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Alkali Land, Dongying, Shandong 257347, China)

Abstract: [Objective] Biochar and diatomite have gained considerable attention as soil amendments; however, their effects
and underlying mechanisms on nitrification processes as well as ammonia-oxidizing archaea (AOA) and ammonia-oxidizing
bacteria (AOB) in coastal saline soils remain poorly understood. [Method] A 42-day indoor incubation experiment was
conducted using typical coastal saline soil from the Yellow River Delta. Five treatments were applied: control without fertilizer
(CK), urea (U), urea with dicyandiamide (DCD), urea with diatomite (DE), and urea with biochar (BC). The effects of these
treatments on soil nitrification were evaluated, and the abundance and community structure of AOA and AOB were analyzed
using quantitative PCR and high-throughput sequencing. [Result] The results demonstrated that DCD significantly inhibited
nitrification in the short term, with an inhibition rate of 73.1%, however, its inhibitory effect diminished over time. Biochar
also showed short-term nitrification inhibition but subsequently promoted AOA abundance. In contrast, diatomite did not
significantly inhibit nitrification but notably enhanced AOB abundance. Correlation analysis revealed that the amoA gene
abundances of AOA and AOB exhibited significantly opposite regulatory effects on the nitrification process. AOA showed
significant positive correlations with ammonium nitrogen (NH4"-N) content and nitrification inhibition rate (NIR), but a
significant negative correlation with nitrate nitrogen (NOs-N) content. Conversely, AOB demonstrated significant negative
correlations with NH4+*-N content and NIR, but highly significant positive correlations with NOs-N content and net nitrification
rate (NNR). Notably, the correlation between AOB and NNR was significantly stronger than that of AOA. Cluster analysis
indicated that the community structures of AOA and AOB in the BC and DCD treatments were more similar, which may be
related to the fact that both regulate the soil nitrogen transformation process and microbial activity. [ Conclusion] This study
elucidates the differential regulatory mechanisms of biochar and diatomite on ammonia-oxidizing microbial communities in
coastal saline soils, offering a novel theoretical foundation for the amelioration of saline soils.
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Dicyandiamide (DCD)
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XF 3 pHL ERERFE D AR N AAEAE 2 S, XD T AR A AR A i T e A 6,

BT BRSO N R D A5 R A I O R LR s AL, X AOA
FI AOB [=F i S BV G5 A0 77 R ZE A2 s 20 AR R IR 8 1 R N 2 2038 AOA Fl1 AOB (17
WRAEK, TR R AL R . ik, AR TE DA = s B L O R, A FASY T,
IS F A b AR AN DCD A HIETOAHL A RIS, PREF AR R R b dn o] et 2o TeAL
BRI, 20 AOA Fl AOB FI=EFE KBV 4itt, 7~ AOA A1 AOB X A4 i e At e H 8
foma AL, B AR BOR FIREE X AOA AT AOB VX 122 Ak Il ] e mi i Ak A, B AR R
FLA R R i NS 2R3 T LB SIS B B, R AOA F1 AOB =F & KB TE
SEMIIZE A TRAEAL o T 90 485 SN A 1] B A= ) I e R 35 0 R 2 5 o (R A TR 4% RS B
TAED AU FR AR AR, I 9T 35T - o R AN ZUIE = R F P e AR S 4%

1 MRS T

1.1 kA

B HER B LR AR B i = A PR RIS R YE R (37°17'N, 118°36'E) [ 5F
iy, % XA TR = AN Y, SRR KRR R, KR 552 mm, K E
2431 mm, FHSIE 6.8~18.9°C. TIERA NI bm -+, i AFHE LT, R “S” I REEERE
FZELIE (0~20cm), W¥EFERSRAE TR NPEART . EEGE 2 mm 56, 5154 BRRIZIHEY)
ARG PRAF & . HIEREAM TN pH 7.3, HEE (EC) 1827 pS-em’, &FEhE 56 gkg', BT
HEHG T (FHEEEN 4~6 gkg"), AHUR 123 gkg's &% 770 mgkg, HAEZ (NHS-N)
6.86 mg-kg!, WAHAZ (NO-N) 0.50 mg-kg', NO;-N101.4 mg-kg'.

RIGATH R oS MK AL, AR S E 028 gkg!, &R EMME (1.1 mgkg™). M
JR R NIKFEREAT MR %, HoS il 523.9 gkg!', SAE 1.8 gkg!, BRALL 291.1. WEALIMHIFIHN
DCD, HFH T ARA=, 45N 98%.
1.2 i3t

R E 5 MG, KA 3 REE: D AW (CK); 2) JitiH 250 mg-kg! FEARE (U);
3) S EREFRINGEE 4%8 DCD (DCD); 4) iM% EREFRINMESY T THRE 2.5%
MEEEE T (DE); 5) IR R IR ST F L& 2.5% M REe Ak (BC).

feE e LAY BUR 5 A B3 LR S, BUM YT 20 g M LB £ 250 mL =i,
WA K B RORFIKE (WHC) 1] 40%, H WA, 15 25 CIERREFRAF h s 7= — LA
WS HEREY . TSR 7d )5, BREA DCD @R HIEF, IMAEAN 2mL, SREWN 250
mg-kg! T+, DCD H&E AAEE 4%. R IIAZBEKHETIKS 2 65% WHC, HHEE R, .3 1L
PLORIEIE S, T 25 cCHEIRIGFRAM T IGFF 42 d, £FR% 2~3 d FRE KK

THEFR 0. 7. 14, 28 M1 42 d RAELIEFES . SRABIAERRE T, &b FEREHLIR 3 ., 4% 1K
Et 1:5 NN 2 mol- L' KCLEW, F 25 °C. 250 rmin &% 1 h, HEEiE4GE e, USSR T
5E NHe-N. NO>-N Fl NOs-N WKJE. A, HUGEFR 7. 14 F1 42 d 0B8R0 T-20 °CIRME, AT
AOA. AOB %t & & Al mrd &=l 7 74T
1.3 MESE

13 pH A S0 Hie M oKE 1:5 2425, A pH i1 (Mettler S210, SEED FIH-FERAY
(DDS-11A) #4702 . TIELFRHAYIKERN (KDY-9830) M, TIHPUR & &K HEHKER
B (KoCrO7) EMAEEENE . 13 KCHZIRE A NHs'-N. NO2-N 1 NOs-N Kk & H3h
8] AL 2% 20 B4 (Smartchem 200S/N 1104238, WESTCO, ) JI%E.
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DNA $2HU™ 4% 1% Fast DNA™ Spin Kit for Soil W7 & _F 1y B P BEUEAT, $REUS ) DNA FEf
PRAFAE-20 °CEEH, RAE LA 66 T (NanoDrop 2000, 3£ 52 DNA K EFI4lifE, %
FISEIN 9856 € B PCR BORBFFLAFIALEE i #h 5 AOA FI AOB HIF AL . fliffl TB Green
Premix Ex Taq™ {7 & 7E CFX96 SL 62240 R St 17 € & 4. & PCR RMNVAK RN 20 L, £
$& 1 uL DNA #i4%. 10 pL TB Green Premix Ex Taq, I1EX[A51#)% 0.5 uL (10 umol-L1), FFHCH
KANFF o G Arch-amoA-for/Arch-amoA-rev!'8Ifl amoA-1F/amoA-2R113 J1] X & A& AL T 2B )
AOA F AOB IReEE amod HHAT B0 4. SCH) € & PCR ARE IR arch-amod amoA 3:[H
AR v b B AH JORLHEAT 10 F5FRE, WRERREE N 8 Ao X EAFEMBIN K, MRIEARIEdh & 1T A
i RPE LA, 9 DU s b (R R DR DLECN AL AT 0. BRI 3 IRE R, JFREAN
BB S B N B P B .l I bR A e G AR, TR PCR RS 203 5048 90% L |,
PE R (R ¥IRT 98%.

K FH e 8 S I T B AR A [F] AL B S SE AT A VDT A5 F 2 . £ 5 AOA 1) arch-amod %
HIHF 514 51 %) (Arch-amoAF/Arch-amoAR ) 2OHT AOB [ amoA & R 14 5714 51 %) CamoA-1F/amoA-
2R) 947 PCR 4748, 4487 K 243 510N 635 bp A 491 bp. PCR SUNAK R A 20 pL, 5 4 uL
f) 5xFastPfu 2. 2 puL A 2.5 mmol-L-! dNTPs. 0.8 pL HIIEX A5 (5 pmol- L), 0.4 uL
FastPfu A B LA 10 ng 1) DNA #itRk, BAFEMEE 3 M PATEE . PCR XSO 95°C WA
P 5 min, 95 °C 281 30s, 55°CIiEK 30, 72 °C %Ef# 45 s, AOA il AOB 544> 5141 40 A1 35
AMEIR; Befa 72°C 1B 10 mine 335 1 PCR F24)i8 5 2% 35 I bl & ke Ayl AT Rl A 70 5, e
H] AxyPrep DNA H¢fi% [BICR 7 & (Axygen Biosciences, USA) %84 F= 55 A BH kAT 4lifh, . 4lifk
JE ) PCR =4 H Tllumina PE250 ¥ G#EATX0mMF (B EAEYIA IR AR D B 7
TR 34 000~42 000 5% ZE B (reads).

1.4 BUEALIE

FAHAE 2 (Netnitrification rate, NNRD 5 XN HAI 8577 REAN KRG E (mg-kg"-dD), 1f
HnAT:

_ C[NO3-N];~C[NO3-NJ¢,
t—to

X, CINOs-N], Al C[NOs =Ny 73 7 H 55 RS 8] ¢ FAHIURIS 8] 20 B 145 NOs-N K FE, mgkg™s ¢ A

BLFRmIE], ds ot RAIUGEE TR TE], d.

HH 4 % (Net mineralization rate, NMR) & SUNHALREFR RE A 0 L&, mgkg'-d!,
THEALUTF:

NNR

(D

C[NHI—N+NO§—N]t2—C[NHI—N+NO§—N]t1

NMR = (2

t,—tg
X, CINHA*-N+NOs =N, 55 FE0T 18] £ I 1338 NHa N A NOs~-N ¥ 5 2 fil, mg-kg'; CINH4*-N+NOs -
N]n NE5FRET H] ¢ B 3% NHa*-N Fl NOs-N 3K E 2 Fl, mgkg's ofl o AREFRE], do

THALAMAIZ (Nitrification inhibition ratio, NIR) (%) AR F:

AC[NO;—N]U—AC[NO—QT—N]T )
AC[NO3-N]y

A, ACINOy-N]u AR Z A -5 7170 J5 NOy-N IR 2 %, mg-kg™'s AC[NOy-N]r NI DCD.

DE &\ BC 4B 455 7201 5 NOs-N IKEZ %, mgkg'.

TRIGE R A3 Excel 2010 #4215, K SPSS 16.0 X347 B K 35 75 % 73 #T Cone-way ANOVA),
HAf A/ NE S 2= Rk (LSD) T ZEREEWRK (0=0.05). EARMIH, BEMHZERKTFE
SEN P <0.05. GAFERUE, Fra iyt it E B WA MoK Pearson A543 #T,
A SPSS 16.0 #4847 . {4 Origin 2021 fEE . il A 701 K H R 15 5 1 vegan FLiE/ T2

NIR = ( x100 (3)
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F Bray-Curtis FF B H R M 74T, FrE llumina PE250 W5 19 R 46404 £ A% 22 NCBI J7 %1132
A2 (SRA) e C&3'5°4: PRINA1228279).

2 45 W

2.1 AEICETELNASENTK

B PR 2 IR AR il A0 3 148 NH-N & & T 8597 7 d IR BIEEAE, BTN 190~244 mg kg™,
Hrp, DCD Ab# NH«*-N & & (244 mgkg™) ffm, HONBC 4 (216 mg'kg™), —HWEES
F U 4P (197 mg-kg™) Al DE 4P (190 mgkg™), BRI A HERZH % (& 1a).
9% 14d ), DCD 4bFE NH.*-N &8 70 5% U, DE Al BC AbFR & 2.2 £, 3.2 /%81 2.0 1% (& 1a).
RIRIEW, AFEAFER NHAN S BEEFADE.

Fx CK 4k, U. DE Al BC 2P NO--N & EEH;FE 7d A F|IEE, U 4 NO.-N % &5 DE
WFRTCEE 2 R, HEE ST DCD Al BC AbFf) 4.3 541 1.5 f% (B 1b). DCD 42 NO.-N 2R
U E HBRAE S 9% 14 d (48.0 mg-kg™), (KT U Fl DE Ab#fIE(E, (HE BC B L REER.

F i ARALEE NOs-N S BAERT FRVIHIRETIG N, 76 42 d PIWEIIHI N 18 214 350 mg-kg ' I T2
E, HYEZEST CK (K 1c). ¥53F 7d i, DCD 4F A NOs-N & &K (145mgkg™), A
U. DE 1 BC A2 & 21K 21.8%- 20.1%F1 13.5% (& 1c). DE ¥ NOs-N S8 5 U AH LR #HE
5, {HBC MM B ELT UL (B 1c). 597 14d i, DE fl BC A# NOs-N S 85 U 4B LE
F75, {H DCD ALFEE: U AbHE R KL 25.9% (B 1o). 7, AR LE NOs-N &
BERALE.
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0 7 14 21 28 35 42
¥4 756 [8] Incubation time/d

VE: BIRIRAEG RS, n=3. CK: AHEIE: Us MUMEIRZ; DCD. DE Al BC 4B FMENIR 2 H I R LA 4R
. TIFAl. Note: Error bars are standard errors, n=3. CK: no fertilizer; U: urea application; DCD, DE, and BC stand for application of urea
in combination with DCD, diatomite, and biochar, respectively. The same below.

Bl 1 AR IR S BBl
Fig. 1 Dynamics of inorganic N contents in soil under different treatments

2.2 AEACIEN LR R I RS RIS

TEANFREFRIS TA], it A T S5 v i Aok 2R 38 W 3 v TR, 3385 i o 6 o o 5% 7 I (1)
LK 2T & R RS (B 2a). fE859% 7d B, DE BRI IE RS U BB %
5, DCD Fl BC Kb RS AL R 3l U AFEE E K 71.0%F1 33.8% (& 2a). H59%% 14, 42 d
W, SRR ZE R S5 7 REA 3, HERFR 14d K, DCD M BC ARSI R 737
U AR E AT 44.1%A1 11.1% (& 2a), % 42d i, DE AFEY BC ACFE R R B 2%
57 (K 2a),

it A B A T R ) 2 v TN R, B TR TR B A BB T RS (B 2b). B
I Td N, SEACEE T R R LR E E R, HYEEST 14, 424 Bl R (B 2b).
Rt % 14d i, BC RSN 1L F B E KT U, DCD Ml DE 4bH, 5 lFFEK T 14.0%. 19.8%A1
153% (B 2b). #5752 42d i), DCD b3 I8 55 L E 2535 U. DE A BC A PR E 2 R T
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12.0%-+ 9.5%H1 7.4% (& 2b).

161 401
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WD 8 N £
¥ | e
Sh: - a abp o 220
= 3 7 \I-‘-" = £ AT
5l AT Wi
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; Amnm N
E ) 2 = % ;
Q d ] / R ] / ke
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e = d| g = = /\.,.,.‘
0 2 g ] / 1
14 4 = 2 /\:‘:‘:
B w N
Z 0 b 5 £ 7N
& 7 14
-4+ o \ L . . .
BEFRIN 7] Incubation time/d B2 5% 8] Incubation time/d

BRI ARNG FRE R AR LR E R R (P<0.05). FFE. Note: Different lowercase letters above the bars within
the same group denote significant differences at 0.05 level for different treatments. The same below.
K 2 AFEAHEEESE 7. 14, 42 d TIE SR R4 1L R
Fig. 2 Net nitrification rate and net mineralization rate in soil under different treatments at 7, 14, and 42 days after incubation
BE 5 R FRET A RE RS, AN R A0 22 (A AL A0 1) e e A S0 T By (B 3D TEAN ARSI B
DCD A BRI 20 2 fe i, 559848 7 d I, HAEAHIZRIE B KME (73.1%), FEfEZHTT
B, %5 14 F1 42 d 20 B FEZE 44.1%F0 11.2%. BC AMFRFRSAL FHIRAE S 7 RIS R HAME (38.5%),
B & T DE A, {HE: DCD AR EK 47.3% (B 3). K592 14d i, DE AHE RIS A
-9.2%, T BC ALFEAEALAMNHIZE N 11.2%, WFE(LT DCD & (K 3). i % 42d i, DE HiI BC
AEER RS AL AN R R 22 5, (H R KT DCD 43 (] 3).

1001

5]

80 |

N

60

N

1Lhhha

40|

A =
Nitrificaiton inhibition ratio/%

20+
,,;;'f'/’ 7 b b
7 42
20tk FEF26] ) Incubation time/d

B3 REBEEAEEFE 7. 14, 42 d BEERLINH =R
Fig. 3 Nitrification inhibition ratio in soil under different nitrogen treatments at 7, 14, and 42 days after incubation
2.3 AR TIESSNNENFEEREEENT L
AOA amoA R F FER AR 2Tt = e BRI RES (Kl 4a). 575018 (7d), DCD 4b# AOA
amoA BN F iy, SXTHEAI DE ALBRR G W2 2R, HEF ST UM BC AH, 400l 1.5 7%
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F10.57 f%5. K597 14d B, BC bFE AOA amod ZERFFIAR A MH, % U, DCD 1 DE 42 737 &
W17 5. 1215/ 24 1%, (HS CK LREER . RGN, B CK 4, DE 43 AOA amod 3
FEEZE ST U, DCD A1 BC 4¥. DCD 5 BC A0 LR EZ S, HEYEZHST UL,

AOB amod F=H=EE AL 5 AOA amod FE R F= FEREI (A AR LA —3 (] 4b). BRES
9% 42 d if DCD &b AOB amod #FFJEE CK LR #FHZERI, HAHEALTE AOB amod #HF
R EET CK. ¥3% 7 d i, DE ACFRH AOB amod FEFF i, HIXON DCD 4F, — 1
BEET UM BC A, Bi% 14d i, DCD ¥ AOB amod FEFFE AL, ¥ U. DE 1 BC 4b#
SRR 76.4% 78.8%F1 89.8%. 1iFF 42d I, DCD Ab#E AOB amod &R+ FEATNRA, % U
DE 1 BC &b #4371 2 31K 91.9% 95.1%F1 97.1%.

15 60 -

= |a) b) a I cx

3 = C_Ju

Ent a é __jpcp

< ~

EE i ab ﬁ s 45 DE
= = E&nc
oA b ¥ o0
e, T =}
Eiifeer ' =
2 % # =
T & i 7 30
® g H 3
e S
= 5 = 3
W éﬂ gg -
® 3 5 W els

E 2 <

5 2 3

g 1 acbdb

2a | St N 0
14 42 7 14
=I5 A] Incubation time/d ¥ FEI A] Incubation time/d

Kl 4 ARAEHERETE 7. 14 F142 d BIREEAHTE (AOA) MEAMHE (AOB) ] amod FEK &
Fig. 4 Ammonia-oxidizing archaca (AOA) and ammonia-oxidizing bacteria (AOB) amoA gene abundance in soils under different treatments
at 7, 14, and 42 days after incubation

AOA HEVE A F FARUEEREIR B ] 5a o Hor, CK A DE AR JE T255 =232, JF5 U AL
PRIL[A ) T 285 =43 3¢; 11 DCD A1 BC AbFE N JE T2 =70 3o MRABRFEAIE BRI A hL B %
Bk #r# ], CK 5 DE ALBER] AOA BEE LS HARIVER R, DCD 5 BC A2 [a] 11 H A # i H AR
P AEFK b, B A Candidatus Nitrosocosmicus arcticus NI E A, FHX F N 75.6%~86.2%:;
H KN Nitrososphaera sp. (10.2%~23.6%). {H131EE N &, Candidatus Nitrosocosmicus arcticus 1 U
1 DE bR AE XS 3 5 F DCD #1 BC 4B, 1) Nitrososphaera sp.JUJ#E DCD 1 BC A ¥R B H HE &
HIARXTF 2 (1 5b).

FT AOB #HE SR K Br (Bl 5e), B3 CKAME ZH3, B onxiEUu
REFRANES =433, HR=4r 3 BC BRI 43, ZBDY4r WAL % DCD Ml DE Ab2E, XK
DCD 5 DE #b#[8] AOB #2514 BA B AR . FEMUKSF |, &4 Uncultured Nitrosospira
sp NARF B, FHXTFE N 58.6%~89.8%; HAKN Nitrosospira briensis (10.0%~41.1%). [ CK 4F,
Uncultured Nitrosospira sp.{t. BC Ab¥EAEXT FE x5 (84.3%), T Nitrosospira briensis W7t U AbHEIA
B R (41.1%, Bl 5d.
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a) b)
DE = 120r Ulf‘cm?ﬁiﬁed T Nitrososphaera sp. AFS
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a) AOA TEFEM Clustering tree of AOA; b) AOA FEVKZH A Community composition of AOA; ¢) AOB R ZEH

Clustering tree of AOB; d) AOB 7% 4 5 Community composition of AOB.
Bl 5 B9 42 d JEARRANTE 8P B BT (AOA) FIEUEUILANE (AOB) [ ThY K BEVE 4L Ak
Fig. 5 Clustering trees and community composition of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) in soils
under different treatments after 42 days of incubation

24 SEUHEVEREES HBHCIEXCRIEMNXER

FHRMED T A SRR, AOA Fll AOB (R F= AR S LI R I G (3R 1. AOA amoAd
FEFFEFE NHSN S8 (r=0.34) FINIR (r=046) £EFEIEHE, M5 NOy-N&&E (r=-0.38)
BREFENMMK. 5 AOA MK, AOB amod FHFFEE NHy-N & & (r=-0.34) FINIR (r=-045)
EEFAMAK, M5 NOy-N F&E (r=0.57) EWREFIEMAC. BT, AOBamod HERFFE
ENNR (r=0.62) £HEZEIEMFR, T AOA amod FFFJFEH NNR MM (r=0.13). It
4k, AOA/AOB Uil 5 NOsy-N & (r=0.55) FINIR (r=0.80) 2 EFHEMK, M5 NNR (r=
-0.53) EMEF AL,

* 1 DEEENEERRFESRENESEZ BNEX S

Table 1 Correlation analysis between soil ammonia-oxidizing functional gene abundance and nitrogen transformation characteristics

A ‘ o o N
B LS I RT - AL %
F8hR Index Ammonia NH,*-N NO,-N NO5™-N
NNR NMR NIR
oxidizers
FER AOA amoA 0.34" 0.24 -0.38" 0.13 0.28 0.46"
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Gene abundance AOB amoA -0.34" -0.22 0.57" 0.62" -0.12 -0.45"
amoAd FJEAE

Ratio of amod gene AOA/AOB -0.04 -0.10 0.55™ -0.53" -0.21 0.80"
abundance

VE: Pearson XUE & EMERLS, n=45; *, P<0.05; **¥, P<0.01. Note: Pearson’s two-tailed t-test, n = 45; *, P < 0.05; ** P < 0.01.
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Al g2 T DCD 7E - 58 iz 7 A Bope i A AR AT g 25200, SR s — R )RR M, Rdi 6 e
PR AR B AR 5 R R DB RF 2501k

5 DCD MLk, EVIFURTERIAN (0~14 ) RIHEFERALINHE] GIHIER 11.2%~33.7%, K 3),
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Al g5 LU HLEAR D, 1) 2L MGE @AM iR 7d (FrkEsE R oA 2 L5 R, N AOB
BRI AE E IR (B 4b); 20 (R/KIRAERN : fkie = A ARk MR FF PR K R~ 2E 1) NH*-N R
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