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Effects of nitrogen management on soil enzyme activities and bacterial
community structure in summer maize growing stages
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Abstract: [ Objectives ] Wheat straw directly returning to field before summer maize sowing is common

practice in winter wheat—summer maize rotation system in North China Plain. Suitable nitrogen managements
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on maize in the system were studied from enzymatic activity and bacterial communities, aiming to deeper
understanding on the mechanism in increasing yield and fertilizer efficiency. [ Methods ] A field experiment
was conducted consecutively for five years in Henan Academy of Agricultural Sciences. The treatments included
zero fertilization (CK), mineral N application (the ratio of basal : topdressing nitrogen was 1 : 1, N), and whole
wheat straw returned into field with mineral N separately applied in ratio of basal to topdressing of 1 : 1 (SN1),
1 :1.5(SN2)and 1 : 2 (SN3). Soil samples were collected from topsoil (0-20 cm) at silking stage and
harvesting stage of maize in 2016. The soil basic physicochemical properties were determined by conventional
method, enzyme activities by fluorescence microplate enzyme assays, and soil bacterial community structures
by PCR and Illumina Miseq high-throughput sequencing platform. [ Results ] The three straw incorporation
with N management treatments improved maize yield and nitrogen use efficiency. Compared with N treatment,
SN1 treatment increased the yield by 9.98%. The nitrogen use efficiency of SN1 and SN2 treatments was 9.83 and
5.10 percentage points higher than that of N treatment, respectively. Compared with N treatment, the highest
increase in soil total-N, NO,-N, NH,’-N, available P and available K contents at silking stage and harvesting
stages were all in SN1; all the enzyme activities, except phosphatase at silking stage, were significantly enhanced
in SN1 treatment; the diversity of bacterial community was significantly increased in SN1 at the silking stage. The
dominant populations in the phylum and class levels were Proteobacteria, Actinomycetes and a-Proteobacteria,
Actinomycetes, respectively. LEfSe analysis showed that the maximum LDA ( linear discriminant analysis) value
of individual SN treatments was a-Proteobacteria and y-Proteobacteria at silking stage and harvesting stage,
respectively; while that was Pcidobacteria at silking stage and Blastomonas at harvesting stage. Canonical
correspondence analysis (CCA) showed that soil pH (P = 0.002), organic matter content (P = 0.004) at silking
stage and soil pH (P = 0.03), nitrate N (P = 0.036), available K (P = 0.044) at the harvesting stage significantly
affected bacterial community structure. [ Conclusions ] Soil pH, organic carbon, nitrate nitrogen and available
potassium contents are the main factors influencing the bacterial community structure. Under straw incorporation,
the ratio of basal application to topdressing of nitrogen fertilizer significantly effects the soil enzymatic activities,
the diversities and richness of bacterial community and the bacterial community structure. When the ratio of basal :
topdressing N is 1 : 1, the activities of most soil nutrients and enzymes, the relative abundance of a-
Proteobacteria, Chloroflexi and TK10 (unclassified ) will be increased significantly, which implies the fast
decomposition of returned straws and the effective nutrition regulation by the formed organic matters, thereby the
increase of maize yield and nitrogen use efficiency.

Key words: straw incorporation; wheat—maize rotation system; nitrogen management;
high throughput sequencing; soil enzyme activity; bacterial community
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Fig. 1 Maize yields and nitrogen use efficiency under different nitrogen management with straw incorporation
[ (Note) : HE LR FHEFRI/R AR 225 B3 (P <0.05)

Different letters above the bars indicate significant difference among treatments (P < 0.05).]
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Table 1 pH and nutrient contents of soil under different nitrogen management with straw incorporation
" pH (H,0) F Lk SOC (g/kg) 4% Total N (g/kg) NO,-N (mg/kg)
Trj;mem iliEe2 U] the Sl EiiiEe2 ] lhes3 b EiiiEz2 i e/ iliEe2 U] Wk
Silking Harvesting Silking Harvesting Silking Harvesting Silking Harvesting
CK 8.46+0.05a 825+£0.02a 8.66+0.44b 7.69+0.67b 0.60£0.03c 0.55+0.04c 1.53+£045b 5.99+0.88c¢c
N 7.99+0.07d 7.80+0.04 ¢ 8.68+0.33b 8.66+031b 0.71+0.01b 0.67+0.05b 17.88+1.17a 22.31+£2.70b
SN1 8.11+0.04 ¢ 7.95+0.05b 11.24+£0.77a 10.72+041a 0.79+0.07a 0.75+0.03a 26.79+2.82a 32.02+1.75a
SN2 8.17+0.03 be 7.95+0.06 b 11.23+0.46a 10.47+0.70a 0.74£0.02ab 0.74+£0.03ab 26.11+3.04a 30.17+2.42 ab
SN3 8.22+0.06 b 7.98+0.03b 1047+0.46a 10.26+0.32a 0.73+0.06ab 0.74+0.03ab 21.69+1.63a 30.60+2.19 ab
. NH,*-N (mg/kg) %Wk Available P (mg/kg) THELHP Available K (mg/kg)
Trj;fem iliEe2 U] the Sl iliEe2 U] W iliEe2 ] e/
Silking Harvesting Silking Harvesting Silking Harvesting
CK 2.16+0.18b 1.86+0.18b 7.54+0.80b 7.78+1.24b 98.42+3.65¢ 88.58 £2.92 ¢
N 2.96+0.18a 2.68 £0.07 ab 16.98+0.74 a 18.89 £ 0.60 a 148.75+4.46 b 13592 +2.44b
SN1 3.50+0.16a 321+0.19a 19.36+1.15a 20.34+1.02a 166.82 £4.34 a 154.85 +6.36 a
SN2 330+0.16 a 3.03+0.16 a 18.67+1.50 a 2033 +1.12a 162.92 £5.63 a 145.32 £4.27 ab
SN3 2.99+0.17a 3.03+£0.09a 1827+1.75a 19.02+1.36a 159.65+4.76 a 149.65+4.59 a

# (Note) : FFNEMEG A RIFRERR AL 22573 .35 (P < 0.05) Values followed by different letters in a column indicate significantly

different among treatments (P < 0.05).
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*2 BITTCHTARRREREN T IRMEEYE

Table 2 Soil enzyme activities under different nitrogen management with straw incorporation

Pho [nmol/(g-h)] BG [nmol/(g-h)] CBH [nmol/(g-h)] BX [nmol/(g-h)]
b3
Treatment T2 o3k e e M iz e
Silking Harvesting Silking Harvesting Silking Harvesting Silking Harvesting

CK 297.16 £28.45¢c 430.27+33.25b 110.50+5.12e 23297+ 1724c 23.13+4.16¢51.59+6.64d 34.64+6.85¢c 3539+4.08d
N 844.49 £38.85b 950.64 £65.14a 209.49+10.84d 329.80+19.43d 39.37+4.70b64.73+£2.32¢c 4239+6.00c 51.97+6.16¢
SN1 805.93 £46.20b 896.62+59.59a 437.15+8.69a 511.57+26.15a 8691 +£6.78295.61 +5.68a 98.99+6.23a 96.89+4.24a
SN2 858.41 £18.66b 954.88+45.04a 404.15+13.36b 467.62+24.78b 8543 +4.47a78.62+479b 79.76+7.29b 89.37 +6.94 ab

SN3 936.17+47.08 a 88443 +53.94a 34547+4.84c 489.84+18.12ab 80.61 +5.93a80.02+5.65b 90.44 +5.85 ab 85.63 +7.03 b

oG [nmol/(g-h)] NAG [nmol/(g-h)] PhOx [nmol/(g-h)] Perox [nmol/(g-h)]
b3
Treatment iliE<2 ] lhe S fihz2 3 the73 t] 223 e R iliEe2 U] lhe Sl
Silking Harvesting Silking Harvesting Silking Harvesting Silking Harvesting

CK 30.88+7.43 ¢ 38.01£4.10c 204.65+16.73b 223.67+1732b 1.00+0.16c 1.54+0.11c 088+0.14b 1.55+0.14b
N 51.61+7.18b 4931+720b 288.18+11.86a 346.42+11.78a 145+0.11c 1.71£0.16bc 1.25+0.09a 1.97+0.17a
SN1 99.39+£3.02a 106.19+£7.99a 31295+6.83a 362.25+19.25a 2.57+0.08a 2.69+0.15a 1.55+0.14a 2.12+0.12a
SN2 9230+635a 100.37+5.08a 305.93+10.87a 365.83+19.77a 2.42+0.16ab2.35+0.19ab 1.34+0.17a 2.09+0.18a
SN3 99.10£8.78 a 96.73+541a 309.32+16.02a 353.66+14.16a 2.04+0.05b 243+0.12a 1.28+0.17a 2.08+0.19a

7 (Note) : Pho—HfigfisfF Phosphatase; PG—P-Fii % i1 ¥ B-Glucosidase; CBH—£F4E Wi Glycosylase; PX—PB- AW p-
Xylosidase; oG—a-Fi#AGHiH B o-Xylosidase; NAG—4Z IKJEMHF Aminopeptidases; PhOx— % fLE# Phenol oxidase; Perox—id & {4
Peroxidase; [FIFEE )G AR 7122 R AL BLE] 2% 57 .35 (P < 0.05) Values followed by different letters in a column indicate significantly different
among treatments (P < 0.05).

xR 3 BTECHMTERRERE T LIRMEFE R Alpha SR
Table 3 Alpha diversity index of soil bacterial community affected by different nitrogen management with
straw incorporation

. 16S JF 5177 55 B Coverage F= 5 BEHEEL Chaol A 2 BEMEFE %L Shanno VAR AL VEAEEL Simpson
o ——— e iz e iz e iz e
Silking Harvesting Silking Harvesting Silking Harvesting Silking Harvesting
CK 0.9931 a 0.9906 a 2278 a 2214 a 6.702 a 6.581 a 0.0030 b 0.0046 a
N 0.9893 a 0.9938 a 2288 a 2232a 6.448 b 6.607 a 0.0071 a 0.0043 ab
SN1 0.9933 a 0.9943 a 2325a 2299 a 6.736 a 6.696 a 0.0030 b 0.0028 b
SN2 0.9907 a 0.9915a 2302 a 2266 a 6.655 ab 6.649 a 0.0034 ab 0.0032 ab
SN3 0.9942 a 0.9947 a 2325a 2274 a 6.642 ab 6.689 a 0.0035 ab 0.0030 ab

# (Note) : FFNEME G ARIFREFRR AR 2257 B35 (P < 0.05) Values followed by different letters in a column indicate significantly
different among treatments (P < 0.05).

FE T DAl 22 30 - e 20 i 2 AR PR, MIRSFREH T 27 4T, 94449, 160 4N H . 299 ANRHRT 532 A
AJ LGE i i A I AR50, ELLARS FF 38 R & J& o FENTREZKE b, AXTERE > 1% MRS 4
JEFEIB L 1 1 ARB R E . TR, TIRANE UL 20 AR 2R A RIR AT ] (Proteobacteria)
TR Z R FE 2 (Shanno) # T —2L, A [RIALHRE] 1Y R R ] (Actinobacteria) FIFRFT ] (Acidobacteria),
ToF =R, RN ALz 280 + 40w 2 A% R R 22 SNSRI O3 0l A R R s
AR EE N 76.9% 1 76.5% (K 2A); MA/KFFH, HHXFEE >

4HTA 16S rDNA 5738 5l 77 )7 51 28 e Xt 5 431 & 5% MINA o-“L L H 4 (Alphaproteobacteria) . 2k I
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Fig. 2 Soil bacterial community structure at phylum (A) and class (B) level of different maize growth stages under different
nitrogen management with straw incorporation

2 (Actinobacteria) . y-ZFTE 44 (Gammaproteobacteria) |
Acidobacteria Subgroup-6 1 B-LJE 44 (Betaproteobacteria)
(&l 2B),

Tk, ARGEIEAIE AL ET . ek
WIT. ZFHME ] (Gemmatimonadetes) FHUATF ]
(Bacteroidetes) HUAHXT - A A4k 8k, Hrr, B
TEACAEAL ] (N) AH b CK AL B 2548 5 T R 1 1A
PR T TAR R A AR X B (P < 0.05), HRFHFERT
SRR AN AAEXT E (P < 0.05), SN1 AbFEAH
LT SN3 Kb i 248 & T AR T B T T RNBUFF B 1T A
X (P <0.05), KT, HifbiEabB (N)
R TR R A AR SRR, B R A ] 25.9%~
61.1%; SHEILICALIEARL, SN1 PN B4R T
S-AFTETH AN . GRS AN TK10 (R42K) AAHxT =
B, HEEA 33.3%. 132.5% 1 76.8%.

TR, ARt A Ak B 1T 7K ST 6 200
A A W52, TEAKF- |, SN1 AFRAH
LT H it A I AL 3 S5 4R v T SR TR B AR A AR X
B (P <0.05), 84 33.7%. A[FA &= 1) 40 6
FEV& HOAE X = BE AR T TR & 284k, i AE 40K
b, WOR I LTl 22 0] e e T A TR AN Y
HIRF R (P <0.05), 34iEA 12.1%.,

24 WEESESTIFIEBUMRNXAR

e 22 ) A TR A I S T AL M 5T Y B

NLA3HT (CCA) anlE 3A Fiz, HEPHh 1 (CCAT) Ak

JPH 2 (CCA2) JLff R T RAE 119 51.56%. MIE 3A
A, A2 CK AR . PREALAC AR BE (N) FIRSFT L
FH i it 20 A AL B (SN'T. SN2 il SN3) + 3 A Wit
TRESHAH B X 3k, 2 E 22508 (PERMANOVA)
EIR R CK 5 N ACH 3 REE 25y 2 1), DL R
N AbFR 5 FEFF A GG ZEAL 3 (SN1, SN2 il SN3)
PP Z ¥ AR EXESR (P <0.01), {4 SNI,
SN2 fl SN3 4h ¥R Z [ oW & 22 % (P > 0.05).
Canoco Forward Z3#f5 i, 133 pH (P = 0.002) FIf
BT (P = 0.004) 75 H 6] 4 P AV 28 1052 T 5

K 3B, TR CCA 4B b 6 45 HE 7 il
AR T AR Y 56.18%, AR A [a] 42k BE 22 6] iy
U TETR 4540 25 S A L dh 22 AR /N, ZIRE T 2507
BT (PERMANOVA) 453880, AU CK 5 HAl
QbR 2 A A 3 25 5 (P < 0.05), 1i N, SNI, SN2
1 SN3 Z B JE & 25 (P>0.05), 13 pH (P=0.03).
AR & (P =0.036) M & & (P =0.044) &
WSCRF I - 3B A R A 7 A5 R 8 AL Y R B R
25 A REIMEAIEFSE BHAME FMEEE 5

R T RGN [R] it N Ak B 2 [00) 240 R v 4 25 5
HIARE PRI AR, FRATRIHIZeMEHA (LDA) R
KNGIHT (LEfSe) #E—25 558 T WKV L4 R e AE
AN [) it JIES Ak ] 0 A 0 T At 2 2 S 1 A T S
o MWIELAAFTLIE 1, fEFOKHh22, LR 9 4>
T2 AN ()it JIES A 3L ) 448 T R 9 2 S B AR KT TR 26
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Fig. 3 Canonical correspondence analysis (CCA) of soil bacterial communities and soil chemical properties in silking stage
(A) and harvesting stage (B) under different nitrogen management with straw incorporation
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Fig. 4 Key phylotypes of soil bacteria microbiota at silking (A) and harvesting (B) stage and the main bacteria microbiota
causing the difference (C) under different nitrogen management with straw incorporation using linear discriminant analysis
effect size (LEfSe) at class level
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