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Distribution characteristics and environmental responses of
anammox bacteria in groundwater of red soil areas
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Abstract: [Objective] To further understand the community structure, distribution, and
ecological function differentiation mechanism of anammox bacteria in the groundwater of red
soil areas. [Methods] We employed physical and chemical tests and high-throughput
sequencing to study the microbial community structure, distribution of anammox bacteria, and
their influencing factors in the groundwater of Ji’an. [Results] The nitrogen content exceeded
the limit at three sites among the 11 groundwater sampling sites, with an over-limit rate of
27.3%. The water quality of only two sites met the requirements of the Standard for Drinking
Water Quality (GB 5749—2022), which indicated an over-limit rate of 81.8%. Anammox
bacteria presented wide distribution in groundwater, and the abundance of hzsB gene in the
11 samples ranged from 3.67x10* copies/g to 6.62x10° copies/g. Compared with other habitats,
the groundwater in red soil areas showed increased copy number of functional genes of
anammox bacteria, which indicated that the environmental characteristics of groundwater were
more suitable for the growth and metabolism of anammox bacteria. Four genera of anammox
bacteria were detected at each site. Specifically, Candidatus Brocadia, Candidatus Scalindua,
Candidatus Jettenia, and Candidatus Kuenenia showed the average abundance of 62.47%,
17.44%, 14.41%, and 5.67%, respectively. The correlation analysis suggested that the gene
abundance of anammox bacteria was significantly correlated with ammonia nitrogen,
manganese, and chloride, which indicated that the increases in ammonia nitrogen, manganese,
and chloride in groundwater may enhance the activity and abundance of anammox bacteria.
[Conclusion] The results of this study highlight the importance of anammox bacteria in the
geochemical and biological cycling of elements in the groundwater of red soil areas, which will
provide basic data for the bioremediation of groundwater pollution in the red soil areas of
China.

Keywords: groundwater of red soil areas; microbial diversity; distribution of nitrogen;
anammox bacteria; high-throughput sequencing
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R A R A A IR AE IE B AR K AR O
F, AT AR R R KA & BAE
AFREE, LXK R KA &R B,
HWTRKFES, REFEUBTFESNELA . M
MREh A . AR X fE A, RE Ry« —=
A, “SRCIT YA BRI KK T &
PEREAR, BEIRK- 0, R4 DL ek B2 0
5 A FENMAEFES, HAT, TLHE A RS
Fb 1 BN 10 T2 DA R A IR KR, KZE 5
AT RAGAR AT X o 27 32 s XA K i K
TS Y 2 b R B A R 7 A R
T Wy R ff — BN R A R RBR I 2k
e, AL GEE W R A 32 B vk i Ak AN R R Ak i A
SEEL, PR AR A I AR AR PR ST Y
REBTS, PRARA AR IR A S A ETE IR
AP UL A A . RS A BT
ZUWAE BRI RAAEIE N A F
RIRE W, ZWAKEE, E45KREETIES
IR W o0 B 1 3 O ik e B el s 3 U0 4%
TR WA 58 R A G i e W A AR 2R 5T
SR B, e R PR BRI W st A5 5 ., A
1117 4 T H MR S A B ) 2 R . Fu 0 Y3
1 16S rRNA Kk BRI PP 2 AR W5 BRI 10 R 2T
P IR A E A RIS 250, IR A 2 B AR
RN . A S EEDKAIEE . TR . pH H.
A HL(C/N) SRS Z H VI . Qin %M
19 E 7 PCR #il hzsB JLM Ay £, K ITE
B EFRBIK AR RN, PR AL F
KRR A AN AT R, IR
FEETE BRI SE R Tz e TR
SENHVGE IR AR G B A P T AN TR IR
N EE L TR A M ESROKSEGIE, H
FIF 5% B PE 21 18 X T 7K AR 58 b R R A AL T
ZREME AT T SR B

Z1 TR R O A - e S H 2k
R SEARH, R H RSB R AN T A
Feksn . HEEEE R Z 48 5t 4
&, mESE. MRy, REREa el
Gh, X ZNRE X, 5T KK
W) 5t 2H B2 AR At FH A0 R I RS2 i 5 K
HIHA, ASHESE B BAE BT VI P9 45 35 22 T &8 45 1
X, XF24Hih R /K 2013-2022 45 4F [a] 1 iR
R R, K255 IR, pH (R 6.0 2247,
CERCE A TR K R SRR 4T
MR K R R AR T 1 2R A SR TR 2
P BUIE O, K AT RE A A5 Yt T oK 9 A= 1%
R RRMESZARKYE, A E NI E R4 E
R AKE A S RFEEAN R LA RS
e By i P LA B .

1 MR5r%

1.1 ARXHER

42T (25°58'—27°57'N, 113°46'—115°56'F)
STV v ae, P, A TEh
TeBe, HuAb T [ LT3 A DX g o A, B
WAV RN, FHLWEENERII . KR ML
[P A = el [ el 2 3 £ S S 2y
YIRS AR PP R 0o 75 i M3t i 2 1L
BN E VLI A, FRIRMR, BRIk, ey
-, FL W ALER BT R, Tk
HARVE, 2 —FAX R ZHIE A, BN
TR AR B RSy o FE T AL S Oy
MAAKRL., —&2, RHELHZ. ST
JBa R EU LD EmRE AIE, iAok e
JE2ARFE A & EE SO PR X P R KA
HUAZSALBRK . 20 GRS A RIS R BK L Tk
PR Eh A S 2L BRI TR K AL 1 B K 4 AR
RIOT AR IR N RS . TR AB
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HEARTHUK B A, Her X Rk . Ml
AR H A TR

FESTAT T R 5 DX S o 75 5% . K SCHB T 2%
PR NG shi i K B ANR A A FERE B, e
KFEM AT AT R R, AR & R iR N
W 11 SRR, 2Rl hERJF) . RE
(TY). HiFg /D2 (QNXX) . 5 (ZX). K#H
(YX). ZJI(SC). AKF(YF). KFL(CP). ZH
(TH). /MNEXX)MEEBQ), 2023 444
R 2 JB — W A0 3 R A b T 7RO i A A T A
G e RFESEAGRENER 1 Fs.
1.2 HTKEBHRIEFRS

ARAIF 5 2R FH B A7 M 000 0 512 56 2 G D A 45
B 5 X iR KRR B FRAL RS RS T E . PR
S W 0t A58 485 =X B 37 W AL (HACH. 23 ],
XK . pHAE . ML 5% (electrical conductivity,
EC)&5 #37 W I I0T H E 47 WE I . S 56 % A% I 15
HE 2 A NH,-N), iR ANO; -N), I
A R £R A (NO, -N) | 1o 4 R 25 45 £ (CODwn)
Bk(Fe). % (Mn). (A, ®ALWI(F). Ak
YI(CIY) . B R £h (SO )45 hy FE AR AL 35 s 1F
Fig s,

Fz1 HTKESERER

1.3 #& DNA {2EL

W5 RAE B KA B R KRR A 7 s 2o
UE, FESAAYE BB TE 0.22 pm fUSLIERE
PR Y R 2 R PR 1 12 4% DNA 25X
A G FHEW L 2RO M)A R A 1R
BURE 5 A ) B0 DNA, Jf F NanoDrop One
(Thermo 2~ F)) R DNA (1) 4fi B Fllie 5
1.4 PCR 1% 16S rRNA £ A

DAJEIAIZH DNA Wit , 40T 16S IRNA
L V4 XE 519 515F (5'-GTGCCAGCMG
CCGCGGTAA-3")F1 806R (5'-GGACTACHVGG
GTWTCTAAT-3")X} B ff 4T PCR 3512021
PCR {% >/ BioRad S1000 (Bio-Rad Laboratory 2
i]), PCR JZMW A : 2xPremix Taq 25 pL,
. FHESI¥(10 umol/L)45 1 uL, DNA £t
20 ng, ddH,O #MEZE 50 L., PCR ¥ 34 514
94 °CTIA P 5 min; 94 °CAEME 30s, 52 °CiE k
30 s, 72 °CHEM 30 s, 3 30 MEH; n
72 °CIEAH 10 min, FENHEARH#ITIANER, I
PR —HFEAM PCR Y TR A . H 1%5i0E
PEEEIE VKR PCR =10 B B E AR BE
FHARK TR IEHE RN AT T 200 52

Table 1 Basic information of groundwater stations

Serial Sample ID East longitude Latitude of north  Type of Wellhead surface Depth of well
number groundwater elevation (m) (m)

1 JF 114.983 0° 27.117 0° Pore water 74.446 14.80
2 TY 115.046 4° 27.131 5° Pore water 55.295 9.00

3 QNXX 114.962 5° 27.200 6° Pore water 59.409 7.95

4 ZX 115.113 4° 26.975 2° Pore water 55.697 14.45
5 YX 114.246 0° 26.956 9° Pore water 112.587 13.70
6 SC 114.514 0° 26.324 0° Pore water 105.131 6.99

7 YF 115.085 0° 27.331 0° Pore water 70.860 13.70
8 CP 114.230 7° 26.497 0° Split water 568.754 100.00
9 TH 114.886 4° 26.796 9° Pore water 60.841 20.80
10 XX 114.551 0° 26.453 0° Pore water 61.019 12.50
11 BQ 115.150 0° 27.550 0° Pore water 42.298 13.58

<l actamicro@im.ac.cn, & 010-64807516
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1.5 BEEXERNUESFEISH

{#i Ffl ALFA-SEQ DNA Library Prep Kit iz 7
ST HEY R 2RO M)A BRA R T SOFE
72, K Qubit 4.0 2¢Y6{X(Life Technologies
o F)) IR 8 AR R AT R G (RN B R AR
Rk A B W) SR S A A I 5
Illumina NovaSeq 6000 -5 %} 3CZE gE 470 )5
5% 250 bp A9 XL reads.
1.6 KX NXE=E PCR 74

SCHF %6 it PCR (quantitative real-time
PCR, qPCR)ZF51E PCR & & w i Ao o 5
AT, 38 5 2 6 AR 5 AN i 8RR S B0 S s 1
PCR &FEFA, TESLHIFE0E e PCR Y, Xﬂ“
PCR ¥ 341t FEUEAT ARSI RGN , AR S
6] FN 9 A5 5 i A8 Ak o] A2 il il — 2% EFE?)%[ZI .
A5 i 1 38 PCR Al qPCR Xf hzsB (BRZ &
R it OG5 R R HEATAG N, AT S R AP R
hzsB ThifEE N & 9 2 H T A Wb e 5 Rk ik
F1 PR A AT R A ) Z R P,
H5%E = PCR X SYBR Green ¥, /KFfEdigls

AYEE R EER -, %43 DNA 2z
Jo, SRR A A TR D REJE A hzsB /Y — X ¢
HES ¥ hzsB 396F (5'-ARGGHTGGGGHAGYTG
GAAG-3")Hl hzsB_742R (5'-GTYCCHACRTCAT
GVGTCTG-3")i#f47 PCR #3402 PCR ##4{k
%30 pL): 2xTag Mix 15 pL, . TSI
(10 pmol/L)#% 1 uL, DNA #A 1 pL, ddH,0
12 uL. PCR P #8554 95 °CHiAEYE 30 s;
95 °CAE M 10's, 52-65 °CHEJEIR k 30 s, 72 °C
JEAH 30 s, 40 MEFR; 72 °CLE{H 5 min, fx
J&i 16 °CHH4F 1 min. K& HHE DUEUBTRINY) DNA #%
HEO10 FREEAT R ERRE, 153U 6 DR IR]
I TERY 1Y, f3RbniEdh .

2 ZREH®

2.1 BBUIERSR
2023 AR IR IR AR R AL 1 T
IKBE SRR TASIN 204 o H R 2K B R B AL 5 A
ELERANR 2 PR HLHHFK pH HALTF
(5.5£0.2)—(7.0£0.1), FEAREMRYE; BHSENTF

2 FRMHTKELERMNKE R
Table 2 Test results of physical and chemical indexes of groundwater in Ji’an City
Items JF TY QNXX ZX YX SC YF CP TH XX BQ
pH 5.5 6.3 6.9 6.7 6.8 5.8 6.2 6.8 7.0 5.9 6.3
EC (uS/cm) 370 539 518 772 524 221 196 315 753 273 228
CODy, (mg/L) 1.0 0.6 0.8 1.1 0.9 ND 0.8 ND ND ND ND
NH,'-N (mg/L) 0.245 0.088 ND 5.173 ND ND ND ND 0.031 ND ND
NO, -N (mg/L) ND ND ND ND 0.143 ND ND ND 0.123 ND ND
NO; -N (mg/L) 12.584 11.924 3.758 0.203 7.154 7.473 1.525 1.060 6.499 5.633 5.740
Zn (mg/L) 0.0258 0.0089 0.0007 0.0041 0.0021 0.0055 0.0062 0.0009 0.0241 0.1244 0.0131
Fe (mg/L) 0.016 0.012 0.019 0.015 0.008 0.035 0.043 0.007 0.014 0.025 0.001
Mn (mg/L) 0.179 0.150 0.104 1.423 0.065 0.040 0.246 0.008 0.133 0.019 0.033
Al (mg/L) ND ND ND ND ND ND ND ND ND ND ND
F (mg/L) 0.11 0.17 0.25 0.13 0.18 0.05 0.07 0.13 0.24 0.07 0.12
Cl (mg/L) 25.08 67.49 19.87 54.90 24.26 21.78 15.50 2.06 17.62 26.11 9.17
0, (mg/L) 45.81 11.87 29.60 37.34 44.19 5.24 7.08 9.66 27.39 19.51 9.10

ND: Not detected.

http://journals.im.ac.cn/actamicrocn
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(196+36)—(772+50) uS/cm, Mt AT %131 R /K
RS T R A BT KA B 1y
M, KRS AENED, X 53R 2 R
B FRARACHAGFOARRF &5 4 (RIS
K BAFRUE ) (GB 5749—2022)P4, 5 ik |
B BEIRE TR S RN A AR, (H 114>
H KIS S 6 0 s R S A R, R
JEZX BB T 133 £5; FAk . Sy,
B AR R B e BIAE PR HERRAEL Y 5 11 bR /KBS
B A SRR A bR A 3 A, B
PRIk 27.3%., HRE GB 5749—20221%, 11 4
H R 7K A 2 Al s K AR AR,
WA 81.8%. #AM & R HHK AN A bR 1Y
bR 7K AT BB 2 3 A — £ B B A

22 FERHHTKESH

BRI =R TS WE E o i E 1
i, R KPS A AN FERARA,
B ZX i 22 A0, Hofthsl SRR SR BB S o Hik
95% LA I o HHAMR S, ZX ¥ S A F oK
5530, L vk U U H B T 2 AR it
(I ZEAE AN AR A 5R BE , LA B 3t 37K IR 1 I 4
R, “SRCERME 2 P, SR EE
B B s JF, HRCh TY, 4« =A0
MR 12.0 mg/L A7, <R AR R
J9 CP, &l 1.0 mg/L ity X RAENSLE
P40, T FITY w60 T35 L T AR DX,
NGV T CP ol fior F32 NI s i ¢
DR INIX, FF R -

g BRTR, LT H T K H R 2 A RRE
UL A ST NRIE S ML . R
b i Bl (HE Rk it P RN Tk 45 ) S5 25 2% 52 i iR 7K
H SR 2L R
23 HEMBTEEMFYFNLE K

3 A X 7 2 T M R KR AT R A A e
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Table 3 High-throughput sequencing data and alpha diversity index of groundwater in Ji’an City

Sample ID Sequence number OTU number  Shannon index Chaol index Coverage Simpson index
JF 72916 2430 6.17 2 430.5 0.990 9 0.101

TY 71936 2163 5.40 2163.5 0.991 5 0.120

QNXX 77 195 3421 6.71 34213 0.990 0 0.060

zX 74 113 2785 6.40 2785.4 0.990 7 0.069

YX 82 736 1278 5.41 1279.1 0.995 2 0.052

SC 65 220 1581 4.95 1581.9 0.992 3 0.133

YF 78 409 2121 6.16 2121.8 0.992 7 0.058

CP 76 398 2418 5.17 24184 0.993 3 0.202

TH 85905 1 000 4.11 1001.1 0.996 2 0.146

XX 77 997 1766 5.92 1766.6 0.994 5 0.072

BQ 76 729 2769 7.26 2769.5 0.992 8 0.034
KA QNXX wlimi(3 421), f/MEN THHE bk TTHBE Y 44-60 ;5 209 K it o

&(1 000); Shannon F5%(K 4.11-7.26, I K{E
4 BQ (7.26), fm/IMEN TH ¥l f5i(4.11); H1TF K
FE i SCE ) 78 15 2K (coverage )T I I TE 99.00%1A
b, U H R KRR AR o R 8 A H A R AR
f, BUEEA AT EEYE . Simpson 5 EAN
Shannon $8 4315 B0 BQ ¥4 fi R /K i A W&
ZREMERRE

L T B T e R, R
AR 4 Fis. AFERHET KEE S HCE
Yrel . W, B, B BERPAE—E 2

x4 SRMHTKYMEARLEN
Table 4 Species composition and structure of
groundwater in Ji’an city

Sample ID Phylum Class  Order Family Genus
JF 51 104 193 239 364
TY 48 93 176 210 301
QNXX 56 110 215 254 325
X 60 104 203 218 311
YX 49 87 173 190 260
SC 45 86 166 214 304
YF 56 108 199 225 310
Cp 52 100 195 237 358
TH 44 78 123 162 202
XX 50 100 174 204 253
BQ 53 110 208 227 317

78-110; HMHw K 123-208; BN
162—254; JE IR K 202-358, MFE 4 FhaT L
5 TH #8760 T. . B, B BERGUE
YA E R .

B3 R4 MR 7Kl £ TT7KOF B 2 TR 43
2%, BHEBEFEE/NT 1%0945 374 others 41 .
11 AN A b P B A0 B e 1 2 8 B T T
(Protecbacteria, 64.95%), i oM & UFF B 1]
(Bacteroidetes, 9.71%) Fil it £k I I ] (Actinobacteria,
4.08%)., HiffE 16S rRNA BN [EIEM:, REH
FALHESRE TIF % H I ] (Planctomycetes), A 3
R LUE Y, TRE R R T K B B el
BN, ATHIR SRS AL R AE 2D R K A rh
ORI —/NiR 4y o DA A AL AR5
I EUE BB B R P T IR S AL
AR A P, R R A B AR AR 21
TARAB R, HEXNARREAEL
) DR AN 2 Z A0
24 REIFEWME hzsB EREBIFEE

XF 11 AN H R KRR S SE AT S B 2O
PCR/MHT, 152 DA 2 A AL 41 TR hzsB J: X #5 D1
B, d5RaE 4 s, I 4 aTHL, ZX A YF
PRl 4 DR AR 2 S AR TR 7Y hizsB S [R5 DL 457
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Microbial community composition
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10® copies/g HIZKF-, ZX 3k 5 i hzsB LR D15
KR, H6.62x10° copies/g, HIXK K YFulik, H
hzsB JE[R#% D1 %L 1.22x10° copies/g; JF. TY.
QNXX., YX. SC. CP. TH. BQ Ui 5AIKA R
AL hzsB JE R $E DUEUE T 107 copies/g 197K
-, JEFEIFE 1.34x107-9.50x107 copies/g; XX ¥l
FMIPRAE AL hzsB JERHE DT RURAR, Y
} 3.67x10" copies/g. S| 43P F K
TIRIPE RS RGEAM L, 2088 T KR E A
AL TR T RE A48 DUBCH &, W R /KA L
B b SRR R G A K SR R B
TRV BT I8 S DA 2 A A A T AR A
25 RE[FEUMENRZHK

FET sy s R, & Ribosomal
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Database Project %4 %2 (RDP, https://rdp.cme.
msu.edu/index.jsp) AT HONE, 7E 11 A~21 880D
KA R Y A I B T R AR A AR
Candidatus Brocadia . Candidatus Scalindua .
Candidatus Jettenia, Candidatus Kuenenia, iX
ST A IRAEIR K T2 H A R e 45 AR a5
DRSS T B B S5 R AR LTS5 G
B TREAME TR OTU MFS &%, it
FE R P DA AL A0 TR 2 R AR R, 3t
BZERNE 5 B 11 AR KI5 s 3
Candidatus Brocadia FE{HH 62.47%, F14
Candidatus Scalindua FFE{H A 17.44%, ¥
Candidatus Jettenia £ JEH N 14.41%, F 1Y
Candidatus Kuenenia F£E{H K 5.67%. HIE 5]
A, AE AR A E AR A A —E
2. BR YX #5040, Candidatus Brocadia
SRR, I BB (>50.00%), JEHR
CP il XX P MF5T s, Candidatus Brocadia 5 LR
1 80.00% (4351°h 84.58%7F11 89.88%); Candidatus
Scalindua F /i 25548k, YX A5 Candidatus
Scalindua FHIXTH2HE 53k 56.44%, TY s Candidatus
Scalindua #H X} = B A [ 5.89% ; Candidatus
Jettenia (' IR R 5o YR UG 8, (EM21.71%,
eI o XX ki 5, R 0.77%; Candidatus
Kuenenia ( F i & s SC i, HR 16.33%,
i R AR XX wind, B 0.81%. 45K
PRAE A TR 23 ) S o
26 REFEUEIHRENERFLH
N T RGP AR E A TR VR Al ) 5 52 B
KREEREE N TR, 11 A s RS
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*5 RastFERFESMEERTRIBEXEST(O=11)

Table 5 Correlation analysis between abundance of anammox bacteria and environmental factors (n=11)

Parameter pH NH,"-N TN CODy, Mn Zn F Cl NO; -N S0,>
r 0.049 0.908"  0.092 0.408 0.982""  -0.080  0.324 0.666°  —0.256  0.182
P 0.887 0.000 0.789 0.213 0.000 0.815 0.331 0.025 0.447 0.592

*: P<0.05; **: P<0.01.
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Figure 6 RDA between anammox bacteria genera
and environmental factors.
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