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Abstract: Many studies have demonstrated that in terrestrial ecosystems, nutrient cycling is tightly linked with soil
microbial functional gene abundance (SMFGA). However, our understanding of the variations in SMFGA in
rhizosphere soils among shrubs in desert ecosystems is still limited. In this study, we conducted a comparative

analysis of SMFGA in the rhizosphere of two dominant coexisting shrubs in the Junggar Desert, Haloxylon
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ammodendron and Tamarix chinensis. Bulk soil and rhizosphere soil samples were collected from the surface layer
(0—10 c¢m) around H. ammodendron and T. chinensis. In total, 67 microbial functional genes involved in soil
carbon- , nitrogen-, and phosphorus-cycling were detected via metagenomic sequencing. We then explored the
linkages among SMFGA, soil physical and chemical properties (soil bulk density, pH, soil organic matter, total
nitrogen, total phosphorus, total potassium, ammonium nitrogen, nitrate nitrogen, available phosphorus and
available potassium), and microbial diversity in the rhizosphere soils. The results show that: 1) Compared with bulk
soils, rhizosphere soils of H. ammodendron and T. chinensis had relatively higher contents of available nutrients
(ammonium nitrogen, nitrate nitrogen, and available phosphorus). 2) The Shannon— Wiener index of bacterial
diversity was significantly higher in rhizosphere soils of H. ammodendron and T. chinensis than in the bulk soils, but
the fungal Shannon— Wiener index was only significantly higher in the rhizosphere soil of H. ammodendron. 3) Six
of the 15 microbial genes related to carbon cycling (pulA, nplT, chitinase, nagA, bglB, and bgiX), two of the 17
microbial genes related to nitrogen cycling (nrfH and napB) , and eight of the 35 microbial genes related to
phosphorus cycling (ged, phnG, phnH, phnl, phnl., phnA, phnJ, and phnM) had higher relative abundance in the
rhizosphere soils of H. ammodendron and T. chinensis than in the bulk soils. 4) The abundance of microbial genes
involved in nitrogen- and phosphorus-cycling in the rhizosphere soils was positively related to available potassium and
soil pH, but no significant associations were detected between microbial genes involved in carbon-cycling and soil
physical properties, soil chemical properties, or microbial diversity. In summary, shrubs’ rhizospheres affect the
abundance of microbial functional genes, which are linked with soil physical and chemical properties and microbial
diversity in this desert ecosystem.
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Table 1 Microbial functional genes involved in soil carbon, nitrogen and phosphorus cycles

HE R 4 B e R KEGG &% ik
Gene names Functional annotation 9 References
KEGG 1D

25 + HERRAE I A i # S BEJE R Microbial functional genes involved in soil carbon cycle

Tk [ 7 Carbon fixation

rbcS -1, 5- B i 22 {1 /)N 2 Ribulose-bisphosphate carboxylase small chain K01602 [31]
chbL Tt -1, 5- B ik #2 fL i K % Ribulose-bisphosphate carboxylase large chain K01601  [31]
accA O T AT A R AL R L 55 B il W 3 Acetyl-CoA carboxylase carboxyl transferase subunit alpha K01962  [31]
acsA LA A A L Acetoacetyl-CoA synthetase K01907 [31]

Tk [% f# Carbon degradation

pulA 74 FE R A Pullulanase K01200  [31—32]
nplT B 22 i Neopullulanase K01208 [31]
pel S e L% il Pectate lyase K01728  [31—32]
chitinase JUT i Chitinase K01183  [31]
amyA -3 Hy i Alpha-amylase K01176  [31—32]
nagA N-Z, Tk 22 3L 7 25 15 -6- W5 TR L £, Tk N-acetylglucosamine-6-phosphate deacetylase K01443  [31]
abfA a-L-BT LA Wk i 5 i Alpha-L-arabinofuranosidase K01209  [31]
bglB -7 % Bl 17 i Beta-glucosidase K05350  [31]
xylA AN 5 F T Xylose isomerase K01805  [31—32]
bglX 37 % HE 5 il Beta-glucosidase K05349  [31]
endoglucanase N Y)H R Bl #E Endoglucanase K01179  [31]

25 + ARG SR # 2 BE 3 R Microbial functional genes involved in soil nitrogen cycle

SEAL AN R £ 18 J54E ] Dissimilatory nitrate reduction

napB JE S TR 8 D R T 7% B8 I 3 Periplasmic nitrate reductase electron transfer subunit K02568  [33—34]
narl Tl FR A B 1,y 3V 3 Nitrate reductase 1, gamma subunit K00374  [33—34]
narJ fiF§ B8 B 1,0 37 % Nitrate reductase 1, delta subunit K00373  [33]

nrfH AR ¢ WAl Rk 18 J5U i /N IF % Cytochrome c nitrite reductase small subunit K15876  [33—34]
narH Tl FR A B 1, 837 3 Nitrate reductase 1, beta subunit K00371  [33—34]
nrfA A8 c-552 RS IR $h & R Nitrite reductase ( cytochrome ¢-552) K03385  [33—34]
narG fil§ R 148 JU R 1, o WV 3 Nitrate reductase 1, alpha subunit K00370  [33—34]
nirD VA R R 38 U (NADH )/ IE % Nitrite reductase (NADH) small subunit K00363  [33—34]
nirB AR 5 7 R (NADH) K 3 Nitrite reductase (NADH) large subunit K00362  [33—34]

S A AE ] Denitrification

norC — Sk A b 5L IV L C Nitric-oxide reductase subunit C K02305 [33—34]
nosZ — 48 fb — %38 IR Nitrous-oxide reductase K00376  [33—34]
fif L A7 1 Nitrification

amoA AN I £ A Ammonia monooxygenase subunit A K10944 [33—34]
amoB N4 3 B Ammonia monooxygenase subunit B K10945  [33—34]
[F] £k i 12 b 38 JELAE i Asssimilatory nitrate reduction

narB T R 4 48 6 2K 1 34 IR i Ferredoxin-nitrate reductase K00367 [33—34]
nasA [) £k 7§ W 3 LA AL 37 & Assimiilatory nitrate reductase catalytic subunit K00372  [33—34]
nirA BRAEUL B 1 — WA BR R 14 J5 B Ferredoxin-nitrite reductase K00366  [33]
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25:3% Continued Table
I N 4 R g R KEGG &% 3CHk
Gene names Functional annotation i References
KEGG ID

IR EAAE T Anammox

nirS VAt R 5 38 IR Nitrite reductase K15864  [33]

25 + R G R 5 S 90 2 i %5 K Mlicrobial functional genes involved in soil phosphorus cycle

A LBk Organic phosphorus mineralization

phnN B 1,5- R ¥4 Ribose 1, 5-bisphosphokinase K05774 [35—36]
phnX V2 £, T8 7K i i Phosphonoacetaldehyde hydrolase K05306  [35—36]
phnG a-D-FZ il 1-H 3L R £h 5- =B 2 & W I 3% Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit ~ K06166 [ 35— 36
phnH a-D-F B 1-F SRR Eh 5- = B R & W IV 2 Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit ~ K06165 [ 35— 36
phnl a-D-F B 1-H LB RR Eh 5-— B R & W IV 3£ Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunitt ~ K06164 [ 35— 36
phnL a-D-AZ W 1-HV LR R £h 5- = B IR & AU IE JE Alpha-D-ribose 1-methylphosphonate 5-triphosphate synthase subunit ~ K05780  [35—36]
phnA W2 2, R T 7K fift il Phosphonoacetate hydrolase K06193  [35—36]
glpB H - 3- M 2 Ji &0 I #R. 0T B Glycerol-3-phosphate dehydrogenase subunit B K00112  [35]
glpC 3 -3-1f 8 B &0 I 5. 5T C Glycerol-3-phosphate dehydrogenase subunit C K00113  [35]
phn a-D-EWH 1-H LB R £ 5-5 % C-P 24# i Alpha-D-ribose 1-methylphosphonate 5-phosphate C-P lyase K06163  [35]
phnM a-D-1Z A 1-F 3L R 46 5- = B 2 B2 Alpha-D-ribose 1-methylphosphonate 5-triphosphate diphosphatase K06162  [35—36]
phnW 2-5 3 2 LW I - TN T 152 4% 2 i} 2-aminoethylphosphonate-pyruvate transaminase K03430  [35—36]
PhoN 5 1 W R it ( A) Acid phosphatase (class A) K09474  [35—36]
glpQ J&1 5 H I R 16 5 72 1R 88 Periplasmic glycerophosphoryl diester phosphodiesterase KO01126  [35]
phnP WERRAZBESE 1, 2- B R B8 B Phosphoribosyl 1, 2-cyclic phosphate phosphodiesterase K06167  [35—36]
phoD B 1 5 2 i Alkaline phosphatase K01113  [35—36]
glpK H it Glycerol kinase K00864  [35]
glpA 7 -3-1% 2 M U Glycerol-3-phosphate dehydrogenase K00111  [35]
TCHL A Inorganic phosphorus solubilization

ged ikt 26 11 78 %0 B BE S0 Quinoprotein glucose dehydrogenase K00117  [35—36]
ppa To ML B 2 i Inorganic pyrophosphatase K01507  [35—36]
ppx 5455 WERR , 3'- R A2 B R B Guanosine-5-triphosphate , 3'-diphosphate pyrophosphatase K01524  [35—36]
ppk 2 WM TR B Polyphosphate kinase K00937  [35—36]
T 19 %% 32 AR IR Uptake and transport of phosphorus

ugpC sn-H il -3-B FRA2 4 R 48 ATP 454 2 111 Sn-glycerol 3-phosphate transport system ATP-binding protein K05816  [35—36]
ugpB sn-H i -3-W R 12 it 2 5K W 45 4 2 11 Sn-glycerol 3-phosphate transport system substrate-binding protein K05813  [35—36]
ugpE sn-H il -3-BF R 12§ 2 B2 18 35 £ 11 Sn-glycerol 3-phosphate transport system permease protein K05815  [35—36]
phnC B BRI 32 i R 48 ATP 4545 # 14 Phosphonate transport system ATP-binding protein K02041  [35—36]
ugpA sn-"H 1M1 -3-1 12 12 il 5 4218 15 H5 [ Sn-glycerol 3-phosphate transport system permease protein K05814  [35—36]
phnD il W T 12 B 2 8 IS W0 45 A 75 11 Phosphonate transport system substrate-binding protein K02044  [35—36]
phnE JBl 2 i 12 4 22 45 18 35 #5 11 Phosphonate transport system permease protein K02042  [35—36]
PSIA Wi iR 12 il 2R 4895 1% 8 11 Phosphate transport system permease protein K02038  [35—36]
pstC W2 18 ) 2 8818 1% 5 A Phosphate transport system permease protein K02037  [35—36]
pstB Rz i R 490 ATP 454 [ Phosphate transport system ATP-binding protein K02036  [35—36]
pstS R IZ i Z2 90K P45 & B 11 Phosphate transport system substrate-binding protein K02040  [35—36]
Wi Bk = i 13 4% Regulation of phosphorus starvation responses

phoR Tl 1 15 1% 15 J8% N7 4B Phosphate regulation sensor histidine kinase K07636 [35—36]
phoB T 2 5 9 77 [2 B I 45 F Phosphate regulation response regulator K07657  [35—36]
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1.5 3k i e
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NH, -N) | fi§ & % (nitrate nitrogen, NO, -N) | # & # (available phosphorus, AP) Fl# 2 # (available potassium,
AK) F ko pHAEF K H 15 I AE o 4 50 FH S 44 1 0 36 AN L EG A 2036 D 52 SOMLAN TN 2 it o 43 Jpll P 5 i B L
R M A 4306 BE B I 3 NH, T -N AT NO, =N & 3, 43 51 R AR B BT LU 68 125 T R 0 s £ — B IR BH B8 T 1L (8
HE TP AIAP & & o R KGR TFE I E TK FAK & & o R PR ]2k 48 e 0 38 i 4t 1 305 2%
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1.6 %it o

EEXF R 2= RE 1A 2, Ry T A 5 R A AR S TG b DA VR AR R AR ) A5 b 2 ) 0 22 G 0 B 3R
22530, LA Rl R 2 )7 8 R [ 28 DRV 2R, 2 B 1 S BAR R 0T AR A ) 22 R P RN D R R TR S B AR AR RRAE . SR
/NI 2 2% 5 (least significant difference, LSD) k#4725 WAL, FXTRE# )8 3, 38 i Mental” s A OCHE 23 #7 , 4878
T I VE BRI A ) 2R S AR W I BRI R Z IR O R . BRI A AT AR RARE (4. 2. 1R 78 1.
Horbp 7 200038 5 RARFBEAS A “aov” BB BT o 22 T HL R ] “agricolae £ " H “LSD. test” pREL/ 1. 1L
LR W) Z REVE RS BT FE AN Mental” s AHOCHE 2087 20 38 5 “ vegan” Rl link ET " 5L B 7,

2 HBREHGH

2.1 E3E AR T ALK AR

KR Ry 26 5 B 4 W, B HE S K i RSO LT A A A 0 R A E 2 AR AR A R R s ] 7 X
HA 6 AR A B E 52 (P<<0. 05) , H A8 (L RFAE B 48 b5 A TR S (32 2) o HLART &, 1 4 A0 AR A0 AR B 4 18
NH, -N.NO, -N Fl AP & & 45 i 2 55 TR A 25 #b (P<T0. 05) o 2% 5 0 52 A0 B2 B9 A28 fk R 34, B AR AR PR + 3 8
AR TR [A] 25 Hh - 58 (P<<0.05) o MeAh R AR PR 4% pH 1 AK & 5 12 3% = TPk 8] %5 # (P<<0.05) . FiR4h
RFW] 5k 6] 23 A LE R 0 AE L U T AR B S AR A

F2 BRMENRESHREZ HIEBUERTHHE(EHELRER)
Table 2 Variations of soil physical and chemical properties between rhizosphere soils of H. ammodendron and T.chinensis and

bulk soils (mean=standard error)

+ B AL B H. ammodendron BEMI T, chinensis

Soil physical and chemical properties R PR 4+ 3 Rhizosphere soil — #k[[] %5 Hl Bulk soil R F% 4 5 Rhizosphere soil B[] % b Bulk soil
pH 9.6940. 23a 8.7220. 08b 8.0140.0lc 8.27+0.03c
455 7k it Soil moisture content (SWC, %) 2.1440.49a 2.154+0.17a 2.5340.19a 2.61+0. 36a
%1 Bulk density (BD, grem *) 1.3940. 04b 1.49+0.02a 1.3620.02b 1.5140.02a
4 647 HL T Soil organic matter (SOM, g-kg ') 4.08=0. 76ab 3.3620.99b 6.0640.51a 5.1441.00ab
42A Total nitrogen (g-kg ') 0.5040. 04a 0.5240.04a 0.46+0.02a 0.5440.08a
4% Total phosphorus ( g-kg ') 0.4840. 04a 0.4640.03a 0.5240.03a 0.5740. 04a
48 Total potassium (g-kg ') 1.09+0. 19a 0.66+0.23a 0.85+0.12a 0.9240. 20a
NH,"-N (mg-kg ") 1.04%0. 12a 0.390. 04b 0.9740. 10a 0.600. 05b
NO, -N (mg-kg™") 11.32+2. 29a 2.5640. 63b 12.1141. 15a 6.584-0. 78b
- 3834 % B Available phosphorus (mg-kg ') 26.39+2.19¢ 14.08+2. 82d 52.47+1.78a 38.7242.27b
+ AL A Available potassium (mg-kg ') 171. 76 +15. 69a 86. 04+8. 96h 107.91+7.78b 114.6141.80b

TE: AT A R/NG 283278 28 53 W 2% (P<<0. 05), F [l

Note: Different lowercase letters within the same row indicate significant differences (P<Z0.05) , the same below.
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2.2 fAEMY S FHE T

XU 2R J7 22 7 Br & 3 7 (3R 3) , AR AR AR s - H8 v 40 141 F1 L 18 Shannon — Wiener £ 801 1 25 & T #k ) =5 1l
B W 43 5 R 14. 97 % A9, 5296 (P<C0. 05) o BEMIAR Fr + 48 i {40 18 Shannon— Wiener 48 % b 35 /&5 T Pk 1] 25 Hb , 184
&} 8. 10% (P<<0.05) .

R3 IBEAESHEERTR-BAEHTUHE(TEHELRER)

Table 3 Variations of Shannon—Wiener index of soil bacterial and fungi (mean=standard error)

A — E g e KL etk H. ammodendron M T. chinensis
Shannon—Wiener index gz 4 13 Rhizosphere soils R [6] 25 Hb Bulk soils HR P £ € Rhizosphere soils Bk [8] 25 Hb Bulk soils
414 Bacterial 6.45+0. 12a 5.61+0.11c 6.54+0.07a 6.05+0.09b
H B Fungi 4.1440.05a 3.7840.18b 4.17+0.11a 4.1140.02ab
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Sk B R A S 1A T RESE R op L 6 D) BE 3L K (pulA .nplT . chitinase .nagA .bglB M bglX) H%F 7+ & 7E
P A AR PR 04 S v T bR 18] 25 b (P<<0. 05, [ 1), Hofts 54~ 3y fil 22 R AR G = B (R 90 o 057 8 1 5 0 5
[ 2 3% A2 FH DG 1 4 A Dy R 3 R, LA S o 8 A AR AR B - 1 5 bR e 2 2 A1 38 TE W 3 2 . B accA SRR AR
Al 35 RLAE X6 = B2 7R M AR AR s - 3 v 1 35 IR T Pk [R) 25 (P<<0. 05)

fii B% fif Carbon degradation % [ % Carbon fixtion
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"B 04K (8] 25 Hb Bulk soils of 7. chinensis
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Fig. 1 Variations of soil microbial functional gene abundance related with carbon cycle

AN /NG o BEF R AP Rl (R 42 R M) A6 S [8] 67 5 (AR B BR8] 25 i) 8] 47 £ B8 35 25 5 (P<<0.05) , T [ . Different lowercase letters indicate

significant differences (P<<0.05) between two species ( H. ammodendron and T. chinensis) in different locations (rhizosphere and bulk soils) , the same below.

0

5 5 AR R 0 I R AR AR OC B 9 A P Re BE A b 4 A T B8 X (mard \nard \narH \narG) FAXT=F 2 75 7 b AR
HR B 4 38 5 bk (] 25 Ml 22 18] 12 0 12 35 22 55 (81 2) , 2 B DX (nap B Al nfH ) AH X = BE 7842 42 FIAE M0AR PR 12 18 35 B =%
e TR 1) 25 b, At 34> Ty i 2 DRRE G = B R ) Rl RS, I S o 5 R Ak R DR AR SR R R A DG 1Y 3 T fig R A
(norC .norZ Ml nirS) , FAHXT 4= BEAUAE M AR AR B - 38 o Wl 258 T bR (] 25 b o T 5 g Ak R[] A A 7R k3 Jit 3k 428 A
K amoA Ml nirA KPR, HAR XS F B2 AT B AR AR B 1 398 W 25 1K T Ak 18] 25 3

SBEIEAA R 35 AR EE K, 2 5 AW T L 7 A BB (phnG  phnH  phnl . phnL . phnA | phnJ Fil
phnM) R X =F B2 LE PR FPEE AR AR PR b B8 b 1 s TR ) 25 b+ 388 (P<<0. 05,81 3) . & 5 CHLBE I % 1 ged BE A
P A R A AR FERRE (P<<0.05) o BRUILZ AN, MR bR £ 3 rp 2 5 - 8896 28 10 1L AT BB L K (phoN . phnP
ugpE .phnC . phnE \pstA . pstC . pstS .ppx . phoB .phoR) F= i i 3 5 Tk [H] 25 # . BEMIAR PR 38 h 84> 2 5 W16 2R
W I REFE K (phnX . glpB .glpC .phnt . phnW .glpQ .glpA .phnD )52 MRl FaF  H S 5 8 7 32 I pseB 3E R B
F TRk 1R) S
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St A6 T B2 £8 14 )5 Dissimilatory nitrate reduction
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Fig. 2 Variations of soil microbial functional gene abundance related with nitrogen cycle
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Fig. 3 Variations of soil microbial functional gene abundance related with phosphorus cycle
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4) o XF T RE I AR HE PR T AR PR R ] 25 b+ 8 5 AP R AK 2 B IE A EOE R (P<K0.05) . BRItz
AN AR BRI pH L IE AR OGO R, BR8] 25 M 5 Al S R M40 B 2 R L 3 IE A 6 R (P<<0.05) 0 XF T
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Fig. 4 The relationship between carbon, nitrogen, and phosphorus cycling functional genes with soil physical-chemical

properties as well as microbial diversity

SWC: + 5% /K 3 Soil water content; BD: % ® Bulk density; SOM: + 845 HL & Soil organic matter; TN: 4% Total nitrogen; TP: 4 Total
phosphorus; TK: 4: #fl Total potassium; NH, -N: % # % Ammonium nitrogen; NO, -N: fi§ #& % Nitrate nitrogen; AP: 3 % # Available
phosphorus; AK: # AL #l Available potassium. Bacteria Fl Fungi 4373 2y 4H & Fl 5 i 7 A& — B 44 35 %0 Shannon— Wiener index of bacterial and fungi. *:
P<20.05; **; P<C0.01; ***. P<Z0.001.
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