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Abstract; Studying the changes in soil microbial community structure and nitrogen metabolism in the process of vegetation
restoration is an important part for better understanding the biogeochemical processes in terrestrial ecosystems. However,
there are very few reports on the functional potential of soil microorganisms after planting artificial vegetation in arid deserts.
We selected Haloxylon ammodendron plantations along an age sequence (3-, 6-,11-, 19-, 28-, and 46-years) for
research, sampled surface soil (0—10 ¢m) under the canopy, and took the moving sandy land (Ms) as the control in an

oasis-desert ecotone in northwestern China. We used high-throughput sequencing to explore the responses of soil bacterial
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diversity, structure, nitrogen metabolism, and functional genes to the restoration of H. ammodendron, and to investigate the
key driving factors of soil bacterial community structure change. The results showed that Actinobacteriota and Proteobacteria
were the main dominant phyla in all plots. Shannon diversity index increased significantly with plantation ages (P<0.05) ,
indicating that the establishment of H. ammodendron plantations improved the soil bacterial diversity. The Chao richness
indices tended to increase with the restoration of vegetation. Hierarchical clustering analysis showed that soil bacterial
communities in different plantation ages were divided into three groups, and bacterial communities from the same
revegetation site were grouped together. Non-metric multidimensional scaling ( NMDS) analysis indicated that the
establishment of H. ammodendron plantations on moving sandy land significantly changed the structure of soil bacterial
communities ( P<0.01). Spearman correlation analysis showed that soil organic carbon (SOC), moisture content (SM) ,
available phosphorus ( AP), and available potassium ( AK) significantly affected the structure of bacterial communities and
showed a significant positive correlation ( P<0.05). Other environmental factors like electrical conductivity, total carbon,
and available nitrogen had no significant effect on soil bacterial community structure. Assimilatory and dissimilatory nitrate
reductions were the main parts of nitrogen metabolism. The predicted proportions of hydroxylamine oxidase ( hao),
reductase (hep), and ammonia monooxygenase (amo) associated with nitrification were low, especially in the moving
sandy land, with an average abundance of 8.9%X107°%. The abundance of nitrate-reduction genes (NRG) was 17.5—126.9
times that of ammonia—oxidization genes ( AOG) , indicating that the reaction rate of denitrification was faster than that of
nitrification. NRG/AOG decreased with plantation ages, indicating that the growth of H. ammodendron contributed to the
accumulation of soil nitrogen. Our study provides an overview of soil bacterial community during the restoration of
H. ammodendron and insights into the critical roles of functional genes in the nitrogen cycle. The findings might improve

better understanding of plant—soil interactions in arid desert ecosystem restoration.

Key Words: Haloxylon ammodendron; plantation chronosequence; bacterial community; nitrogen metabolism; functional

gene; desert ecosystem
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S E ST, — R E N7 2 A -80°C YRR T R AF, 5 — 8 Ar LR S T % pH LS (EC) A1
TR oH .
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Table 1 Growth characteristics of H. ammodendron at different plantation ages

B b G} s ) PR FEE &S
Sites Density Stem diameter/cm Height/m Canopy area/m? Deadwood proportion/%
Y3 2m X 2m 1.42 0.95 0.39 0.00
Y6 Im x 2m 4.69 1.75 1.78 0.00
Y11 Im x 2m 5.28 2.15 1.66 20.11
Y19 Im x 2m 7.44 2.99 2.30 26.22
Y28 Im X 2m 11.16 3.93 3.89 40.89
Y46 Im x 2m 13.89 4.19 7.49 43.00

Y3.3 EREH 3-year plot;Y6:6 AEAE M 6-year plot; Y1111 AEREH 11-year plot;Y19:19 AEREH 19-year plot; Y2828 AEREH 28-year plot; Y46:46
AEAEH 46-year plot

1.3 EREEEE R AT

PETFRE L (105°C T HE 24 h) P5E 138 57K & (SM) |, >R H] Multiline F/SET-3(WTW 42 [5) 78 -+ 7K Hb 4331
121 A 125 R IGE 3 pH R EC, SR FH AN #R- 25 4% R B 2 00 52 38 HLAK (SOC) |, Bl Hi Tk I 52 el e
(AN) IR S 40 ¥ Se-41 86 DU LE (0% I 72 S 00k (AP) | & TR B 15 B M D' JBE 06 D 78 S 201 (AK) .
H,S0,-H, 0, 1 & -8 T L @32 0 E B (TP ) , B (TN) FLEER (TC) 2R FH T E 43 B A 52 ( Vario Macro
Cube elementar, fE[E)3
1.4 PHErmy

Hr0.5 g fif 5§ -4 ffi ] Fast DNA® SPIN 7] & #2504 #£ £ DNA , {1 NanoDrop2000 %8 4hA] ULt EE
TG DNA e B F 2l % 38 5 ABI GeneAmp® 9700 PCR #AE BR A, i ] 51 ¥ 338F (5'-ACTCCTACG
GGAGGCAGCAG-3") 1 806R (5'-GGACTACHVGGGTWTCT AAT-3") % 16S tRNA JL[A V3-V4 0] 28 XT84
A5 S (PCR) Y3 . 2R FH Tllumina 23 5] Y NEXTFLEX®  Rapid DNA-Seq Kit #EF7# % , 2R F MiSeq PE300
A AT E I, i FASTP 23T IR 4G 168 rRNA F& PR e 4t b 47 i d% , il A FLASH #kt 47 ¢
$., i UPARSE BAEFE 97% MARLEE K F HEFTHRAE /3 25 350 (OTU ) R, A M RSB 1751 4325
F[E—FeA ] USEARCH 27 H () UCHIME SR 5151 Bk A A RDP 432848 X} 45 2% 3 5 it
TR 2, EUXT SILVA 16S vRNA UHE %2 (hitps : //www. arb-silva.de/) , B & X BIE N 70% ., 405 =
I BRLA T 91 1A% % 56 EAE PR AR AR B0 (NCBI) B 2, 5 H 4524 PRINA778042,
1.5 B

OTUs 53 27K -4 BRI A7 FEAS o e 20 B 7 SN BT 38—k, SR AT SPSS #1447 B IR 3R 7 25 43
(ANOVA) Flifi/Ng E 22 5 (LSD) 25 i RN R A K AR BR AR AR AR 3 B Ak 1 B R 240 TR BF S o Z2HE 1
PEATKEIN , 7E P<0.05 7KF BRI 3% 22 57 0 RAHFET A SR 2 ( Bray-Curtis distance ) Y432 R SRR
JE i 22 4 RUBE (NMDS) 43HT , 76 40 B T 7K SR8 D AN [ o il A7 BR AR M R[] 3 A P BV 254 25 5 (6 LA
(Venn) AT AR A KA SR M AR + 35 AT AR 19 OTUs, i RIE S T EGIHAER, T @ 1K F
FJE, R SPSS B AFEAT Spearman 4347 + IR REE NS HHERE R FRIE R,

2 #R

2.1 BHERALIER
R R R ERE T IR0 o MEKR (P<0.05) o BEM AR AR RN, + 1€ TC TN TP . SOC |
AP (AK (EC 1 SM S Z 80, (e BIRE MBI 22 5 A 38, SR AN BEMAR A K e R IR S i . #etk
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Table 2 Effects of H. ammodendron growth on soil physicochemical properties

¥
j:.,%& B MS Y3 Y6 Y11 Y19 Y28 Y46
Soil parameters

98 Ak K S
j:}%é o 7k$— SM/% 0.40+0.08de 0.35+0.08e 0.33+0.03e 0.56+0.08cd 0.89+0.08b 1.58+0.11a 1.62+0.19a
Soil moisture
A H
EA;[WE;E P 9.28+0.16¢ 10.05+0.13ab  10.08+0.02ab  10.03+0.05ab ~ 10.09+0.01a 9.87+0.20b 9.98+0.12ab
pH value
EETE'F$ e/ MS/?I?) 130.27+£3.93¢  306.00+10.39de 438.00+91.39¢d 522.00+100.64¢ 713.67+96.26bc 721.00+71.34h  987.00+227.66a
Electrical conductivity

i SOC/ (g/k

ﬁmﬁ.}( e/ (g/ke) 0.35+0.03d 0.42+0.04d 1.22+0.09¢ 1.63+0.13b 1.89+0.07b 2.80+0.54a 2.76+0.13a
Organic carbon
IS8
R TC/ (g/ks) 4.98+0.11d 5.32+0.03d 6.96+0.53¢ 7.40+0.16bc 8.43+0.88ab 8.72+1.65a 9.64+0.23a
Total carbon
SA TN/ (g/k

A . (¢/ke) 0.28+0.04c 0.22+0.00d 0.30+0.01¢ 0.38+0.03b 0.38+0.01b 0.52+0.01a 0.52+0.03a
Total nitrogen
S TP/ (g/k

BE TP/ (&/ke) 0.46+0.02d 0.49+0.01cd 0.56+0.02¢cd  0.57+0.00¢ 0.68+0.07ab 0.67+0.08abc  0.70+0.10a
Total phosphorus

AL AN/ (mg/kg
Mﬁﬂ . (mg/ke) 25.38+2.13b 20.96+0.52cd  19.63+0.65d  19.86+1.15d 23.04+0.91bed 24.33+0.73bc  29.39+1.09a
Available nitrogen
HRLE AP, kg
TR AP/ (mg/ke) 2.33+0.29¢ 2.52+0.50¢ 3.40+0.81¢  13.37+0.46b 13.94+4.70b 26.85+3.47a 23.45+3.29a

Available phosphorus
A AK/ (mg/kg)

Available potassium

103.33£5.77d  120.00+0.00d  210.00+65.57c¢ 353.33+41.63b 380.00+0.00b  510.00+60.83a 546.67+25.17a

MS . i E1 7P 1 Moving sandy land ; [fl—17 A RI/NG FHERR S HAE P<0.05 KV FERRFH

2.2 TIEANBERETE AL

ARBFFEILAT 856,876 NN TH , BAFEHT- 27T 40,804 4751 KR 97% (AR U X 7 51 #E4 7 OTU
BRI H] 4165 1> OTUs, K& H 38 DNANHITT,108 149,265 4> H 458 DL 824 AN & (1492 M (% 3) ., 1E
OTU 7K ANFFE S 554 ASPpFh, TCra g i A1 3.6 11,19 28 4FFll 46 4FRF H 3 40 54 31,
44 668,100,102 129 F1 100 N4 A B P A (Bl 2) o A FEFE RS Y Fobh F 5> 1% 1) OTUs 5 38.6%

(E2),
®3 AEMEERTBEARNFEREIT
Table 3 Statistics of soil bacteria sequencing information in different sand-fixing years
Fea ﬁfﬁz ﬁ(ijf ;j;!fg’ﬁi) 53%/KF Classification levels
Sites effective Operational I x| H s & pei
sequences taxonomic units Phylum Class Order Family Genus Species
MS 32391 1512 24 62 152 246 445 756
Y3 38640 1639 27 68 160 258 450 783
Y6 38479 2453 34 92 220 362 625 1088
Y11 45819 1991 29 74 177 300 510 877
Y19 36358 2147 27 75 181 297 507 901
Y28 45593 2180 30 80 193 317 536 931
Y46 48346 2065 28 76 180 296 525 933

3 s HIRAFAAN TR ) R ASIIAT MR B Wy b 3 B2 FNAR AL BEBEAE A 73l 4 A5 37, BV R P A 3a il 6a
FHIE, 11a,19a 28a Fll 46a AHIT , TCAEHBL VDML S EAE M ETE 2 5, ARTE DRI AR XS = B AU B T 1 o0 A 2
OS2 K BR B 1] ( Myxococeota ) -7F % B 1] ( Planctomycetota ) F1 i 28 B ] ( Actinobacteriota ) -5 Ff. Jifd, B []
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( Gemmatimonadota) , H{ZE ] ( Actinobacteriota ) FIZEHE [ ] ( Proteobacteria ) 7E /N [] F A1 4F BR AR B2 Ak 1 35 rh
RECROYY N
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o MS OTU4618: 2.53%
YZ 100 OTU2507: 2.27%
Y
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o v OTU1052" 1.65%
Y46 OTU1768: 1.54%
31 OTU1046: 1.45%
668 OTU2535: 1.45%

OTU1231: 1.32%
OTU2086: 1.16%
OTU1987: 1.05%
OTU915: 1.03%
OTU4487: 1.02%

B2 OTU KTHAFHBEFEUMMEFYHMURLETUM(FES1%) Gt
Fig.2 The number of unique and common species and the proportion of common species ( abundance >1%) in bacterial community at OTU
level
MS: 3 s vb i Moving sandy land; Y33 4F-FEHE 3-year plot; Y66 AF-FEH 6-year plot; Y1111 4EAEH 11-year plot; Y1919 4EFEHE 19-year plot;
Y2828 4EH: 4 28-year plot; Y46:46 4EFEHY 46-year plot; OTU  #:/E 432 535 Operational taxonomic unit

]
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Patescibacteria
- 1X107!
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Fig.3 Heat map of soil dominant bacterial phyla (relative abundance>1%)
Myxococcota ; K5 ER B 15 Acidobacteriota; B2 #T B 115 Deinococcota: 1 #4 1 []; Patescibacteria: #% 15 41 I I'1; Planctomycetota: 7% % B [ 1;
Actinobacteriota : it 4% 1] ; Proteobacteria : 2 JE [ [] ; Firmicutes : 5 %% & 1] ; Bacteroidota : LT B '] ; Chloroflexi : % 25 18 [ ] ; Gemmatimonadota ; %
HET]
2.3 TIEANEREE Z RIS
WRIR A KX SN R B 9% 2 REME A 532 (P<0.05) (& 4) , BEFR MR Pk 45 BR386 Jin, 4 39 40 6 B 9%
Shannon ZFEVEFE ARG a3, W21 25 F R A FEFIAE 6a DL L AU MAR, FEMR M A2 4K 28a B 3K 1 e KAE
5.83, TIRAHTE Chao 5%k i M M2 Fhvie 4F BIR (1% 385 fim 11 B 20y, W BB b T LIS A AT Pk AR BT e By, {H
PR S BERG n ka #
FEAR R R IR/ HTEE S Heatmap BRI , AN A AEBRAR B AR - SBE40 TR HE 7% £ 2200 3 N6, [A) — M 4F
R AR A PR 1 T 240 TR AR Vi [E) PO B 2 i 30, TCAEL A VD b, - S A R A 7 55 LB R b R Y R B e . AL 3a 1 6a 1Y
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Fig.4 Effects of H. ammodendron growth on alpha diversity of soil bacterial communities
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Fig.5 Samples distance heatmap and NMDS analysis on genus level
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F4 TIEMAEEESIHEREFH Spearman fHX 1%

Table 4 Spearman’s correlations of soil bacterial communities with environmental factors

BT ST Total bacteria g AT SAHTA Total bacteria
Environmental factors R P Environmental factors R P

F 35K E SM Soil moisture 0.3106 0.004* S TN Total nitrogen 0.0937 0.211
FRI%JE pH pH value -0.1734 0.953 S5 TP Total phosphorus -0.1558 0.942
153 EC Electrical conductivity -0.1424 0.894 TR AP Available phosphorus 0.4754 0.001 *
HHLi% SOC Organic carbon 0.2315 0.012" N AK Available potassium 0.4317 0.001"
SR TC Total carbon -0.0686 0.756 % 2 AN Available nitrogen -0.0344 0.576

R {E 3R Spearman MG R EL; 85 EAIAR + FRIRTE P<0.05 7K FAHICE 2
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Fig.6 Functional genes related to nitrogen metabolism in soil bacterial community of H. ammodendron with different planting years
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