5 A )
Xt g R R, SRR TR K
FT R, AR SRR, s e K
(14 Y Akl A rp A s 2R R 1 SR rp
P R R A A R A ) v v M X B T R Y
Ak MREEAA7E T RIEME RN, 1B —Fh
bS5 2R Ay ER N, AR R
Girp R AEEEAEM, BT R AL R 1 R
it 1) e B R BN, ARSI o B A B I P
Ao AR I, LR T
AR KT PR o A O I AU U DA AR
TR I v TR L SRR AR R T
BB AN, 2 T B 22 A SR B R T A 3
Ffr, Xt 4 SEEGS AEAL IR A e K, % T
U, B B AR R R AT S T B R 4 gk
FHAERBE MR, WA LI &
B, WK . RS BT RGnaec v
FRAGIE L, JHT R, AL . R
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FREEON R, EN R g,
B R SRRV BN I AR AR I R
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FE R DTMR o 8 LUEF A 0k 5% 1 L 7 B P 3
X4 R 5T 10102231 2RO BB 4 L2 5
EE I, AR XS0 EA K IR
HMAT . AT ERE o 2R E R BB A
FREE R YE 55 LM Sobs. ACE. Chaol
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R R 2E T 1 445-1 869 4, K Tk 3%
R EYER 474-716 4>, RAREE LHEM 3 £5
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T3, AR X DR XA OTU fx M,
R X B OTU e flk, FRAFIG LR rh Py iy F
JESEA K,

A 20 B3 AT, A S A S T
P KB PR TR TR, AR
AT LU B A S T TR B 22 1) JERE TR [ 240 O RN R 58
I Y 2EAHT 14 R (Bacillus), 775 Bacillus
AR 2 UM OC, K X Bacillus Rjik 19.14%,
BB A B 5 Y i SRR B R a4 h
A3 AT AR T B Bacillus® . ZE AT 4
A — SRR RRDY, N A i A, ]
REALIRIMI A . Bl P E LA R L
g ], HAL™ CL XApil %] &k
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FIOE R AR H I, ALIETH YA, 0
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