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Heterotrophic ammonia-oxidizing bacteria promote
regeneration of Italian ryegrass via a dual-action mechanism

YU Hao'?, WANG Xiaoling ', DUAN Yizhongz, SI Zhenqiangl’z, XIONG Xiangyingl’z,
WU Dil’z, LI Ya’nan'?

1 College of Agriculture, Henan University of Science and Technology, Luoyang 471000, Henan, China
2 College of Life Sciences, Yulin University, Yulin 719000, Shaanxi, China

Abstract: [Background] Heterotrophic ammonia-oxidizing bacteria (HAOB) promote the
regeneration of Italian ryegrass by increasing the content of leaf cytokinins, although the
specific mechanism remains to be elucidated. [Objective] To elucidate how HAOB promote the
regeneration of [talian ryegrass by regulating the synthesis of cytokinins via a dual-action
mechanism (in the rhizosphere soil and outside the rhizosphere environment, respectively.
[Methods] A strain (S2_8 1) of HAOB and potted Italian ryegrass were used in this study. The
treatments were designed as follows: Regular watering (TA); Addition of blank medium for
enrichment culture (TB); Addition of 3,4-dimethylpyrazole phosphate (DMPP) (TN1); Addition of
DMPP and 20 mmol/L NO3; -N (TN2); Addition of DMPP and 30 mmol/L NO; -N (TN3);
Addition of DMPP and 40 mmol/L NO; -N (TN4); Inoculation with the strain S2 8 1 (TI).
[Results] NO; -N of 30-40 mmol/L was most effective in increasing the content of leaf
cytokinins and enhancing the transfer of these hormones from the roots to the leaves, thereby
promoting leaf regeneration. When the nitration-induced increase in cytokinins in the
rhizosphere soil reached the maximum, inoculation with strain S2 8 1 further boosted the
synthesis of these hormones in the roots, leading to an increased concentration of cytokinins in
the leaves. The HAOB strain S2_ 8 1 significantly elevated the level of cytokinins in leaves via
a dual-action mechanism, thereby promoting the regeneration of Italian ryegrass. [Conclusion]
This study unveils the dual-action mechanism by which HAOB strains in the rhizosphere
enhance plant growth, offering a direct application value for improving forage yields and
sustainable agriculture development.

Keywords: heterotrophic ammonia-oxidizing bacteria; cytokinins; Italian ryegrass; regeneration;
soil nitrification

¥ W) H8 bR A A= B (plant  growth-promoting
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TRAASE PGPR /R ML 2 G %,

PGPR 7EAMRBRIMIAIE i 32 BLAF AR AR P 1 458
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1.2 IgRIT
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Wz s F£ R SR A (TB)s (3) Wl DMPP
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Addition of NO,;-N (21®) Inoculate (2®)

I N S

Measuring biomasses, ZR contents, soil nitrification rate, and NH,* and NO;~ contents on 7th days. ()
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Chppmg @®) I

v v
@ B (®) |TN1(®)] | TN2(®) | [ ms@) | | TN4(@)| | Tl(@) |

v

Measuring biomasses, ZR contents, soil nitrification rate, and NH," and NO,  contents on 14th days. (3)

1 RIKIEE  TA. TB. TNI. TN2. TN3, TN4 I TI 43 5IFR 5 MK R Bhnas (5 5%
$& WS in DMPP 4 il DMPP 1 20 mmol/L ) NO; -N %3 il DMPP Al 30 mmol/L j NO; -N . %3 /il DMPP
1 40 mmol/L ) NO;™-N, &Rtk S2_8 15 O, @M/ HICREMA I 1, 2 713 WA ; ZR:

FERREZA

Figure 1 Experiment flowchart. TA, TB, TN1, TN2, TN3, TN4, and TI represent treatments as follows:
Regular watering, addition of blank medium for enrichment culture, addition of DMPP (3,4-dimethylpyrazole
phosphate), addition of DMPP and 20 mmol/L NOj -N, addition of DMPP and 30 mmol/L NO; -N, addition
of DMPP and 40 mmol/L NO; -N, and inoculation with the strain S2 8 1; O, @ and @ show the first,
second and third subgroups of each treatment; ZR: Zeatin riboside.
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i YT B 2R AR R AR Y, RS
ST BRI 0.2 ¢ BB 78 352505 11 . 12 h J5 0 %E A
TEE o AT R A B S s e R G 1
TniE o VTR ARG R B R /Y A R DA
I g/em® SEHASE o BRI B T 3 BUMI R i
BBk B WV i AE 0.01 mol/L AR k22 nh iR
(pH 7.4, FFaEA T EX G 28 Wi BAHI 2 DA 22 &
KRBT EP, FORFEETT IR0 (1732 5
R (Rep) e/ W B /INI AT T b R E
&, R RAAXQ)IATITHE:

Roe= fz @)

A Cor AARFERTH R F KRR H B &
i/ SPSS 27 BEATSE M. MR R

(X D TP 3B SR B R R 5 22 00 A A

X 22 DL B AG: 36 0 BT i 36 H ) - 9 i A de

*1 ARLEEBIENE

RPN MEMARE

2 BERE5M

21 EEXEBEMEME. Z2RM E4EY
EMRNLEYE

mER 1 PR, BAS 7 Re, MET TA
AEFE, TN2., TN3 Fl TN4 &b PR A P 34
I AT TN Ab3E, TA AbFRFAE R
N 216.9%, B DMPP il 218 B EE R
LA, AN NO; -N AT LA R X A, et
ZACBAEZ R E A, 7E TN2, TN3 Fl TN4 4B
[, TN3 Fl TN4 4bPEFRA: A Yy it 1,
HZFRITIE R 2R, XKV NO; -N X 2R
A B PR A BRI, iR B B AR 3R
Je, PE—EIN NOs-N X 2 4E M2 o () P A i
HEVEFIA R , 75 30—40 mmol/L 53 i KA HERUR .

Table 1 Biomasses of each part in different treatments
Ei=gaN FHAEHE TA B TN1 TN2 TN3 TN4 TI
Index Regrowth

days (d)

A AR i 7
Regenerate leal |4

1.87+£0.03d 1.79+0.23d  0.59+0.05¢  3.03+0.09¢c 3.784+0.12b  3.73+0.26b 4.28+0.37a

0.57£0.02c  0.73+0.11bc 0.06+£0.03d  0.75+0.04bc  0.91+0.02b  0.87+0.04b 2.32+0.31a

biomass (g/plant)
KB EAEYE 0

Accumulation of 7

4.70+0.08a 4.79+0.54a 4.76+£0.19a 4.58+0.15a
6.574£0.10d  6.61+0.23d 5.35+0.23¢  7.60+0.08c

4.60+0.14a 4.55+0.04a 4.92+0.33a
8.38+0.20b  8.28+0.23b  9.29+0.75a

aboveground
9.29+0.18b  9.15+0.22b 12.03+0.94a

14 7.14£0.09d  7.36+0.52d 5.41+0.22¢ 8.35+0.07c

biomass (g/plant)
FRAAEYE 0

Cumulative total 7

6.174£0.10b  6.83+0.25a 6.11+0.21b  6.10+0.05b 6.12+0.12b  6.15+£0.07b  6.98+0.67a
8.03+0.13d  8.64+0.63cd 6.70+0.21e  9.12+0.11bc

8.16+0.12e 9.38+0.14d 6.77+0.23f  9.87+0.09¢

9.90+0.15b  9.88+0.33b 11.29+1.31a

biomass (g/plant
(g/plant) -, 10.8140.14b 10.7540.32b 13.82+0.38a

TA.TB., TNI1, TN2, TN3, TN4 Fl TI 43 53R 5 FUALK AL | Bn2s (R 55 . %5 m DMPP ., %5 DMPP il 20 mmol/L
9 NO;™-N. ¥ /il DMPP #il 30 mmol/L ff) NO; -N, ¥%Jil DMPP Fll 40 mmol/L fj NO,-N A F itk S2_8_1. AF/NE
FHEFRIR 22 7 3 (P<0.05). T

TA, TB, TN1, TN2, TN3, TN4, and TI represent treatments as follows: regular watering, addition of blank medium for
enrichment culture, addition of DMPP (3,4-dimethylpyrazole phosphate), addition of DMPP and 20 mmol/L NO; -N, addition
of DMPP and 30 mmol/L NO; -N, addition of DMPP and 40 mmol/L NO; -N, and inoculation with the strain S2 8 1.

Different lowercase letters represent significant differences (P<0.05). The same below.
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W A BB A S RELR A )
LA, FEFRAESE 0 REF &AL B i) SR AL I AR
Y5 BAY RN ERIFARE . R, 7EH
A7 d A 14 d I, AET U NOs -N 14k 3
TI Ab3 P A A i B 3 FARS 14 K
Bf TI, TN2. TN3 1 TN4 4b B 2R A= 45
3l TA REFEIRE 68.5%. 16.9%. 30.1%Fll
28.2%, ERLE A YRR TA LB B4R 69.4%
20.1%. 32.5%%1 31.7%, UiH4ER S2 8 1 B
Xof R 22 B AR RO S TR NI ) NOs™-N.
2.2 IRFFEIBIEHULIEREZER NO; -N5NH,-N

Pa—1
==<)

Hi 2 2 [0, ¥5in DMPP i 3 HIAR by 4
A VE R, (AR PR A AL BB R, TN,
TN2. TN3 fil TN4 ZbBEE8 i DMPP, -4 1 i)
BT R G B 225 TA b FUR IR
fin DMPP, A o0 i 3 Ak 22 . 2 v
TN1. TN2, TN3 A1 TN4 Zb¥, TB Zb¥EA1 TI
A0 3R AR B A I b 8 P 2 T A A B
VLB I As (S RIS N AR S2_8 1 ]
PR bR TR ALAE T . FAESS 7. 14 KA,

AHET TB ALFHE, TT b BEAGHR PR 1 S i A ok R 4R
1 92.5%F1 95.7%, HIMLATULEARE S2_8 1 XTAR
PR SR A AR A ROR B35 K Tas R 3R Ak

BT TA LB, TI PR H A N
NO; -N & EHm, RUHEFHEE S2_8_1
BT MR PR 3 NOs N By E L, TEES 7.
14 K, TNI1 4bFE NO; -N & 548 TA Zb¥ g 2%
R, TN2. TN3 F1 TN4 4bFE NOs; -N &&= g
FHahN, RV, DMPP RGN FEAR T AR PR
+HEd NOy -N MR, NOy -N e
HMWPR £ P NO;-N FEIFE . REEH
NH,4'-N &t A A8 10 R LA
23 MASGBRABAFZIREES5ZRARE
B R 5 R &

3R 3 AlAL, FASE 0 RET, TN Zbslid
ZR WP B AT TA Ab B, X B DMPP FE{IX
T Z2AERE R A 2R AR . AR
7. 14 XBf, TN2, TN3 F1 TN4 4b# ZR & &
KET TA 4bFE; TN3 AbFEMH- b ZR HRBEAS
TN2 AbH & E N 14.3%F0 14.6% . % TN1 kb
TP 10 83.5%F1 111.1%; TN3 il TN4 &b3§

#x2 AELLIENO;-N, NH,-N ZFEMTIBHHERE

Table 2 NO; -N, NH4'-N contents and nitrification rates in soil under different treatments

xR PHARE TA TB TN1 TN2 TN3 TN4 TI
Index Regrowth

days (d)
THENHN 0 11.81£0.87a  9.93+1.00b 10.26+0.98b 10.55+0.82ab 11.23+1.07ab 11.67+0.76a 11.83+0.38a
o 7 11.43+1.09ab  8.98+0.34c 10.21+0.76bc  9.56+0.90c 12.22+0.88a 11.67+0.81a 11.14+0.20ab
Soil NH,-N 14 9.59+0.42a  8.21+0.37ab 11.10£0.23b 11.91+0.19ab 11.04+0.34b 12.08+0.26b  8.74+0.56ab
content (mg/kg)
+HENO,-N 0 174442322 17.66£0.10a 16.77+1.16a 17.88+1.39a 16.26x1.64a 17.13£1.19a 18.33+1.74a
T 7 11.70+1.36e  19.84+1.43d 8.1120.93¢ 31.95+2.08b 36.43+1.93a 37.52+3.91a 26.64+1.97c
Soil NOs -N 14 10.48+0.75d  13.20+0.98¢c 5.1120.48e 34.73£2.17b 37.52+3.43b 38.65+3.73b 27.44+2.62a
content (mg/kg)
TR bEE 0 1.8840.14b  5.99+1.14a 0.55£0.03c  0.5420.06c  0.49+0.03¢  0.50£0.15¢  6.54+0.54a
Soil nitrification 7 1.56£0.27¢c  4.13£0.26b 0.47+0.09d  0.48+0.10d  0.57+0.11d  0.53+0.09d 7.95+1.35a
rate (mg/(kg-d)) 1.8040.15¢  4.41+0.87b 0.50£0.14d  0.55£0.13d  0.49+0.01d  0.57+0.13d 8.63+0.57a
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x3 TELEMHREPEREZENSEMERZZHFHRIRZHHEMIER

Table 3 The content of zeatin riboside in leaves and bleeding sap and the transfer rate of zeatin riboside

from root to leaf under different treatments

e T4 IHE] TA TB TN1 TN2 TN3 TN4 TI
Index Regrowth
days (d)
MHZR &8 0 57.53+1.06b 67.35+3.23a 46.45£2.58¢ 42.92+1.39c 45.5442.10c 44.09+1.76c 67.99+2.85a
Leaf ZR 7 67.53£2.26d 77.91+1.93c 48.09+1.14e 77.14+1.52c 88.24+2.02b 89.56+1.83b 95.44+5.36a

content (ng/g)

14 69.28+2.97d 82.49+3.25¢ 44.38+1.04¢ 81.74+1.67c 93.71+1.62b 93.50+0.96b 107.52+1.29a

Rzr (ng/h) 0 1.23+£0.21b  2.85+0.69a 1.04+0.08b 1.04+0.05b 1.07+0.09b 1.07+£0.05b  2.90+0.24a
7 0.76+0.20c  2.55+0.12f 0.63£0.12f 1.06+0.11de 1.39+0.44cd 1.58+0.47c 3.20+0.05a
14 0.90+0.40d 2.06+0.15bc 0.60+0.11d 1.65+0.47bc 2.22+0.08b 2.09+0.16bc  2.89+0.33a

ZR: FARFHH. Re: FRFMH PARB 432 4

ZR: Zeatin riboside. Ryzg: the transport rate of zeatin riboside from root to leaf.

ZIEWTCHI B 22 5 R a5t ZR &M
6], ULRH IR I NO5™-N ] DU BEAR 2 & A 40 i
oy B E Ik R AR, (B AR N & ik E
30-40 mmol/L B THaxE . TI AP FFA: 1
W ZR &l Ry 235 5 TSI NO, =N A 4b
B, BRI, M0 NOs -N MM =4 /) ZR ik 3
OREI, B S2_8_1 ATFREMM N7 1 hn 4H A 3
FZ WA B B
3 ik

P R 2R 308 o A BT VT VR A L o R R s
) M b 2K, AR AR T (1Y) 4 AR L SURE 5
WSO AT i 43 28 25 I SRR, , IFSY R
S AEYITE NO; BT, A/ LR 14 i
ST RN 32 ok F AR AT NOs Y RE
71, FFBEJE A A0 A5 2 R A X R S 1L i 3
M, FEAHIESE T A T AE U il DMPP 1) 5%
PEF, BSINASER BE 1) NOs™-N 5 Tk R H M
WETRER LR, DMPP BIRINHERR T 13
WA E NOs HIREM, BEE IS NO; ¥
JEM 0 EFFF] 30 mmol/L, MZEEHLAEA Y
EEERE, MASINA NO; M M 30 mmol/L |

FH5] 40 mmol/L W B2 B A LY e 22 7 A
=, UL NOs e ik Z AL A7 A e KR
B, R B AR KR S PRSI NOy X 2 b B A7 v
PR AR,

ZR E—FhFEMMM 3R, T3 NOs
T L AR R A B o B F O s ik 2
Fr o B FEAE RO FRATHERF 5 A 8 51 1 20
4 58 3R A% 356 B0 I A I I G 2 TR A AR R U
HONOs fF5HIBe IR AREM . g - E S
NO; ¥ JEM 0 EF+5] 30 mmol/L, i T M3
RS NO; M EAE M AT RedE, JEmsg g T
HEPEA ML R RS, SRR R W
W A3 ) S B3 i, X — BT LA ZR FiI
Rer HIZHT A B A H . 2R, 24 NO; ¥
JE AL R BB, 2R NOy fE i ha]
REFEINZE, HTREA —ENREMA, X
KT NO; SRyl sm iy vl getE . X T8
TFE NO; ¥ FE DA 30 mmol/L | F+5] 40 mmol/L
fF ZR Fl Ryp (ELIA BRI G2 o AR PR 11 v
1) NO; Wk BE iR 3] — & B I, X B2 5L
HEROR, Wt WERE 2 L3 T I/ iF

A
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A E e b R R A s A,
WA AE AL FE A L R, B 25 R A AL AT il
R R A R R B AL NO; ™, & E AL 4 i (AOB)
RS HE 1 B RV CHME, RNE IS
S T R IR P BR, R AR RS
KHEMERPS AR, M T AR
TA 43, RERPERE S2.8 1 ) TI ALFH) NOs~
Tt PR R R . R RS
FAS A Y R I BN . AT TN3
TN4 ZbFE, BRh kR S2. 8 1 A4 TI ALFRAEFA:
WA R ZR B SRR E R 19.1%F
19.3%, Rpr P 550 ERE 92.1%F
89.7%. A5HREW], Wk S2_8_1 HAMLHRER
AL AE R A AR br H R A RS
A« NVER .

HR 6 F iR RIS NOy WRBEMI AT, BEHH TI
Ab B A M 53 SR 28 R TR AR BT R bR
S2_8_1 s e X - R NOs /Y
YER, AT BRAEAE 55 — P AL i S7 b 3 AR rp
MM HRW G, JHEB RN R, e
BT EA ., RO R WM S2_8_1 it
“+AMERAE A AR 20 T A0 B A B S Y
ZR Fl Rp Ko X—AERRIR AR S2_8 1
i AR R A0 A A R AEAR N A 2 b AR
WEI R L. Fk, ABFRERB, EE
S2_8_1 TEMRPR - SN AN R HE T 3 Al o 54 %
A R S AE F .

BRAR AR A= 7 v 3 2ok it FH 2028 IR ek s R
JESE AN B A = BT AT R AL, R
i 30 mmol/L NO; IR B #K S2 8 1 AYAbHER:
R ZR WS R T 35.26%F 55.20%,
AR R S2 8 1 xR
W 240 A 3 2R B P AR K T L AME T
AR Tt i NO; B4R, TPk S2_8 1 i1t

HAEMPR N I L5 T HmAn i /> 24 K 5 il
PR A RIS TR, WA T 8%
B A A Yy A A 2R O, XTI E SR
Y A= B B R A AR T o

AWFFE B 45 RAGIER] HAOB i@ a4 P
FH A SME R i SUEE 18 FE AL il 3 45 40 i 43
MR R BE RN EA, R, ¥
I B R e R AME R R BARBLE . FRATTHE
Ml Re2 T HAOB H S0 bmyanig /s 24 %
PEAMLER , B2 HAOB £ E H E S 7E A YIAR B
PN, 3 e PR s S LA T AR A i 43 24
RIA A, TSI T 240 o 24 2 v R i %
PRI 2 ARk A58 v] DLk S 4R K HAOB (1)
“+AHMEFT”, BIHRH A AR Rt SE R
TEAR 4B 3 2428 G B 1 o b, DLt — 20 4
/N HAOB X fH ¥4 2F K i S AR ML, 76
Pk A 77 R R KA ERIOR , SEB R R4

1t o

N3
<2

4 ik

AMH 5T K B HAOB 3 32 XU E A AL 4 i2F
AR A fERE 2 A0 A B L rh us
NO; -N A ZZfi# DMPP Xt + 35 il £k A Fi A6 R
fEE BRI FA, R NOy WKE N
30—-40 mmol/L B, XJF-A= A= 4y 1 T F 4t i
SRR R K. AT R,
AR S2. 8 1 FEARE AL 4> 2 3 AR AL 328
Bk R AR EOCE MR . XA I
PRS- AER R AMER. «+
WA R PP B R S2_8 1 FI R bR £
LA, PR ERGCE 2 NOs T, S
Yo 2EE A I BRI A RE S2_8 1 R T
“TAMER, M7 M T A A 524 R AR )
M A AN 2 VR R X NOs 152 .
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