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ABSTRACT
Received: October 30, 2023 Soil microorganism is one of the most important factors in evaluating and improving soil quality because they

Revised: November 23,2023  Play a crucial role in the soil material circulation. They are closely correlated with soil environmental factors,

and in particular, soil pH has a significant impact on the microbial community. This study aimed to examine the
Accepted: November 24, 2023 relationship between microbial communities and soil pH in orchard soil of the Republic of Korea. Microbial
communities of 63 sites with neutral soil pH (pH 6 - 7) and 26 sites with acidic soil pH (pH 3 - 5) were analyzed
targeting 16S rRNA and ITS genes through Illumina Miseq platform. Our analyses showed that bacterial

Edited by richness and diversity and fungal richness in neutral soil were significantly higher than those in acidic soil (p
Hyo Jung Lee, <0.001). According to PCoA and PERMANOVA, the microbial communities were significantly different in
Kunsan National University, two soil groups, and ANCOM-BC showed high abundance of 16 bacterial and 15 fungal genera in neutral soil.
Korea Lastly, 9 genera, including Terrimonas, Povalibacter and Gp taxa, were identified as hub genera that have a

significant impact on other microbial taxa in neutral soil. These results indicated that soil pH is a critical
determinant of microbial communities and can serve as an indicator soil quality monitoring and evaluation.
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Network analysis to discover hub genera of bacteria (A) and fungi (B) in soil with two
pH ranges.

Introduction

o E-2 B Yol FEstal (Tisdall and Oades, 1982) 712 EallE 53] ©i4 81o]l 7]o45HH (Miltner et
al., 2012; Hemkemeyer et al., 2021) Q14+ 7185} (Khan et al., 2016) 2 E%F H|2 - of] YHosl= 5 EoF AJEfAlof A
ofoFsial S a9t Ja-S oh= 2107 A3 A Ut} (Lynch and Bragg, 1985; Marschner et al., 2004; Hemkemeyer et
al,, 2021). EF EFofuet AlEol ke 2GS px]=t], AlZol ARS-7Hse FHIE A4S He 7= 5 EY E
4 8o F- a7t H-2 gtk (Bohlool et al., 1992). T3FAE Aol (HA 0 2 3-8 7|5k ol 252 ¥ A
TS FEoAY v E TH A SRS 0 2 H-E AA5H7| & St (Compant et al., 2010; Cha et al., 2016; Dewen et
al., 2017; Vlot et al., 2021). Wb ESF A4S S7H171L A&71537t 59& o171 flsl] 22 E niA=ol
tigh A7 6] o] ol 2| 11 Qlek. v ESF e & 1 goll =3 7l oVde] Fol EAet Bttt 4 o]
F1 Qo] oA 7kA] LR A] 9F-2 HRo] Ht} (Whitman et al., 1998; Torsvik et al., 2002; Fierer, 2017).

et o = mgEo] TRk 9 o] Tk ErE Bt Aol 3AARI e riAlE Ao oA
21Tt (Matos et al., 2005; Lamb et al., 2011). oJ2] @21E0] EuAE2] 5o IS u|x]=d|, 1 5 Sz A
= 5] o] @4 =l= 8 (thizosphere)©] LW AlE Hle)= thalRt =S shelea Fd o= HiEstal o]
AEE0] o & i E=0] o= Ett (Serensen, 1997; Brimecombe et al., 2000; Bais et al., 2006). T=}A] 2]
=0 TR0l et ndE T o] WstebH 2 B4 nAE0] Hlo] =2 WhH HIZH ERS oot 7Rt r]

- 1= T

:

A2 74 FEfE YERHATE (Schreiter et al., 2014; Bakker et al., 2015). ZL2{up o] opd AA]12] oLt EX] o]
| FH| 5ol met v E 2 5 A skt Xt Atof| iEH e A R oA A, 2 5 ES R

E 547 n = THFHEAPE IS vdE R et HIELIT 0l Zol7t QIQITE (Hermans et al.,
2017; Karimi et al., 2019). @5~ 271 9-2fue} B2 @7] 40014 Bol WAL= Chloroflexota®] /g5
7h AL, A, AEAER] O] v vAE HIEHATT B Bol FA%HE A& Bre AT (Petriglieri et al.,
2018; Lee et al., 2020). EF -5 1T of e} EoF whe] W] whet D)= ESF 2fol/d-2 e 4] Hstol 4
et GRS vtk & A A Qltt (Aziz et al., 2013; Bartram et al., 2014; Yoon et al., 2022; Kim et al., 2023). ©|
A ATLEL pH, 77| AL, 9712 ¢, 7hg4 QLS Walol nfe} R 24 TAo] el 212 Bllek]

3! (Chodak et al., 2015; Kim et al., 2016; Xu et al., 2020), 5] pH+= TF= o|ssHdof| vlaf| n| & o] -2t theF

ofl
=



Comparative Analysis of Microbial Community Characteristic of Acidic and Neutral Soils in Korean Orchards * 451

Jol| & G ]It} (Lauber et al., 2009; Rousk et al., 2010; Kim et al., 2016; Lee et al., 2020). EF pH=4HdH]
o} 22 717 Q1e] ool HAekAY 578 x] 2] 739 A EE & ARl &Jal AHd3tE]7] & S}=H] (Tian and Niu,
2015; Goulding, 2016), Tripathi et al. (2018)2] | t2H ESF pH7 P Ti= A7 D5 shte] 27 B
= 2-goto] EA Als o2 23l FEotAw pH7F 54 Y5 P E -9 3 HIE-S 15olXIT (Lauber et
al., 2009; Tripathi et al., 2018). T3+ 37 Az Kt} pH Zfo]7} A& o] o 2 kS ). 717 EF
pH7Z} aP8E w5] WS}l G2 wIAH 2 (phylum) EollA] B8E #ste] ot B2 A7} o] ol A Rt pHell

£ % (genus) ol A1 9] A mgEol TRt A= mlufobet. mebA £ Al & oA = B-e] S
EgT4HY ESS vluste] npilE g A4S sl o

%

=
TE T S 8ol B 14 WU AR Ve SRt 7

Materials and Methods

EY ANE MF 2 Q7= AN ATE 2R A= - 1992318 ATk EG Al B=2022H4 - 6
of| T W vl EF 33X HE (0 - 15 em)E AFote] shiz 23totg).on, 2 sl w2 EQF AR50 H
3= F43lel7] Qlof| AE|=FHA 0] Hysio] AdAR 2RFslIth 8 EY AEE 2 mm A= AE F 1A
= G40 FUSLE 915l 22°C0IA 6 - 7A7F SIS HIAE A 18 B -80°C WE Lol HESHH
A AgSEAT
EY 38t M EYIMe s F2mm AR A S

2010). EGSpHRFECE 1:5H (w/w)< ©1-851] pH meter, EC meter = 57301, ECA>S74kl 58 &ote] +
sleich ESF 9715 9FkS TyurinHoll T2} 0.4 N KyCr,0; 8910 &2 H3f 5 0.2 N Fe(NH,)2(SO4), - 6H,0 8910
2 JHA sl EQF eATFS ol BAAS (1.724)5 Holn) a9 -2 LancasterH 0 & & 9 Hh ©
HA A2 S35 S4sto] 246t 2gd ol ot 1 N NH,CH;CO; (pH 7.0) 1:10 (w/v) FE%&
inductively coupled plasma optical emission spectroscopy (ICP-OES)=Z 455t

ol
o
IR
o
olol
ol
T
rE
2
HT
8
2
>

DNA =& U AEA  EFAZZHE DNeasyPowerSoil kit (Qiagen, Germany) & AF861] A|ZAL T2 EF
of| izt EQF n]AE DNAE F2513ith &% DNA+ Quant-IT PicoGreen (Invitrogen, USA)-& ©|-8-51] A=}

A4 2folBE3E] 552 lllumina 16S Metagenomic Sequencing Library T2 EZof wal 286t} 5X
reaction buffer, 1 mM 2] ANTP, 500 nM 2] Forward/Reverse PCR Z&}0] 2} Heruclase 11 fusion DNA polymerase
(Agilent Technologies, USA)E ©|-8-51 2 ng®] genomic DNAE S-Z551th Aldt 242 918l V3 - V4 49
16S rRNA-S thAko & 51= mato|m] 4 (V337F: 5°-T TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC
TACGGGNGGCWGCAG-3’, V805R: 5’- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHV
GGGTATCTAATCC-3)E, at B2 IS 1TS3 - ITS4 PSS 2 2 5h= Zafow 4 (ITS3-F: 5°-CCTACG
GGNGGCWGCAG-3’, ITS4-R: 5>-GACTACHVGGGTATCTAATCC-3")& A5} 2™ PCR A2 theap Z+
}. A HAJS-95°C oA 3B 423851 11 95°Co A 30%, 55°COllA 30%, 72°CollA 3022 2541013 HHE 5 72°C ]
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St o] 7] Yo% PCR AHZ-2 AMPure H| = (Agencourt Bioscience, USA)E AH851H] JAI619]
A= 2 uLE 9 Av} 29k 2% gto] Hel7E 5017] 919l NexteraXT Indexed Primers A&
So] OFA PCR %719] 2541012 T4l 1040] 2 2710 2 W7As}o] 22} PCR ZE519]t. 22} PCR AFEE 5Ush
AMPure H|E2 Ao} 0™, 2| JA| 41=-2 Illumina Sequencing SHE-8 KAPA gto|H2{g] Aaf 7| E Q]
2 EZof e} A=F 513t 2 x 300 bp Paired-end A|E/d-2 Macrogen Inc. (Republic of Korea)ollA MiSeq™ &3
£ (Illumina, USA)=- ©]-8-5151tt.

H:l

MiSeq AIZY HIO[E] B4 EFAIRE U = 242 Aol 16S rRNA FHARHTS G99 0] 47 1A4E #=
2 operational taxonomic unit (OTU)& 7]H]'EE UPARSE mjo|Zg}el-& /\}9—0}01 Yot (Edgar, 2013). %+
O] H71-BS RISk 300 bp o5k A2 A7 14 2 AASISIH. o F F5 A7 B3 A715H3 2™, UPARSE-
OTU ¥1'2]F (https://www.drive5.com)= 55l o%‘é 9T%E 7o = 331/\151301'-1— 7|92t AASHI. ¢
42 USERACHO.1.13_i86linux64-= AF8-510 S=385}9ict. Z']Zﬂo]'OTU -2 Mothur 1.46.1 T2 138 (Schloss
et al., 2009) ©]&3l] 71 2L A7IME £E 7|Fo 2 BES) 51 oM, £ FH T (Chaol, ACE)®t F 5%
1237 3 thFA (Shannon, Invsimpson)= AXSEECE ESHAPESH BA-S 9J6)] Al 22 Z+2F Ribosomal
Database Project (RDP, 062020 version)2} UNITE (10.05.2021 version) E|OEJH|O] A AFESH] Mothur 22 71
oz ERotrh

o} T2 SEH EE ]*1 74]"—5]'£ 3’—}/\'& 15-—03594 A% pH 7]%’% 73—7’—5 74 ‘?:-4-?4 (PH 6 - 7)2HA
9 (pH 3 - 5)& Wro] 4213371, 56715 A'dsto] 2495130 pHO| 578 ’If1ehiHd ji9lof sigsle v-d B
o] A= w3 Zfel& 2R1I5HA OTUE ©1-8-3t Bray-Curtis 12]& 7§12 2 vegan 7|2 9] principal coordinate
analysis (PCoA) S Al-8-510d 451} A1ZelE YallA= gaplot2 T %] (3.3.5 version)E ¢85t} 5+ pH H
] 7t A2 T2 Bixske nl8ES ©46E7| $15] analysis of composition of microbiomes with bias correction
(ANCOM-BC)E ARg3}o] ATt (Lin and Peddada, 2020). 71 o] WO] 80]5}%-Z Phyloseq H7| A1 ©]
45t OTU Hlofe], ek B oy 2|1 A& Ha FH glo]elE Bt 2 48] sttt (McMurdie and
Holmes, 2013). BYH= ggplot2 372 2] volcano plot 02 A|ZFs} o1t & pH ¥ 7H o2 7] Bxsk= e
O] AEH = ANCOM-BC Z27}+E 7|HHO 2 differential abundance (DA)E 53l 2451t o+ W o= 7F
AE 7IREe & FoFels EAI6] IR HIEHA 2412 271 2| 9he 4 8 4 7H] A Pearson 4= 574
Sh=sparse correlations for compositional data (SparCC) S AF8-5H3ATE TE7 A 2 ANCOM-BC Aol 4] A2 tf
£ EF pH ol Feltt Aol & L= nd=Eel 2tote] A BAIE FE019lth

il

M

S 2N SARHS R LE I (413 version)S AH8 3] A Tutrioby £x10) AR o}

il

glelo}r] Sall AFul 2 A7 (Shapiro test)S o}, A B wff S-E4F A4 (F test)S oF et B o] BAito]
L2 wfje} 7] kS uff ZFZ) Student T test2} Welch’s T testE <~3Y5HATE 4 2320]Z] oS o H| = Ao =2

Wilcoxon testE 5~45H3ATE PCoA 2] -2 AA2S 15l vegan T7| 2] 2] adonis 7]'5= AF8-51] permutational
multivariate analysis of variance (PERMANOVA)E =345}t
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Results and Discussion

Ego olgfalyd Foll EF nilE Aol 7Kg 2 9k HlAl= 8912 pH= O]'E]]Z% ATt (Fierer and Jackson,
2006; Constancias et al., 2015). & A= 523187 SEH 2B Al5dh= -t B 3] 71&2 E

o= 274 pHYl T4 #lletAHd wle1e] F= 7 pHHSAE A skt = J—’Jr-rTﬂ EF 19924 F 54 9 6374

793'—}”“ 1 262150-S AEsto] B Ul Al 21o] e d-& Bl sttt (Fig. 1). 71 27, 574 LIS Al

& 8= (Chaol A|, Welch T test, P < 0.001%**)@} -5 THFd (Shannon A4, Wilcoxon test, P < 0.001%%*) 7§
PE Z17Y 4,583t 6.7= 4Hd W 9191 3,079¢} 6.1 90 HIol -Frold A E=3UTh Hato] 9= 548 9o & B

I Wt A= 8792 A ¥ $] 7019 H]5H %94*4 A == HJD& Shannon A4 (Student T test, P = 0.3)= -G-2I5+ 2}

17F ISt o= 413 Aol A EF pH7FSd0lA] At o] & 5ot & v dol A Y wi i o} rtet= At

Aottt (Fierer and Jackson, 2006; Lee et al., 2020). *ﬂ—_rl-_i 73¢ tiE-Eo] M3 W pHZ} 5Ad0 7174 7] w2

O
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Fig. 1. Comparison of microbial alpha diversity in orchard soils according to pH range. Box plots represent richness and
diversity of microorganisms in the range of soil pH 3 - 5 (acidic Soil) and 6 - 7 (neutral Soil). Chao1 and Shannon index
indicate microbial richness and diversity, respectively. (A) Chao1, (B) Shannon of bacteria and (C) Chao1 of fungi were
significantly higher in the neutral soil (P< 0.001***), but (D) Shannon of fungi was not (P=0.3).
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EO 1M pHE B4 Alet-& A|QJRt o R2-0] Alutol] Ad3et AEAS & 5 ATt (Lauber et al., 2009). ThA]
4Hd pH H el md= 2] 447t grdo] faste] & BHwet & te/do] Wokd Ao = woke): 25 B3k &
Al E ool A-g0] EH5)7] wiitof (Lauchli and Grattan, 2012), %4 pHollA] R3S EAJo] ZFE 1} 2174201 Ak

ol e A1 2 Bl tieh 571491 78 ol &I E vt qlot. J2iu vid Edelrzie Bl vl

PCoA B4 EFU & RS skl ZolE mefstr] 918l PCoAS ARgsto] Alatart Z+#2] 3t (family)
TollA 7 pH 15 o 249 ARE SASI0IH (Fig. 2). 7 152 Alete] 785 A WAl 291 (PCol: 15.2%)
of ofal] Hal= 3, F1ite] 739 v A= A A 821 (PCol: 4%)°l| ofall #a]=|3itt. o] A¥k= adonis 71'5-&
-8 PERMANOVA (P =0.001***)o]x] FAA 0 & ot o7} Qli= 71 0 & Lyttt wheba] EoF pHofl w2t

=729 Al o)A A A} -GARRE S H Itk (Fierer and Jackson, 2006).
2 AF= 0] Gl ik 2e A o' Wy A VY 213 F 22 Alliske Al B A9, Al 2t
] x| FAFE TS A ow A

A B
oo O
02 \{:‘& J l;‘ C
@
OQ @ 2
¢ o O
p) O o0 _

e o) ® ¢

o) = 0 O -
_ A0 ) (@] e b
q ov 2 ) ;
5\-. O Soil pH range :r: C Soil pH range
3 Acidic = 0. (6] Acidic
o~ N ()
3 o 0 o} © teural 8 0F @ © Neural
a & o (@ @ % d
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Fig. 2. PCoA for the analysis of differences in microbial communities according to pH range. The red and blue nodes
represent microbial communities at the family level in the acidic and neutral soil, respectively. Both (A) bacteria and (B)
fungi showed a significant difference between the soil pH range as a result of the PERMANOVA test (P=0.001).

ANCOM-BC -$-2]:=PCoAE &5l ¢ EF pHoll ohe 7 159 nd= ol frelgt 2o/t Qe A= &
eI, F 1F EY U A= e Rk vAEES mofs7] 915 & (genus) <0ll-] ANCOM-BCE 4
Y5t (Fig. 3). 12X 2] xZ-2 Log Fold Change (LFC) %02, ¥ g5 e y=52 -F-oA4S Lehf=
q#@k (adjust p value) o]t} F-2 A2 A} olA-& 8o|5HA 5171 918F 3HA| Zhol™, LFC gk Aol 8- +2, 219
739 +1 =2 AASIT g7k Al Mt 250,012 A5t LEC glo] 245 5, &0 & He| oldas
T 5t H2A Bixckes nAER s|AS 5= Quet. 21 83, Ale-2 Chujaibacter, Streptococcus, Ktedonobacter

5 87l ol T wlfloll Hloh At ®lflellA Wol BESIAL, Acidobacteria®l %5k= Gp4_unclassified2F Gp11_
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unclassified “12] 1 PovalibacterS} Chryseolinea ‘51671 250 A ¥ Qo] v|af| S-A4
T2 Saitozyma, Umbelopsis, Penicillium= B3 1071 0] 5743 Wlol vlsl] AHd ol Wo] Bxstlar,

Gibellulopsis, Titaea, Mrakia= 153t 1571 £0] 4] W0l v]5]] A Heol|A] Bo] st

A

Soll pH range
*  Acidic
. *  Neutral
. _‘.-' LEICI . N
oo

~10gs0(Pag)
-

Soil pH range
*  Acidic
&  Neutral
& NA

—log1o(Pag)

2

0
loge fold change

Fig. 3. Volcano plot to identify differences in microorganisms of soil pH range at the genus level. The plots based on
ANCOM-BC analysis of (A) bacteria and (B) fungi in orchard soils. The red line represents the difference in expression of
microorganisms in the pH range and regulation according to significance (g < 0.001). Red and blue nodes suggest
genus of microorganism significantly abundant in the acidic and neutral soil, respectively, by the red line.
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ANCOM-BCE 59| 2] vl 4:9] ol pH 9] EF ] 23 ¥I8-2 Feloka DA 242 Saelsict
(Fig. 4). ©12 5] 7] E-qoll il K v}go] ulg- Lrelehe ANCOM-BC ElollA] & LFCS} §o14& Leh]

Gp4_unclassified £ - : - =

A Povalibacter

o —

chujaiba
Hyphomicrobiaceae_unclassified St 2omb ™« =
streptococ

Chryseolinea 55

Sterolibacteriaceae_uncla
Kledonobacter fEmmarit
llumatobacter i .~ *
Gp11_unclassified =t~
Lysobacter fEpmt -+

@ candidale_division WPS 2_unclassified {284 Sail pH range
] Acidic
o) Terrimonas R~ (=] Neutral

Acidobacterium_unciassified 5

Gp25_unclassified Tpremth=""**

Chiorofiexia_unclassified =
Litorilinea et ©
Streplosporangiales_unciassified T2t
Kiedonobacterales_unclassified fEmeet—
Gp17_unclassified St +*
Ferruginibacter F=et
Anaerolineaceae_unclassified Fapaeit
Gp22_unciassified ="

Dyella +&
0 1 2 3 4
Relative abundance(%)

Lophotrichus feme—pe— == By —=
B Saitozyma et
Gibellulopsis frpee et
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Titaea BEpT T
Cephalotrichum et —
Mrakia Rt - -
Plectosphaerella fEEr b 1* 7
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Hormiactis e
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Tetraciadium FEr 7 =] Neural
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Papiliotrema Rz
Dactylonectria #
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unclassified_Chytridiomycota S~
Rhizophydium §

unclassified_Mytilinidiales 4

Metapochonia 4
0.0 2 5; 5 D' 7. 5'
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Fig. 4. Differential abundance (DA) analysis based on ANCOM-BC. It shows the distribution of microbial genera with
significant differences in each soil pH range. Red and blue bars mean the distribution ratio (%) of microorganisms,
which are (A) bacteria and (B) fungi, in the acidic and neutral soil, respectively.
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L o
ru
e
O’ i
o
i)
ﬁt
rlr
N
fo
d
~
1]

JE=E A3 oA 4= Qe @75 WA 11 2, E Ul Al 2 Jto] TS
L 740.5% o131 &2 ZV2Y Povalibacter, Chujaibacter, Saitozyma, Lophotrichus ‘5°)11, ©15-2 %3 pH B¢
eF 2bd Y TF 24 oF 2uloll A 2 108 oV Ate |7t Wk, FREAIE At £21 Strepococcus2F Tt %41
Umbelopsisi=-373 pH R1$] 8] AHd ®9]oll A ZH2} 344, 158) o gho] A o] Aik= Streprococcus 2
H 5] FRETT EYG pHEL =0 A TIAIE Yehdth= o)A ALt ARSI (Zhao et al., 2015). 3t Strepto-
coccus+= Wt} 7 EQF W =1 9 Ho] 2|3 &J5kS 5h=t| (Van Donsel et al., 1967; Kibbey et al., 1978;
Massa et al., 2001; Zhao et al., 2015; Al-Taai, 2021), 2 A2] A EF pH QoA o] Exok= Zdx}e] ¢l
2 i}

o g A1) A HIR FR W A8 ] o] ghe Ao 2 Sk SHAT pH 910] B 9 W4Tt Ak

e

u]2)7] mjo] 24t ATE S5t 191 Hao] W s,

¢

Network analysis U|/JE keystone E-f2 Al57H 0 2 A} ZAPAA n|A8E o 722} 750l At
FFE v A= B R 2 A O Hrt (Banerjee et al., 2018; Mamet et al., 2019). THHA] &
Frofgt 2ol 2 EAet e ot =1l ndE IHIERAPE =0 ¥ ES pHol e 8 v8EY Aoleh=
717 stell SparCC YERA 45 SISITh (Fig. 5). 25 A2 o] ATHAIE, 77 oA = Yehdct
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Fig. 5. Network analysis based on ANCOM-BC and DA analysis to explore key microorganism genera in acidic and
neutral soils. In the community network of (A) bacteria and (B) fungi, red and blue nodes represent of microorganisms
distributed in the acidic and neutral soil, respectively. The node size appears larger as the eigenvector centrality is

higher, and 0.7 or more is marked with a red border.
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