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Abstract: [Objective] To assess the effect of different dilution gradients of dilution-plate method on the
number and composition of soil bacteria, and to study the differences in soil bacterial communities under
distinct land use scenarios by comparing plate-dilution method and high-throughput sequencing.
[Methods] With four types of soil (secondary forest soil, healthy banana soil, diseased banana soil and
paddy soil) collected, soil suspensions of five dilution gradients (10'=107°) were prepared. Classic
plate-dilution method was employed to obtain culturable bacteria, followed by colony-counting and
DNA extraction. In addition, the total bacterial DNA in background soils was extracted. Then
high-throughput sequencing of 16S rRNA gene was performed to study the diversity of bacterial
communities at different dilution gradients and in background soils, proportion of culturable bacteria in

total soil bacteria, and species difference. [Results] The highest increase in soil respiration was found
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after the conversion of secondary forest to banana plantations, and both dilution-plate method and
real-time fluorescence quantitative PCR found the highest decrease in bacterial counts. However, the
results of these two methods were not entirely consistent for other land use changes affecting soil
bacterial populations. The Chao 1 index of the soil culturable bacterial community was reduced by
86%—-98% compared with that of the total background soil bacteria. Dilutions of 100-100 000 times
(102-10") lowered the Chao 1 index of the culturable bacterial community by 35%—60% compared
with dilutions of 10 times of soil suspensions. Gradient dilution also reduced the species diversity.
Dilution-plate method detected a total of 315401 microbial genera, with only 21-38 genera common to
all dilution gradients, compared with 92-210 genera unique to the 10™' gradient and 2—59 genera unique
to the 10°—10° gradients. The proportions of culturable bacteria in the four types of background soils
were in the range of 16.1%47.7% (phylum level) and 7.4%-30.9% (genus level). The number of
significantly increased and decreased species detected by plate-dilution method was only 9.7% and
22.9%, respectively of the results by high-throughput sequencing. The two methods identified a number
of common divergent species, including Bacillaceae, Micrococcaceae, Microbacterium, Comamonadaceae
and Burkholderiales. [Conclusion] The highest percentage of culturable species in total soil bacteria
was 47.74% and 30.90% at phylum and genus levels, respectively. The community diversity of
culturable species was much lower than that of the background soil bacteria. The proportion and
diversity of culturable bacteria was significantly higher in the 10 dilution gradient than in the
10°-10" gradients, while there was no remarkable difference between the 102-10 gradients.
Although the dilution-plate method greatly underestimated the differences in bacterial communities
between land use practices, common differential bacterial taxa were found by the culture-free and
culturable methods. Compared to the background abundance of bacteria in the four soils, the solid plates
were significantly enriched in Pseudomonas and Flavobacterium, with fold increases of 2 233-5 805 and
43—4 506. Culture-independent molecular techniques and classical culturable methods should be coupled
in the future research to deepen the exploration of microbial resources in complex environments.

Keywords: high-throughput sequencing; plate-dilution method; culturable bacteria; 16S rRNA gene
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WA Z R IR BUE I 2R, el
B IR A R AR SO, R B e AR
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WEERE

1.1 TIRERER

THEMMCRAEMEA B RN LE
(19°56'N, 109°56'E), AL A AiGEsh T
e 08 R SR IR A= Kk + 35 (forest soil, FS), KA
BAE 5 04 7 #E [l {2 Bl 1 3 (healthy banana soil,
HS), % 2 Fil 7 A2 J5 FBORh 25 8 19 & 0w 1
(diseased banana soil, DS), K HAFHE K FF ) FF
H + 4 (paddy soil, PS), Hif-+HIERAIHZK
RAK B RARE LI, 2 XA 23
23.7°C, AEBIFEAK TN 1756 mm, FIHRZE,
Ja& T BT 2 RS o X — b - A 2,
BEMLLEI 3 ARAE R, SREE 0-20 cm BrfER)Z
T, BB . AR, AR 3 MR
BOR A5, WM 2 mm i, 4 °C PRAEFEH
1.2 HIRBUMERSH

3% pH (R A pH FA T (K =125,
B RFEL); 38 HLJ% (soil organic matter,
SOM) (1 5 >R 1T F 5% PR B 75 1 1 - R AV 5
+ 484> A (total nitrogen, TN)KF CNS JLE 4
B A 5 4 B g A5 A (NH, -N) 1Al 24 A
(NO5-NRH % L2 8h 43 A { Skalar W&, +
B A YR = AR FRIAN Y ARG
T 2 BAASE IS TH] N A ) 3 RS T COL I e, B
PRI  FREL 10 g QLT EID T 120 mL
AMIEIRA, 5 E850K T2 60% WHC,
28 °C Tid% 5% 48 h, SR 5 F T SR e ZEhn 4 56 2%
BrEESR, R 0-24 h MV N ARG UK,
T AAR TR (5 HE GC-2014)iE 47404 o 3386
A T e A (D) TR

F:px%x%x[%j (1)

Krp, F 2 CO, HE# % (mg/kg-h); p N
PRUERE T B URE B (kg/m’); vV WEEFRIN
SR m®); W T FfEke); AC/At Foon
T ORI BT[] P A e J3E B ] A8 A 1) 2 AR
(mg/h); T R LIS IR (°C).
1.3 TIEFHEFAREHRETERE R ITE

K FAR BT A g A U O R 3 mT B R A
P TR T T o T A TR B T R R 0 i 8
Fr TIEANTR , HAREAEDRIT . HARRIS g
TR S, WINERE 45 mL TCREK I =AM
tr, L 180 r/min $53#¥R3% 30 min 5 il a4 1%
BIRAE R, BRIRIER 0.1 ¢/mL; A
oA VRUR YRR R B - S5 B TR 100 pL AN B 2E AT
900 pL JCEE/K 9 1.5 mL KEEE L&, 3FHR
TSR AT, BEohy 107" BB . i B R 3R,
Rk H IR ZARREE 107, 107, 107 A1
107 B . 5 AR BE M EE AR YK R 2 100, 10, 1,
0.1. 0.01 mg/mL. W HUR:HBE By 1 1 8
0.1 mL ¥57 0 A0 T AR = 2L 3R 1w, RI4ERR Y
R 10, 1, 0.1, 0.01, 0.001 mg.
W AR B T 28 °C B3R 535 2 d IS THECE A
IR TE R, AT B SR AN B B LR
B 45 5 CFU (colony forming unit)/g d.w.s (dry
weight soil)# 7R o
1.4 TIEMEY DNA FAJIE3R4AE DNA
Y HE BY
1.4.1 TIERAEY DNA BIREY

K FastDNA® Spin Kit for Soil 7| &
(MP Biomedicals) #& B + 4 fif 4= ¥ Bk DA 2 &
DNA, 73%|#9 DNA #%F 100 uL DES ZZ #pif ,
TEAEAE P RS AR G U, i i 58
A3 5696 EE 31 (NanoDrop ND-1000)ll % DNA
W RN 4L (OD1so/ ODago . OD1so/ ODy30) , VL 1.2%
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BB B EE I L PR A DNA H95E %54, DNA
{R-A7ET—20 °C 1 T3 #r o
1.4.2 TW[IEFME DNA IR EL

FH 10 mL TR 7K 22 K gk 3% 35 B R T Y T
&2 50 mL W OB I RAFT-20 °C, RH
E.Z.N.A.” Bacterial DNA Kit (Omega)iz 7 &2
HUH: DNA, 153 DNA % T 100 pL %E i 2% v
Werp o Jm A L 58 A1 43 O O BE 1 (NanoDrop
ND-1000)I & DNA ¥ BEFISEREL, 8 BER
UK DNA Jit i 5 PR A7 T-20 °C £ T il 4.
1.5 TIEHAEMEESH

FI S 966 i PCR 207 T3 5 DNA
RS 16S tRNA LR, F15 bR 3 41 18 il i
R DL . BAA i anF

+ 45 DNA Fn] 53241 DNA R A
Bio-Rad CFX96 S} 25 5E i PCR LT 16S
rRNA JE R i o AR BR R 2R A 515F/907R
A G, S1SF P41k - 5-GTGCCAGC
MGCCGCGG-3'; 907R J¥41k: 5-CCGTCAA
TTCM TTTRAGTTT-3'.PCR W& % Hy: 10 uL
SYBR Premix Ex Tag (TaKaRa), 1EJ[a]5]|4%)
(20 pmol/uL)4% 0.25 uL, DNA Eifz 1 uL, 8.5 pL
DNase/RNase-free H,O, PCR #" #F2 % A: 95 °C
3 min; 95°C30s, 55°C30s, 72°C30s, 394
T, tnuEm e M EA Bin i A B
FORLAEE JRER, ARG RE 8 MIRIERR I,
DL CAE AR, DIPIIAEIHR DNA H5EN %
DUXHECR AR, RIS AR HERT 2K : 1gC=0.309C+
10.655 (R*=0.998).
1.6 SEBENFIESARMAUEFRAR
Y 16S rRNA E A

Xt 35 DNA, BRI 515F/907R
WGP PCRY 3, PCRY IGFRT A -
94 °C 3 min; 94°C30s, 55°C30s, 72°C45s,
32 MEFR; 72 °C 10 min, PCR RWAKZR H .
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25 L Premix Tag (TaKaRa), 1F/2[#5 [#)(10 pmol/L)
£ 1uL, DNA 47 2 uL, 21 uL DNase/RNase-free
H,O . 4714 J5 1% 3 09 7= ¥ FI |l Agarose  Gel
DNAFragment Recovery Kit Ver. 2.0 i 7| &
(TaKaRa)i 1 r4lifk, FFH4HEE T 30 uL DNase-free
H,O. SRJG i 2.0%B I e e Fi vk Al PCR
W A A R, R TR R AN A OO B T
(NanoDrop ND-1000){l| i PCR 4ift ;" ¥k &

EIXT AR5 R 400 DNA, [RIFEFIF S15F/907R
5P e PCR Y73 . PCR P73 | alifb )y
5+ 5% DNA H[A] . 554 A B5 32 407 DNA Fl -
% DNA ) PCR Zlifb WS¢ B /R BGR G . A
A 5 i AR SO R B A PR 22 W] A Tlumina
NovaSeq - &5 #4705 5347 o

ARHFFE R 12 4~ 15 DNA FE5L (4 Fp 135,
T3S 3 AW ER), 60 A LA R SR
40T DNA FESCE 4 Fh EHE IR S 107
1072, 107, 107H 10738 5 AMBAJE, A 4b3
T3 Y EEE), 3 72 AR T s R
M. FIFH QIIME (quantitative insights into
microbial ecology, version 1.9.1)X} 515 ¢ 41t
AR e A Rk s i SR Kbk, Horp, 13
DNA ¥ fit 153 2 & it it Fp 91 3L 884 400 %, B4
FEAK-1 73 700 255 ATRGFRANTE DNA #5015
I REFHIE 4 870 704 5%, PAANFEARHY
81 178 4. 1E 97%E A5 % MR 16S rRNA JE[H
Jr R IH[A] Greengenes U H 4 HEAT L X 43
g, AR, WL B BHAUE & KE TR
TrRHIL,
1.7 WIEFHEOIREEXRMITE

AR FRAN G T AR . A
AR 425 i 16S rRNA FEHSERL, AIKE
FRANE o IR AT 0 H B S =k - AT
Fr 2 TR L =TT 3% 37 A R AR W ) A R 1
Heh A N R R GRS o, e
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A W PR ECE AL S PRy (1) 123E DNA
YRR . BRI I 1 5 DNA, &
HEMFF 16S rRNA FEN, FFERAEDTT . J&
KA g g A YR 2R E R (2)
AT BSR4 R R SRR B 107 1072,
107, 1074 F1 107 5 BB RE P T T 7 & AR 1Y
W RER .

AR E R R R . T
16S rRNA L[N, 1503k 15 11 DNA iy
A A E AR R HYORTS MR R R i s
LY 75 DNA A 405 @ B A 5 e &
BRUARTE , B ATTH SR 20 o 7 [ A1 73 2 v
MEERE, BEES FORZWEBERE P
TEE.
1.8 HFHH

FIFH Excel 2019 4b PRl E4fE ; SPSS 26.0
X b B 2 6] 11 34 22 5 K one-way ANOVA
BFINE ) 20T, P<0.05 RBEES. 1.
J& 7K A ol 2 B D0 S 240 T SIS R 1 K AR
AR R > 1%, R 355 (principal
component analysis, PCA)$& 7~ A [A] 4b 2 (8] 41 75
BEVE 22 5, JE AL 43 H1 Y (analysis of
similarities, ANOSIM)H| W7 22 5 J& 75 ik 1] i 3%
7K (P<0.05), PCA 3 #7fi FH canoco 5.0 525K,
ANOSIM 43#7 il Venn K R #f4:(version
3.4.4)H) vegan 15, FIF LEfSe” (linear
discriminant analysis effect size)Z3 M7 M =5 4 K4
SR ) 22 S AN 26 RE . I BISRFH Origin

2021, fEiEEIFEHE C$E2¢ % The National
Center for Biotechnology Information (NCBI)%X
Y FE, FAK%5 4 PRINAS00347,

2 BER504

21 HFI AR R T IE N R P
MR &%) 2 i

+ RO AR R e - SRR A . n
F 1R, SWAEMKLEE pH 592 M, &l
BRI G- pH (HRZE TR, FealfEk
s FE 7] 1 3 [ B A pH 4.91, 5 IR AR 1A
Fb , KA A A0 2 6 45 Bl 4 19 NHL'-N 755 i 5
INZE %y 18.9 mg/kg, MifgHEA R 119 NH,-N &
wmiAl, U 11.3 mg/kg; M, AR 115
NOy-N Frigfu s, MKFE L&A 6.0 mg/kg.
YR AR AR AR Sy AE T FNRS FH S 38 LR 4 4
YR TS, EA RN R BRE
Jri - HE C/N LA BN . Uk AR AR AR R AR el 1
BT L Wy v P B R, A A
14 S PR S B S5 SR 20 I TR WP R T
B BEAK, CO, HERCH Z A ki Fe AL el + 31
35% 25 AT o IR AEMREL AR Ry R H IS 3L T
W P s AT AR
22 ARELH#FAART LIRMBEEEFN
Z RIS

- i ) XA A S 5 e L 59 A R B
T, (HEL T G SR R0 AT B S R AR R A O
A—E WE 1R, SERDEOEE R PCR 44T

F1 DRERBUERFGE YRR R ELHREE)
Table 1 Basic physical and chemical properties of soil and microbial respiration rate (mean+SD)

. Organic Total . NH,"-N/ NO;™-N/ Soil respiration
Soil type pH ) Soil C/N

matter/(g/kg) nitrogen/(g/kg) (mg/kg) (mg/kg) rate/(mg/kg-h)

Forest soil 5.92+0.35 34.8+0.31 1.78+0.04 11.3£0.12  15.9£1.65 8.76+£2.25 0.27+£0.03
Healthy banana soil 5.14£0.31 32.6+4.31 1.54+0.22 12.3+0.34 11.3+0.97 13.50+4.24 0.40+0.03
Diseased banana soil  4.91+0.10  32.6+0.64 1.49+0.01 12.7£0.16  19.2+0.74 26.10+4.08 0.14+0.01
Paddy soil 5.32+0.16  33.0+6.63 1.57+0.32 12.2+40.20 18.7£0.80 5.98+1.86 0.25+0.03
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Figure 1 Quantity and diversity of background soil bacteria and culturable bacteria with different dilution
gradients. A: 16S rRNA gene copies in different types of soil; B: numbers of culturable bacteria in different
types of soil; C: Chao 1 index of culturable bacteria and total bacteria; D: Shannon index of culturable
bacteria and total bacteria; E: principal component analysis of background soil bacteria and culturable
bacteria; F: principal component analysis of different dilution gradient cultivable bacteria. Error bars
represent standard deviations (n=3). The different letters above bars indicate significant differences at P<0.05
level according to least significant difference (LSD). FS: forest soil; HS: healthy banana soil; DS: diseased

banana soil; PS: paddy soil.

T, WEMRAIE 16S rRNA JEH 5 DA

fit AR e A . kAR £ (1.59%10™ copies/g
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ZHHE | AR, 2022, 62(11)

4455

dw.s)o [FBT, JEA AR alpha ZFEPE R
FZr TR RN . B 4 Fh % AT R 5
AT B DNA FRF) 16S rRNA K& [R] 17 3 4 ) 4%
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Figure 2 The change rule of the proportion of culturable bacteria in different dilution gradients at the
phylum and genus level. A: the proportion of culturable bacteria in soil at the phylum and genus level. B:
common and unique bacteria at different dilution gradients based on 16S rRNA gene analysis. Error bars
represent standard deviations (n=3). The different letters above bars indicate significant differences at
P<0.05 level according to least significant difference. FS: forest soil; HS: healthy banana soil; DS:
diseased banana soil; PS: paddy soil.
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Figure 3 Community species composition of background soil bacteria and culturable bacteria, and enrichment
patterns of culturable bacteria in solid media. A: species composition of bacterial communities in soils at phylum
and genus levels. B: the enrichment fold of soil bacteria in solid medium at genus level. Error bars represent
standard deviations (n=3). The different letters above bars indicate significant differences at P<0.05 level
according to least significant difference. FS: forest soil; HS: healthy banana soil; DS: diseased banana soil; PS:
paddy soil.
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Figure 4 Differential analysis of soil bacterial communities under different land use patterns. A: analysis
result of linear discriminant analysis effect size of background soil bacteria and cultivable bacteria. B:
differential species analysis of different land utilization type at genus level. FS: forest soil; HS: healthy
banana soil; DS: diseased banana soil; PS: paddy soil.
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