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Effects of different planting ratios of broomcorn millet (Panicum miliaceum) on
ammonia—-oxidizing and denitrifying microorganisms in rhizosphere soil of alfalfa
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Abstract: Companion planting of broomcorn millet (Panicum miliaceum) with alfalfa (Medicago sativa) can

improve nitrogen utilization. To explore the mechanism of this effect, we investigated the impact of different planting
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ratios of broomcorn millet and alfalfa on ammonia-oxidizing archaea (AOA ), ammonia-oxidizing bacteria (AOB) ,
denitrifying microorganisms (nirK- , nirS-, and nosZ-containing microbes) , and other soil factors in alfalfa
rhizosphere soil under companion planting in the dry farming area of the Loess Plateau. Four broomcorn millet-alfalfa
planting ratios [ 1: 1 (1P1IM), 1:2 (1P2M), 1:3 (1P3M), and 2:3 (2P3M) ] were established with alfalfa monoculture
(M) as the control. The diversity, structure, composition, and co-occurrence network of ammonia-oxidizing and
denitrifying microorganisms in alfalfa rhizosphere soil were determined by high-throughput sequencing, and their
correlations with soil factors were analyzed. The results showed that, as the ratio of broomcorn millet increased, the
soil total nitrogen content and stable carbon and nitrogen isotope values increased, and significantly increased in
2P3M (P<C0.05) ; and the soil organic carbon content first decreased and then increased, with a significant decrease
in 2P3M (P<C0.05). Companion planting increased the richness of ammonia-oxidizing and nosZ-containing
microorganisms, but decreased the richness of nirK-containing microorganisms. The alpha diversity of AOA was
sensitive to the planting ratio. However, a beta diversity analysis revealed no significant differences in ammonia-
oxidizing and denitrifying community structures among the different planting ratios. Nitrososphaera and Nitrosospira
were the dominant genera of AOA and AOB, respectively, accounting for over 85% of their communities based on
abundance. The denitrifying microbial community was enriched in genera that promote plant growth and nutrient
transformation, such as Achromobacter among the nirK-containing microorganisms and Azoarcus among the nirS-
containing microorganisms. A co-occurrence network analysis revealed a more complex co-occurrence network of
soil ammonia-oxidizing and denitrifying communities in 2P3M than in the other treatments, and this was mainly
evident in the network complexity and modularity indicators. The contents of total nitrogen and calcium and
magnesium ions were significantly correlated with AOA microbial diversity, and the contents of soil organic carbon
and cadmium ions were significantly correlated with AOB and nirS microorganisms. In summary, companion
planting affected the diversity, composition, and co-occurrence network of ammonia-oxidizing and denitrifying
microorganisms in the rhizosphere soil of alfalfa, revealing the microbial mechanism of efficient nitrogen utilization
under this technology. Based on these results, the broomcorn millet: alfalfa planting ratio of 2: 3 appears to be the
most effective for exploiting the advantages of companion planting.
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AOB) [ 5 AU A AL B8 A= W) (nir K ondr'S Bl nosZ) 4R BF9E W, iy 20 S8 Ak i B R 20 4801k 40 B k47 & SR TR
P B 25 80 (ONHL =N #6 4k BR Bil Ab 7 R 9 TS A8 A0 (NO, -N) RS & 2L (NO, =N |, F28 R A Bl A 4 7= A —
AR (NO) AR (N . SRR S AL E W) 28 5 2 ) £ HE R 1 AP Fp S i IE 55 5 22 5wy, 9 n L +
8 DR 3R B e 7 AR o 0 4P RS P Bl A ) A R R P o — s R R A A R A T 7 A S TR RO s mar K R
W) BE 5 22 FEE A2 4 RN A5 R IR 5 R I it 4 AR AT DA R U BRI B Bk T S B4R A 0 U BF SR R,
AOB i 4= 9 7l 3 1 5% 4 BRI AOA A= 9 38 4, H narS (A2 W0 BE 96 5+ 8 DR 1 B9 M G 88 T narK i 242 90 1
Ve T XY AR M A AR M T T 6 v S A Ak R S b B A A A ek U 1 i 7 A5 B TR & YOG
T AR, SR SRS AR TR W) S 5 5 AR 1S AR B - 3 RUHE FR B AL, LSO R A7 3 A B 4] f w0 3 A T A
G0 I R AN VP AR A 4 v S SR AL R SR A T A T 2 R A 2 R I 6 R A Rl LA Y e, 6 R
PR 40 o e S8 e 00 2R A B2 2 L) LA T B S DRI, R 9 A g T DX R B 9 o A [ JBE T
Tl b LU A1) 58 46 BT 45 A AR B E 38 S AR, 5 5 Rl AN [R] OR300 ol L 451 1 28 46 B A AR PR 1 4 b & IR 1 AR e B
SN R AL T WU RE TS Z2 R A5 A RO e B 46 R IR 2 R OC R o ST A AT R B A
4% Tl UG IR AR AR AL L F— 25 & JRe 58 4K A8 AR 4 1 Bl 0 RS 5 AR R IR 2 R A
1 #R5H%
1.1 RERHERL

230 5 Hb A7 T B VG 4 AE 22 T AR ML B 25 0F 5 9T 42 JE IR 6 3 b (36°48"10" N, 109°20'58" E) , ¥ 44 4 1007. 6 m,
& T T R E R AR 8. 8 CL AR K R 581, 1 mm, 4E 78 & 7 1645. 4 mm. 4E H IS4 h 2489. 5 h,
1.2 XA

BB TE SR FHRIR SR 2 9000 T 15 Rl R R T AR 1A (b ) R B AT BRA H o B T R
FHMTBE 15, ol G AU A PRBL 2 27 4 2 B /N 2 b P B 1
1.3 &XBFE
1.3.1 Wit AR SRR LS AR S R (M) X R BE - 5 EAE 4 LA 1: 1(1PIM) (1
2(1P2M) \1:3(1P3M) . 2: 3(2P3M) i LL B £ A7 DR 47 b o OKE AR BEDL R 23 2 20 /N IX, F A ab B A2 4 0K,
AN TR 40 m®, /N X2 )58 50 em B 28 phly o SEAE EAE AT IR BE LR 30 om , PR 47475 il b 3T 4 B8 - R A
TR AEE TEAT 0] o BE T P AR 25 B K/ S 1P3M<Z1P2M<<2P3M<1P1M. 754 R 5 4 B (9 5 s b, i A 2
SACAh A BT . 20224F 4 A EAJLL15~20 kg-hm * A RE R ik 8 Fh A6 H 78 L 14 A )5 DL 60~70 kg-hm * 9 #5 F
WEREFEE T o 0T 7 A TR 9 7 Ry FE S AE B A TR AR B E AT E B 5 em.o DA RS R BIR e
A A 35 TC S I A RN T B
1.3.2 BESCRERME RS T 20224F 9 A 18 H AR 2 YN G #EAT R4 o SR 5 A5 BORE I, 42 bl e v
R E R AR BHER R LA Bibs 15 R MR PR BB L IE/E AR . B SRR SR & E A, % 3
TFIRAS R L HERE S PR , — R T, — 80 CHAAE T DNA $2 BURUUA: M1 37 5 55 — 3 - AR A
P4 CokAR P T T
1.4 Fskeml
1.4.1 SACEREMRPR LA &8 B F AR e B A AL R hr RAME S ik e fb
K FH B 5 R A A0 I B ek I 2+ 3 A HLBR (soil organic carbon, SOC) & & . % A 8l 1K & &0 M 2 4 & (total
nitrogen, TN) % & ; R KM OB BT F AR 2 A& A VA Z (NO, -N,NH, -N) & & . R &R 5 38 5 1
W 4356 B I g 45 8 1~ (Ca™ ) BB 1 (Mg™ ) & it . R DTPA-TEA R #-AASTELS & 51 WOl 73t
HE SR 7 (Cd* ) & b B RO R 27 B Al P18 -5 ] ¢ S8 JE WF 5 i 43 A7 3 3 e 0 £ 1 Tsoprime 100 £
SE [l 28 A (AT C-185 A2 [l 37 28 o 335430 ) Wl 5 + 3 A e U Al 3% (9°C L8 NDME . HHERa & ik AR L R 3T
EN/N (I
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SN = — 1]X 1000%, (2)
bR

RO FEZ HAE L R g Ry 200 2R R S AIARHED) C/C 8 "N/ N A
1.4.2 546 H 16 MR BR 48 DNA $2 1, 20 %040 AR i Ak T fig 2% IR 97 4% & Tllumina Miseq il )3 F ) &
(D5625 Soil DNA Kit, 3% [E Omega biotek 24 m] ) #& R & i) DNA . DLE &t 446 5 32 BUAY DNA AR R B8 , AR
P AR 51 P9 18 & A AL (AOA 1 AOB) ARGl A6 (nirK \nirS Fl nosZ) S A= M1 W T R 3L X o AT 55 w4 FH A9 9 348
Sl UL 1. 4k & i 5X Reaction Buffer,GC buffer dNTP(2.5 mmol-L ") \iE & [6 5 % . DNA A .ddH,O
Q5 DNA R G B A . B 14 b B AL 8 0 A8 M R ok HE A R g J 2B i

AR PCR ™ W) ZE 48 196 IR A% 15 26 W B 1 IR0 A BN w1 2R 47 Ty i 35 DRt A W 9% 43 7 19 Tllumina MiiSeq
o T8 I o 38 S R il DNA W 3R 45 0 5 46 B 0s 4 Vsearch #4751 90 K Bk PR L R RIS IR, 4045
#24E 43 26 59T (operational taxonomic units, OTU) K . Ffif5 , ffi JH FrameBot X} J¥ 41 178 %, DL BR AT RE 51 A
36 H 19 A Be . R Nilsson 5587 (1 J7 ¥ 3 i 5 NCBI4: 28 24 5048 FiE b 19 B 18 15 1) L it 54 F BROCC B3k #4149
PR, Jn , LSRR A P 91 5 19 95 %6 A AR eS0T 5 3545 OTUs B H AR F2 5

F1 Nlumina JF S ERBT B3I MMT B R RN

Table 1 Amplification primers and amplification sizes used in Illumina sequencing analysis

ifig 3L A Functional genes 514 Primers 51911531 Primer sequences (5'—3") K J# Length (bp)  £7% 3k Reference

AOA Arch-amoA26F GACTACATMTTCTAYACWGAYTGGGC 417 [18]
Arch-amoA417R GGKGTCATRTATGGWGGYAAYGTTGG

AOB amoA1F GGGGTTTCTACTGGTGGT 500 [19]
amoA2R CCCCTCKGSAAAGCCTTCTTC

nirK NIRK-F TCATGGTGCTGCCGCGYGANGG 400 [20]
NIRK-R GAACTTGCCGGTKGCCCAGAC

nirS CD3AF GTSAACGTSAAGGARACSGG 400 [21]
R3CDR GASTTCGGRTGSGTCTTGA

noszZ NOSZ-1126F GGGCTBGGGCCRTTGCA 400 [22]

NOSZ-1381R GAAGCGRTCCTTSGARAACTTG

1.5 3% 547

K H Excel 2010 #7750 45 4 5, FIIH SPSS 25 X} - HE K i 47 5 [ K 7 22 53 #1 (one way ANOVA) FIXE 5 %
(Duncan’s) Z B % . >R H Origin 2020 fil Adobe Illustrator 2020 #4 & I . H Kruskal-Wallis £ % Fl Dunn’ test
K 6 PF Al S A= W0 BV o« ZREME . SR 95% B 15 X [8] Bray-Curtis B 25 5 7% 59 & 4 #5 43 #F (principal coordinate
analysis, PCoA) #§ R A W BETE B 2 FE1E o (] R AL “psych” A1 “Hmisc” 73 B i 2L 90 B 95 0 L B 25, 9F 5 A
Gephi 0. 10. 1 47 ] ¥4k . F H Bray-Curtis #5855 35 1 Mantel £ 5 %} 63 4= 97 Shannon $8 B0 + 38 K748 B 98 47
HASEME S, 9T A RA“link ET " G HE A SR B AN 45 [ . e b Bi 35 0 “ S B AR 227 n=4.
2 HR5HH
2.1 HPHBAS T F LT FRTLEET Y0

F 26 2 12T, AR [0 474 B LG 081 398 7 7= A i B i S TR] o R BE T BROMD) L R4 4% BT i E 7 4 R 4
T SOC & & S FEARE i, B A% 2P3M A1 1P3M & 4F 18 3% 24k (P<C0. 05) . {41 FE A b 31 2P3M i 35 4 5 TN &%
i (P<<0.05) , 17 At Ak 35 55 %5 FE AT 35 22 50 07°C MIOPN 78 2P3M # i 35 5 T M(P<<0. 05) , I3k 8 T e K
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i, M A PR R AR REE MR IN,(HEE2FHAEE ., AR T NO, -NAMNH,"-N&E&AEERE T
HAAL . B BE T RPRL O RN, 4 R AL FE A Mg B iR . 5 M AL, 1P3M B E R Ca™ | (P<
0.05), A B KA, A S AL BRAY Ca® & & Bl 2 Fh A % 5 09 88 N2 @i Ik . Cd*' & B 7E 1P2M & 3% [ ik
(P<<0.05),

R2 FARRPEMILG T LERFEL

Table 2 Changes of soil factors in different companion planting ratios

fib 7 AT ML A R MEAR REmEME REAFEME ST BT T
Treatments SOC TN NH,"-N NO, -N M C(%0) N(Y%s) Ca™" Mg*" cd**
(g-kg ) (g-kg ) (mg-kg™) (mg-kg ") (mg-kg ") (mg-kg ") (mg-kg™")
M .49720.55a 0.270.07bc 4.984:0.92a 2. 96-£0. 50a —7.2040.08b 26.3542.12b 4.59-£0.27c 35.830. 0lab 0. 04040. 00a

5
1P3M 4.1840.87b 0.2240.02¢ 4.2240.49a 3.02+£0.70a —7.030. 38ab 26.71+4.5lab 5.42£0.26a 39.924+2.43a 0.039-£0.00ab
1P2M  4.4440.97ab 0.2520.05bc 4.63+1.04a 2. 8940. 44a —6.81£0. 44ab 26. 8141. 77ab 5. 2040. 43ab 38. 93£3. 02ab 0. 033+0. 01b
2P3M  4.23+£0.57b 0.41£0.04a 4.67£1.03a 2.99+£0.98a —6.6240.22a 32.12+£3.8% 4.7310.47bc 36.27=43.43ab 0.03940. 00ab
1PIM  5.1640.66ab 0.310.08b 4.5240.83a 3.0140.38a —6.99=£0. 34ab 27. 334+2. 25ab 4. 3940. 07c 34.84£2.57b 0.036+0.0lab

SOC: Soil organic carbon; TN: Total nitrogen; NH,"-N: Ammonium nitrogen; NO, -N: Nitrate nitrogen; 8"°C: Stable carbon isotopes; 8"°N: Stable
nitrogen isotopes. M: % 4£ I 15 ¥ 5% Alfalfa monoculture ; 1P3M : i £t 37 4 F 4¢ 76 & 45 (%9 F A8 LL 1]y 1: 3 The planting ratio of broomcorn millet
companion planting with alfalfa is 1:3; 1P2M : JB§ F {247 4 Fh 58 € £ % (9 A L 451 2y 122 The planting ratio of broomcorn millet companion planting with
alfalfa is 1:2;2P3M : JBE T {8 P & Rl 25 46 15 75 09 A AE HL 491 4 2: 3 The planting ratio of broomcorn millet companion planting with alfalfa is 2:3; 1P1M : /i
FOR PG R L AL E 45 A R A EL B 121 The planting ratio of broomcorn millet companion planting with alfalfa is 1: 1. AN [RI/NG PR IR7E P<<0. 057K

SV ALFR A 2% 5+ 3% . Different lowercase letters indicate significant differences among different planting ratio treatments at the P<<0. 05 level.

2.2 PRAPAEAT LA AR I E AR AR IR 2R AR A A B AL R A A R A AR 0 W e

2.2.1  PRIFHERD L AT G 5846 E 7 AR R b 9 2 Ak RN S Ak A ) B VR 22 R R 1 5 L LA R 4 9
AEFHEE T AOA B Chaol #5848, 1P3M . 2P3M 43 5 8¢ M &g 2 34 i (P<<0. 05, P<<0. 01) , J-7F 2P3M ik 3l & 5
47 4% Fh b B IK T AOA Y Good ™ s coverage $6 5, 1P3M . 2P3M 43 Bl 8 M 7= /4 Tt 3 #4745 K (P<20. 05, P<<
0.01),3f7E 2P3M A B 5 AR AE s Shannon 45§ $T 15 A7 Fifi & R 25 B2 18 Jn g 7= A= R PR AR Ak . DR 374 b 4 3192 2
AOB Fll nosZ W E W BV Chaol $8 50, B T nirK WUE W V% Chaol $8 41, (X6 2 R R B2 . nirK UEWIHY
Shannon #§ $(7E 1P3M Ml 1IP1M Z [AIf7 7E & 3 22 5 (P<C0. 05) o AR ALFE T 6 nirS UL W RETE o ZHEVEIEAH B35
# 5 A H Chaol 1 Good’s coverage 48 5B % P 47 46 F L 91 A8 AL i FE 35 nar K I A= W M I o #h D 2 1) 8 AR b 4
Hr (principal coordinates analysis, PCoA ) AT 1, 5 AE W5 19 55 — 32 AL Bn il A0 55 — = AR Al 2 AL AN B8 3 50 %6, B
TRAPRE D L A7) (8] VA W 0 43 25, Ud WA ] £ 47 16 b L 497 18] 20 S Ak R S i Ak 02 i T 2 M 25 S AN Bk o A I
B AOA JE 5 A AL SR A T 2 ) B i v 6 R L 481) 722 Ak S5 B50E% ) Tk A W i L {3 H: Chaol 45 201 Shannon 45
Bt /N T H A A W 5 SO A A 0 B 9% B9 Chaol A1 Shannon 48 58034 55 F 2 S8 A6 2R W iV, U B I il £k G2
BB T8 EMEZEE,

2.2.2  PRIIERN LG XS S0 A0 B A AR PR A 1 2 AL I SO Ak A W T A R i 3A AT, AOA #EVE
ORI 21 3 A ] & B4 iR B, DL RS AL BR B @ (Nizrososphaera) 3 ¥, 5 88. 07 % ~90.17% , HAE 1P3M il 2P3M
PR B & T M Hik &2 Candidatus Nitrosocosmicus, 15 8. 92%~10. 60% . AOB A Yy it 75 A W AH AL 12 g
(Nitrosospira) AH AL 5 1 J& (Nitrosomonas ) F LA AL I i J& (Nitrosovibrio) 34> 2 JE , Kb, A4 LR T
JE R HE L i 86.02%~95.00% , HL7E 1P3M F1 2P3M HAf XS = B2 55 T M ; Wil Ak 50 g 0 J J 1 2% 10 s A 2K
(1 3B) . 18K 57 [N & (Devosia) f& nirK A= W) T AR 0 =5 B2 S5 s 09 7T 43 28 &, JF 78 1P2M AR X =5 2 3k 3]
e KA HE T A AR P 2P3M A KRR BE B N T S AT IR (Achromobacter) ¥XF 3= 5 (K 3C) o 7F nirS T4 W) BE
EA 2R E R, LR S8 E (Pseudogulbenkiania) 3 F 5 2P3M H [E IR JE (Azoarcus) A8 3 B & T HoAh 4k
B 3D) . 1€ nosZ UEBETE S, 1P2M A1 1P3M H 25 B M 18 J& ( Gemmatimonas ) F%F 32 B R 1 25 %, @ F HiAth
Ab ;2P 3M H BAR TR & (Herbaspirillum ) #8332 B 5 (K 3E) 5
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Fig. 1 Alpha diversity of the alfalfa rhizosphere soil ammonia-oxidizing and denitrifying microbial communities in different

companion planting ratios
AOA: 2 % fk % T Ammonia-oxidizing archaea; AOB: 2 % fk 41 F§ Ammonia-oxidizing bacteria; nirK: nirK 1§ 4= %) #f ¥ nirK-containing
microorganisms; nirS : nirS il 4= ¥ FEVE nirS-containing microorganisms; nosZ : nosZ 154 £ ) B ¥& nosZ-containing microorganisms.  [i] The same below.

*, P<C0.05; **, P<C0.01 and ***, P<C0.001.

2.2.3  QRIEERD LU AT X 2 A8 B A AR B b 0 S Ak R A Ak B2 S IR R 446 1) 5 T - S AR R B A T
Az g 1 L 2T 8% o R 4 1 i L 461 A8 A 52 AN [ A S IR S (18T 4) o 4% 1 A5 BORI i 20 #E TP LML R 1P2ML B /b
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