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Distribution of ferric reducing bacteria and anoxygenic
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Abstract: [Objective] To explore the distribution of ferric reducing bacteria (FeRB) and
anoxygenic phototrophic bacteria (AnPB) in the soil along the Yellow River. [Methods] Soil
samples were collected from the beach and paddy fields at the Yuanyang section of the Yellow
River. High-throughput sequencing of 16S rRNA gene and quantitative real-time PCR were
combined with statistical analysis to reveal the structure and abundance of FeRB and AnPB and
the main environmental factors affecting the bacteria. [Results] The dominant FeRB families
(genera) were Hydrogenophilaceae (Thiobacillus), Bacillaceae (Bacillus), Clostridiaceae,
Rhodobactereace (Rhodobacter) and Geobacteraceae (Geobacter). The dominant AnPB
families (genera) were Rhodobactereace (Rhodobacter), Chloroflexaceae (Chloronema) and
Acetobacteraceae (Roseomonas). The relative abundance of Rhodobacteraceae (AnPB) was
negatively correlated with that of Bacillaceae and Clostridiaceae (FeRB). The relative
abundance of Sphingomonadaceae (AnPB) was negatively correlated with that of
Hydrogenophilaceae and Clostridiaceae (FeRB). Soil nitrate nitrogen (NOs -N) was negatively
correlated with the relative abundance of Rhodobacteraceae but positively correlated with that
of Geobacteraceae. Ferrous ions (Fe") explained 13.5% and 41.8% of the community
variations of FeRB and AnPB, respectively; pH explained 65.7% and 42.8%, respectively. The
number of total bacteria (BAC), Geo(thermo)bacter (GEO) and phototrophic purple bacteria
(PPB) in the Yellow River beach was 2.52 (£3.43)x10°, 5.21 (+7.58)x10” and 2.9 (£3.70)x
107 copies/g dry soil, respectively, and that in the paddy soil was 3.82 (£1.29)x10'°, 3.05
(+2.44)x10® and 4.31 (£0.90)x10* copies/g dry soil, respectively. Moreover, the PPB in the
upmost soil layer (0—1 cm) were significantly more than those in the 1-2 ¢cm and 2-3 cm soil
layers. Fe*" explained 81.5% variations in the absolute abundance of BAC, GEO and PPB.
[Conclusion] The potential community of FeRB and AnPB and the abundance of GEO and
PPB varied between different soil types. Overall, Fe*" played a key role in shaping the
distribution pattern of FeRB and AnPB.

Keywords: ferric reducing bacteria; anoxygenic phototrophic bacteria; paddy soil; the Yellow
River beach
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Table 1  Soil physicochemical properties of the Yellow River beach and paddy soil

Soil type Sample sites pH WC (%) Fe*" (mg/g) Fe' (mg/g) NH,'-N(g/g) NO;-N (g/g) TOC (mg/g)

Sand S1 8.63+£0.38 33.724£21.89 0.14+0.10 0.81+0.25 2.04+1.74 1.13+1.05 5.49+4.58
S2 8.53+0.10 28.10+1.92  0.37£0.03 0.94+0.14 2.79+3.21 1.21+2.10 3.83+0.33
S3 8.80+0.17 22.09+4.10 0.25+0.01 0.76+0.06 0.65+0.64 ND 2.65+0.55

Paddy P1 7.95£0.04 45.25+£12.52 0.57£0.12 2.56+0.51 8.89+2.58 26.09+9.08 22.10+1.69
P2 7.98+0.11 16.73£0.17  0.63£0.04 1.90+0.16 14.66+9.60 23.72+46.82 16.60+£0.22
P3 8.01+£0.07 19.93+0.99  0.67+0.05 2.14+0.02 13.19+5.23 10.64+0.89 16.79+£0.26
D1 7.76 39.64 0.939 2.37 22.05 1.41 16.96
D2 7.85 36.34 0.74 2.04 22.00 1.04 17.50

ND: Not detected. Values for S1 to P3 are mean+standard deviation of three vertical soils, depth 0-3 cm. D1, D2 are measured

value of surface layer of 0—1 cm.
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Figure 1 Potential FeRB (A) and AnPB (B) at family (genus) level.
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Figure 2 Correlation between compositions of FeRB and AnPB. Solid line: FeRB; Dashed line: AnPB.
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Figure 3 Correlation of community of FeRB (A) and AnPB (B) and environmental factors.
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(P<0.05); Desulfuromonadaceae #X}£JE 5 pH
L IEAHE(P<0.05), 5 Fe**. Fe'. NH,"-N.

TOC i EMAHF(P<0.05); Desulfomicrobiaceae AH
SFEE S pH MR H A E(P<0.01), 5 Fe*',

NH,-N & # FA % (P<0.01), 5 TOC # B#1E
FF(P=0.010); Trueperaceae FIX}TFJ& 5 pH i
FIEMI S (P<0.05), 5 Fe* M i 2 i AH 3¢ (P<
0.01), 5 Fe', NH,-N, TOC & 3 it (P<

0.05) - %t b prak , dE L # FeRB,
Deinococcaceae Desulfuromonadaceae

Desulfomicrobiaceae . Trueperaceae TE [FHEH )
A AR S 2R - R AH G s L3
FeRB (P& Hydrogenophilaceae #b), UNWF Al
Geothermobacteraceae . Anaeromyxobacteraceae .
Mokl R
Clostridiaceae FAHXTF=FE F 25 B — 1 1 fk,
A REE 2 A R 28 ook .

1K 3B fi7n, Rhodobacteraceae AT
NO; -N g # FAHKE(P<0.05); Sphingomonadaceae
HIXEES pH B3 IEAS(P<0.05), 5 Fe™\
NH,"-N # i 3 71 A % (P<0.01), 5 Fe'. TOC
= 11k 5 (P<0.05); Comamonadaceae 1%t
Y pH I IEAHX(P<0.05), 5 TOC BE 1
HIK(P<0.05); HAthJ® AnPB AHXT 5 + HEs
LA F ok, Wik, B Sphingomonadaceae .
Comamonadaceae %t , HAMALFFAELH: AnPB [
A B 5 TSP R TG, B2 B — %
FMEIRF-520m (40 Rhodobacteraceae).

Geobacteraceae Bacillaceae .

2.2.4 RDA #3#f

I 1) e 45 51 i /R Fe?' . pH %t FeRB 41 2%
ST R AN 13.5% . 65.7%, X AnPB
H R TR R RERE 0 R 41.8% . 42.8%, &
UK i 3 F FeRB. AnPB B R4S
SRR OCHERY 2 IR R - B P 4 kAR
Stk T RTPU A R T 5 ¥ 7 FeRB ., AnPB
PEAT RDA 434, pH. Fe*', NO; -N | Fe' X} FeRB
2 AR SR R AR AR R 87.0%, i RDAT A fi#
B 74.68% (Kl 4A); pH. Fe*'. NH,-N, Fe' N5
i AnPB 41 At B Z Y 4 ANFREEAS & EA TRl i
BEAE 5 h 85.5%, Hirt RDA1 AT 80.33%
(&l 4B), UL T Fe. N JLE1EW i FeRB, AnPB
RESS ) TR A B EAE .
23 BERETIEMGOITE. XEEHEERE
vaKitl
231 METE. XEKARFEE

HE BAC. GEO. PPB[LIFI{H (+hx
WE)FR M 2.52 (£3.43)x10°.5.21 (£7.58)x10
2.9 (£3.70)x107 copies/g T+, FEH b =F{K
WA 3.82 (£1.29)x10', 3.05 (£2.44)x10°, 4.31
(£0.90)x10® copies/g T (& 5A). 1 ¥l |
FiH +th GEO AHXT 4 & (GEO%) 43 41y 1.40
(£1.96)%. 0.74 (£0.37)%, PPB AHX ¥ i (PPB%)
354 1.40 (£0.51)%. 1.26 (£0.49)% (& 5B).
SPSS #iit45 s, BAC. GEO. PPB #I1%
TE AR HH A b s 2 e T BT M (P<0.01), T
GEO% . PPB%7E 2 P2 AU L3 rh o i 1 22 57 .
M H oMb, 0-1 cm +)Z2H PPB Hm A 3.62
(£2.67)x10* copies/g T+, BE®ET 1-2 cm +
JZH) 8.21 (£8.83)x107 copies/g T+ (P<0.05)F
2-3 cm +JZ2) 7.19 (£7.48)x10" copies/g T+
(P<0.05), {H 12 cm. 2-3 cm 2[R EE
5.
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Figure 4 Redundancy analysis of FeRB (A) and AnPB (B) and main environmental factors.
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Figure 5 Copies (A) and relative abundance (B) of BAC, GEO and PPB.

232 MEFOHE., XELEAESTIEBELEA
FHIE XM

K Pearson FHSCHEA T EEKEER BAC,
GEO. PPB 53k FHukE S, 455
WA 6 fiis, WC 5 BAC, GEO. PPB K fi3g
B FHIAHIE . BAC .GEO ,PPB 5 Fe*' \NH,"-N
W R EIEASG, 5 pH MR TAHE(P<0.01), H
PPB 5 Fe'. TOC I #IEAHX(P<0.05), GEO 5
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Fe'. NO;-N. TOC @ 1IEAHE(P<0.01), ik
257N, GEO. PPB FJZJRY Fe. NJo&R, JU
HZ5 Fe’* . NH,-N., NO; -N ZYJH X,
2.3.3 RDA &#h

B 7 aTAL, REHEERE 0-1 om FEA S
WY 1-2 cm, 2-3 cm FAEERR K, HERZE
M+ XLl D1, D2 5HAhSA2(P1_1.P1_2.P1_3)
25 K. RDAL WJf#REINAE ST R 96.51%, Hip
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Figure 6 Correlation of copies of BAC, GEO and
PPB and environmental factors. *: P<0.05; **:
P<0.01.

Fe*". NH,-N. pH X RDA1 Wy oifkfc K, Fe*".
NH,'-N 5 RDAI IEAH, pH 5 RDAIT A,
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Figure 7 Redundancy analysis of copies BAC,
GEO and PPB and environmental factors.

3 Wi
3.1 AEREBIRBETE. LERERE
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FeRB . AnPB J& - SEFITTT AR PRI v 3 i 3L A7
AIThfefdE s Foee AnPB HAG AL Fe? iR iR
CO, HyHRE! Y, FIBE 5345 Fe* 1) FeRB j@ it
YAFIARRG ), i +3h €. Fe. N JTHEM
fEFN . N T Uy e s - FeRB. AnPB 4
AL, AWTSERAE T B0 (5L FH B ] e A1 f
WA A, 08T T 3 FeRB. AnPB RfiF4h
LA AN GEO, PPB =R F8Kzh iR hEE
TR A3 A1 (0 SRR A TR 7

wITHER AR ] L P L 3 FeRB. AnPB T
B4 $&  Hydrogenophilaceae (Thiobacillus)
Bacillaceae (Bacillus) . Clostridiaceae (Clostridium _
sensu_stricto 1 . Clostridium_sensu_stricto 8 .
Clostridium_sensu_stricto_10 . Clostridium_sensu_
stricto 13, 5 86.87%) . Rhodobactereace (Rhodoba-
cter) .  Chloroflexaceae  (Chloronema) .
Acetobacteraceae (Roseomonas). F&H 1+ PPB,
GEO F B -y — DR, X F 2R H
M2t TRFESINE &, Bk T 28Rk
YA K %58 . PPB 1E LAY S04l B 4312 B
%, FWHFEZ 0-1 om LHPHCES, X T2
PR JZ A PPB BEHESZ— & HY K B4R S 7T LA
HEBFELK, 13 cm HZIEATOEFE PPB
A K52 . GEO fE L3 b 2052 TOC &Ml
2%, KHRSE, X5 HAA YL R Fe™
(57 3240 AT . Fe* X BAC. PPB. GEO
B AR SRR IS 81.5%, AR URsh —H 7E L1
A 2B B ORBEEREEIN . NHL-N| Fe®',
TOC X RJZMH L AR, NO;y -N FE5E
HIZREH L, X ATRERH 3 O, AR BLHY
ZFFEW ., EES-LRmW, HESES O,
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S, AR Y 0 SR AR i R B U
17, MG LT C. N, Fe ok i ; &
W=, Oy B2, DRAMAY RS
F&, NH,-N LA AR NO; -N,
3.2 ffi# FeRB. AnPB 51HIETRE L

KFELEH Clostridium M1 Bacillus 7E 405
LR A EEMARY . —8% Clostridium il
HAIL Fe MIhRe, WML MREH 5
W 3 Bk Bacillus TAMREA IR Fe UIBE, AR
HGEE T AR ME B Fe JRBCPT. A IFSTIRIA,
Clostridium . Bacillus . Geobacter 1/ T Fe i #f
IKFEAR R PR, 290 5 16S rRNA ¥
FhAEXT EEERY 65%°H . ARBF5EH Bacillaceae
Clostridiaceae TEVMMEML . FFH L B0
W F 6%, {HAK pH {EAEY, Bacillaceae .
Clostridiaceae X+ BE 87, X Al BB & K N
Bacillaceae . Clostridiaceae 3 % 7 FeRBP?!,
EAIA S AGA BB A A WL I E B 5 (H),
XK pH S0 B0 I

B FF 5 J& (Thiobacillus) W F 2 Fl U2 + 1 5
Ko BB AL BB A IR W o Thiobacillus
ferrooxidans TERE A F A 4L 1 mol HLF S i
J52 6 mol Fe* " 4: i 6 mol Fe** 1 mol SO, Hl/> i
1) SO>, HEMEN T Fe* Wil N Fe & L 7 B
FEAL TR AR Fe* HEPY, T, ferrooxidans
EREI IS Fe If 5 R 40 1) B AL AR B Al A Uit
MR, B A IR RO AL A R TR S 1E R
TR MK AR R KB NOs™, FEEZE T
denitrificans EAEH . WA VLR (DOMMWE R
WAEYYCEGAN RSN T. denitrificans /4 3 SN
e B, T denitrificans . G. sulfurreducens 3t
B AR R R A P LR E S ik, SRSR &
BHRERRPRAESET R S MRAHIR P,
AR5, Hydrogenophilaceae (Thiobacillus)5
pH % 2 A (P<0.01), 5 Fe*'. Fe' IEAHC
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(P<0.05) , Ui Bl T. ferrooxidans W] BE J&
Thiobacillus H IR Z —, IRlRPEPREE A
i F 'S HIEH T. ferrooxidans A% . AW
it &% B, Hydrogenophilaceae (Thiobacillus)5
NH,-N BFIEME, ARMTFH ASV42 7E
Thiobacillus J& W) FIVEIRZ , HAERGH L7
GIEM 128.4+£51.9 [PFEII(E (AR UEZS)] KT ASV42
PEATEL LA, 45251 s H S R AR A vh— S i
¥, Thiobacillus (& 55 MG801484. AR KT
99%, Ui ASV42 RIRESNEA ML N JIRER T
denitrificans HEW T. ferrooxidans . T. denitrificans
TARWFEH Hydrogenophilaceae (Thiobacillus)Hy
H I R

Geobacter i P K% I FeRB, EIKsh L%
R A A R PR R B SR . R 2
Geobacter W E B /L1527 —  Geobacter 1 l—Fl
FHEWMSMTIR FeRB, #8788 B A,
AR DLRTS Gttt , AR W ] 4 [ 2 v
FERIR T RE A Y KRR,
PAEYIA T Fe (DR B2 T As (VFEIL
Bk, WFERI A Y R T WK RS
Geobacter . Anaeromyxobacter H1 Clostridium
3F5 As, Fe MISCHIRFRE, Lk T As (V).
Fe (I3 J5L, 42 /% 1 el b As(UDFE™. 3
I, X As (V). AHLRE G 15 LA H A8 5200 4
Bk A W)k o AWK Geobacteraceae
(Geobacter)5 NO; -N i # 1FAH K, Fe* 5 NH,-N
W B B A OG, BB BT AR FH R rh & 2R T
DA NOy-N N FELZFA Y feammox,
Clément 245 7% L T 1@ b2 WA Fe® VN
HL 32 AL A Fe TR 480K NHL ™ NO, . B2
WEH, feammox 25 TRFH | i . VIR RY
NS AL, PPA R Ny LR 2 A S N Y
3.1%-9.4%44142

5 HAh FeRB #HI, Rhodobacter &850
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MRS PR EE R, ZERSH L (BR D) ELAH
X, HBEEWREL TOC H/HAE S FeRB
PR Y o5 P 22 3k n] BRI DR AT e - A L
B i, R T HoAl FeRB MY FEH , 1M
Rhodobactereace (Rhodobacter)fE ¥ 5 A7 LTt
B AN RIS AL R LR R 2 A B A KT,
B i fE FeRB W LN £ . HFE R,

Rhodobacter JZUTFY)H —Fh 8 (1) 448 S Al b
AR, HATLL NOy-N WL T2k, A PR
RO S R IRA K IR ER B,

Rhodobacter 5213 T 7K AR nir S HY Sz fif fb 4
AT I = E R R 22—, FEERAE SR R
FERF 98%, 5 NO;-N ik, 5 NH, -N IE
FHOC o TP TS Ve DU AL (N, O) i HH ) N
A A NH,-N 9 0.001%—-0.280%, Bk
N,O F#H 5 Nitrotoga . Candidatus Microthrix .

Rhodobacter FJFEFK, BN Ti5lib i
B NO5y-N 1 DO™!, A5 Rhodobacter
5 NO;y-N BF MK, 5 Lkt —2, ]
FMEML . R H L Rhodobacter Jg& i HA FUAH
AL N 7 7. Richardson 201G FR4Nl A2 ¢
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ﬂﬁ Oy ik J5il, HANMRER+ T IRER A& HH IR

SRR A B E S R, capsulatus THFRER
WFEH L 5 AU, AR EA feammox
I iE ) FeRB 5 I fif /b Rhodobacter . T.
denitrogen 3T NOs (¥4 B AR F#E A [F 4E
FE 43 N R

PN G R R R A e e e BT =0
4Jc, NH, A 5K 4 A AL B 147 & (Nitrosomonas)

ZFAI(REH L 62 %), FESH5Ah

NH,-N & NO,-N, 73 J& W fif iR #h 40 1
(Nitrospira . Candidatus Nitrotoga) i) J¥ %! 331
480 Z&(FH L 294 %%), FEZHHL NO,-N
N NOy-N . A #F 55 1  Geobacter |
Anaeromyxobacter W] %84t NH, -N $fit NO,-N,
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Figure 8 Potential microbial mechanism of soil element transformation mediated by dominant FeRB and

AnPB. N,: Organic nitrogen; C,: Organic carbon.
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