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Effect of Avena sativa L. on soil enzyme activity and microbe functional diversity
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Abstract ; Strontium (Sr) is a common fission product of U-235 and Pu-239. Radioactive isotopes show heavy metal toxicity
and radioactivity. The fate of radionuclides in the environment follows the behavior of stable elements; therefore, the
behavior of stable Sr-88 should be regarded as a useful analog for predicting the fate of Sr-90 in the environment.
Phytoremediation is an emerging technology whereby plants remove metals from the environment. The ultimate goal of
phytoremediation is to eliminate or reduce soil pollutants and restore soil quality. The phytoremediation of contaminated soil
can be assessed by evaluating the soil nutrient content and enzyme activity. Biolog technology is used to characterize the
functional diversity of the soil microbial community and kinetic characteristics of carbon source utilization, and has been
widely applied to determine the effect of heavy metal pollution on microbial communities. In our previous study, 26 cultivars

of wheat ( Triticum aestivum L.) , oat (Avena sativa L.) , and barley ( Hordeum vulgare 1..) were compared to investigate Sr
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accumulation and distribution for their potential use in phytoremediation. Based on these results, Neimengkeyimai-1 could
be used as a model for further research, as a starting point for finding additional effective cultivars. In this experiment, A.
sativa ‘ Neimengkeyi-1’ was selected as the model plant to evaluate the effect of oat planting on Sr-contaminated soils.
Through pot experiments, Sr was added to soils in six treatments: 25 mg/kg Sr (CK) , 100 mg/kg Sr (L), 250 mg/kg Sr
(H), 25 mg/kg Sr + oat (CK+oat) , 100 mg/kg Sr + oat ( L+oat) , and 250 mg/kg Sr + oat ( H+oat) , respectively. After
30 days of cultivation, the soil enzymes (including invertase, phosphatase, protease, urease, and dehydrogenase) and soil
microbial community functional diversity were measured to evaluate the phytoremediation effect of oat on Sr-contaminated
soils. The results showed that oat significantly improved the activities of urease and dehydrogenase. Oat significantly
increased utilization of the average of 31 carbon sources (average well color development, AWCD) by the soil microbial
community and improved the Shannon diversity index (H), Shannon evenness index (E), and carbon source utilization
richness index (S), but reduced the Shannon dominance index (D) under Sr pollution. Principal component analysis
(PCA) showed that the utilization of carboxylic and polymer carbon sources were, respectively, higher by 24% and 23% in
L+oat treatments and by 24% and 13% in H+oat treatments than in non-planting treatments ( L+H). The carboxylic and
polymer carbon sources were the main carbon sources in the soil microbial community under Sr pollution. A cluster analysis
showed that Sr pollution in soils was close to the metabolic soil microbial community characteristics, and planting oat
significantly improved the soil environment. These results were consistent with those of soil enzyme activity and the PCA. In
conclusion, oat increased enzyme activity and improved the functional diversity of rhizosphere soil microbes in Sr-polluted

soil.

Key Words: oat; strontium; soil enzymes; microbial community
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1.2 5Tt

K B AR P TR (B =16 em A =12 em, D222 em) , BAFER T+ 2 ke,
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JIEAEAY 4 f5F0 10 £ I, e 3 i 4 R B8 R 25 mg/kg (CK) , 100 mg/kg (L) F1 250 mg/kg
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Table 1 Effect of oats on soil enzyme activities under Sr stress

QbR AL Invertase /  BEMRME Phosphatase / & i Protease / WK Urease / Ji & Dehydrogenase /
Treatments (mgg™' h™h) (rgg'h™) (mgg™' h™") (mgg™'h™") (mgg™' h™")
CK 1.23+£0.02a 0.71+0.02a 0.64+0.02a 0.31+£0.01b 1.42+0.02b
L 1.15+0.01b 0.62+0.02¢ 0.61+0.01b 0.26+0.02¢ 1.33+£0.02¢
H 0.97+0.02¢ 0.55+0.01d 0.54+0.016¢ 0.24+0.01d 1.11£0.03e
CK+3#3Z CK+Oat 1.25+0.02a 0.73+0.04a 0.65+0.03a 0.35+0.02a 1.52+0.03a
L+ L+0at 1.23+0.02b 0.68+0.02b 0.63+0.02b 0.29+0.02b 1.48+0.02b
H+7H#4 H+0at 1.01+£0.01¢ 0.59+0.03d 0.56+0.01¢ 0.22+0.01¢ 1.22+0.02d

. CK:X%FH8 | control check;L;{f&‘?ﬁE%‘?ﬁ,low concentration of strontium;H:%—Wrg%%,high concentration of strontium

RIRVING FREFIRARRIAL B2 (8] 22 57 8.3 (P <0.05)

T CK AbH b FRAE A J5 |, PR He 22 A 305 R AR AL FRAR | S FREE RIS MR N, 5 CK A He, %L R i
PR i R B Pt T 1 0 BN T 2% 3% F1 2% (H A TR 3 8 25 1 22 57 (P>0.05) 5 T Mk il R 8 S0 it 7% 4 2 1) 385
T 13% M 7% A3 Z [k B 0 3k 25 7 (P<0.05) , 76 L AL A4 I, 5 L ACERAH LL % ALl o R I |
T U ORI B S R 2 N T 7% (10% 3% 12% FI 11% ; 5 86 1 B 36 PE R 5 ) W F M 25 5 (P>
0.05) , HoAth 4 FhRGIE MEAEAL B2 0] 22 53 . (P<0.05) . 78 H ACBh ML J5 |, 5 H ALBRAR 1L, ¥4 1Ll w5
TR 75 1 IR AN U TS PR BN T 4% 7% A% 9% N 10% ; 5 AL R I A1 46 i 15 e Bl
] 22 5 AN 5835 (P>0.05) , {E DRI I8 St 1 A b B 2 () 3k 1) B 3 1k 22 5% ( P<0.05)

2.2 7ERRTG YL T MEE X AWCD 15200

2 TR B AR AR (AWCD) BERS B FH R L5 1= 83 A= W A R R B IR A E 1, AWCD iR, e BB
AW AIE PR . WA 1 s B B R B R IE R AWCD BT TR . SN 4 T FEAL LS 0 R AR L, O
AWCD PHEFIGT . CK>L>H,, FlE R 5 IR AE AL BRAH L, e AWCD (9 HESIIT A : CK+7H6 % >CK ; L+7HE
F ST H+MEA SH, X — 5 TR W ZEER 0 250 T R aHE 22 Al 0 35 0k &2 1l A= W0 B VR A R RE 7, 7E 24h 2
HI AWCD P{H — ELAR/IN, AN AL BRIE] ) AWCD {H #5238 T&F , RFERE T 24 h ZWRIEHEA AR,
FEIRE 24 h ZJ5 , AWCD RIE RSN, SRS i IR il AE . i CK R CK+HEZZ AL B AWCD 3G
BEREHL I H ALEE AWCD O R 256 A BARBRR AWCD , HHEP b . CK+#E37 >CK>L+EdE >H+
M SL>H,

2.3 TEERTE YL T R X R W BT R R U R )

JNE 2 AT AR e B IR B9 Shannon ZREMEFSEC(H) 78 L A1 H kb @ 2 5K (P<0.05) ,
Shannon Y5 FEFEEL( E) 78 CK+HEZZ A PR i 5 (P<0.05) ., F 5 EEFEE0(S) TE A AL FE P £ R . CK . CK+3%
F>L L+ SH+HEAZ >H 1) Shannon 5 EFRE(E) 5 LR ECH iR TR], 3R H>L>L+HEE H+HE >
CK>CK+3HEZ7 , FEFMREAMERZ AP AN T L+H 0B, LA+ F H+Rez AhBE i 4R i 1 et e i b
RN 5 B (P<0.05) |, 8150 AN PE 34 RE A FJC R Ak B 22 8] 0 i 3Pk 22 7 (P>0.05) .
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Fig.2 Effect of oats on the diversity indices of soil microbial communities under Sr stress

2.4 AW IR Y 32 RS oA

R 2 Jrow X8R 72 h 1 31 AR AR S LA T R RLar A BRI 3 A A S — F AU (PCL) |
B8 A (PC2) FIEE = 53 (PC3) , 43l T LU B T A A8 511 54.24% 24.28 % F1 21.48% , 3 P FE s R
FU5 22 5THkRIRE] 100 % , T LA4e b S i 31 A28 i B RRAE | 408 3045 20 ok SRAE S W e i DR AR SRR AE
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Table 2 PC Score and contribution rate

Ab B FAAS T ERS2 EMS3 || A FHF T EWSr2 EMG3
Treatment PC1 PC2 PC3 Treatment PC1 PC2 PC3
CK 0.079 0.023 0.827 || H+#E# H+Oat -0.093  -1.238 3.789
L -3.123 -2.321 -1.223 || $#fF{E Eigenvalues 16.95 8.351 5.982
H -5.581 -2222  -3.221 || BE#KE Contribution 54.24 24.28 21.48
CK+iHE# CK+O0at 5.234 -2.342  -1.324 || Zi5#ERFE Cumulative contribution  16.95 78.52 100
L+ L+0at 1.321 3.214 -1.253

PR~ 3 S e 1 32 A5 B DR AR SRR BE DR 3 4 o (DB G T 1, SR i IO 2 1o A 5
MARER . WNER 3 B/, 58— T MR E R R B IR 14 4, BRI S Y 4R IIR HR ; M2k
P B R R 40 ki 80 A1 o-BRFUMING ; S REMA : LR NI s R ZEAL A1) - INFRIR i L D-2F
FUBHIERR \y- 225 T 1R B AL 34 - D2 FUBE A I TR E | D- H 8l N-ZBEEE-D-H 4l . D-HEr e, 5
S R AR S BRI 5 A, BEEASR IR S W 2R IR R MR B R LR R A
Wy 0l s RIEIR : L-22 &R B S - D-AWE . 555 = U ARV ER R AR IR 4 A, B2 IR K
G D3RR AW I BRIRIAC B W) - D- BRI MG 5 SRR AL 5 W0 - A4 - 1- WA R AL

®3 31 FEIRAEFHE

Table 3 Factor loading of 31 carbon sources

TR 5 7] TS 1 FHAr 2 FEHIT 3
Carbon source guild Substrates PC1 PC2 PC3
B iR ZE b A ) Phenolic acids 2-FHIEH R 0.496 0.763 0.214
4B FORH R 0.962 -0.213 -0.092
e AbA ) Amines/amids AR HE 0.223 0.823 -0.222
J& e 0.982 0.263 0.223
AW Polymers it 40 0.987 0.341 0.034
it 80 0.999 0.046 0.031
a-FRARIRE 0.932 -0.286 -0.250
iz -0.238 0.998 0.821
ZHERR Amino acids L5 R 0.633 0.655 -0.512
L-R A Bk iR 0.296 -0.763 -0.114c
LR & R 0.962 -0.213 -0.092
L-22 %R 0.223 0.823 -0.222
L-J 2R 0.143 0.321 0.251
H & BE-L- A 2R 0.952 0.243 0.203
RERZFAL AW Carboxylic acids TR i A 0.927 0.311 0.024
D-P-FLb R 0.997 0.046 -0.031
V-RET R 0.942 -0.216 -0.160
D7 % Wi iR -0.134 -0.197 0.912
KRR 0.431 0.521 -0.312
o- T FRR 0.369 0.112 0..104
D3RR 0.942 -0.153 -0.051
WKL E&H) Carbohydrates B- 1 -D-H B HETE 0.396 0.563 -0.114
D-FZLBE AR 0.954 -0.203 -0.029
D-AA 0.312 0.933 -0.122
1% S e 0.982 0.263 0.223
D-H #&E¢ 0.987 0.341 0.034
N- 2.1 35k -D -4 %4 e 0.999 0.046 0.031
D-Z 4 — ¥ 0.962 -0.186 -0.023
-1 AR ER -0.138 -3.818 0.921
a-D-FLbE 0.513 0.524 -0.478
D, L-a-HH 0.112 0.231 0.243
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W3k 4 PR, &8 SR AL B E RS T oKL A9 R ZEIIR IR, 76 LB ok L& P
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ERARBE(P>0.05), SGAMAELBIAH L (CK LA H) |, FiE s 52800 T RIS W25 10 1)
R, E CK ALFRAMEER J5 | FRIR IS ARG W20 1 R 20 N T 19% M1 31% 5 76 L A BRFp A S I
BRI A WU R FH 23 AN T 24%F1 41% ; 16 H AL FRRME R 5 | R IR S A3 4 0 25 00 U5 1) 1)
FHRAS BEAN T 30%H 38% , HikF i 12 5 (P<0.05) . BRAKALESY) A2 T 2 R R e 5 11 )
HWFEA R, HS LM H AL 2ZE S AR E (P>0.05) , 2863 3 FIEK 4 ] ik KIE& W RE D RRIRIE
Ak e 2 bR A B AR PR R W A A 32 B AR TR

4 ZEHEMNE TRER HHAE MBS IR AR B0 (ODy,)

Table 4 Effect of oats on the utilization of carbon source by soil microbial communities under Sr stress ( 0D, )

Qb R & &S BEW FHRI EAIES KA
Treatment Phenolic acids Amines/amids Polymers Amino acids Carboxylic acids Phenolic acids
CK 0.23+0.01a 0. 27+0.01a 054+0.02d 0.74+0.02a 0.62+0.02b 0.32+0.01a
L 0.22+0.02a 0.24+0.02a 0.46+0.01e 0.68+0.03b 0.41+0.01d 0.29+0.02b
H 0.22+0.01a 0.22+0.01a 0.42+0.01f 0.58+0.03¢ 0.33+£0.03e 0.24+0.02b
CK+73 CK+Oat 0.27+0.01a 0.28+0.02a 0.71+£0.02a 0.79+0.03a 0.74+0.01a 0.33+0.02a
L+#E# L+O0at 0.26+0.01a 0.25+0.01a 0.65+0.01b 0.69+0.02b 0.51+0.03¢ 0.32+0.02a
H+363 H+Oat 0.25+0.01a 0.23+0.02a 0.58+0.01c 0.63+0.03c 0.43+0.02d 0.26+0.01b
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—K LI H FIR R —25, CK Fl CK+MEA b P E Sy Fig.3 Cluster analysis of carbon utilization by soil microbial
2, MEOKIEBE <10 I, L+ H+dlids LA H b communites

R R —2 1 CK A CK+FEZ bR S — 2, UiH L

+ A H+MEAZ LR H AR A U P AR M T — 268 O HL L+ Fl H+ 22 b PP RIS R ]
PERE 17 CK A1 CK+HEA Ab P55 Al b B [ 22 S 35 K

3 e

3.1 TERRTTYE T e N SRS PR
e R g LA MR T RIS ) el 2R R R G b AR g B R AR A A S T RE

HEF S AL HERR SR BE Ry 10 1 A BERRAG I R IR R SRS S D B R AL, X
e AR HER O F R, RIS Y AR, LR RIS Qe e . R TS AR A nT
DAPESN 48 T 4 8 15 e KO AR 7 L AR B S I TE A TR R PO, 5 T AR Y 0 T R A 5
FIBKIE L Y A T R 1 42 B 2S5 ), 58038 T 4 J Xk H 33 W i A R i s R = A A S A
FEHR L SRR R ) R AR AT RE AT A S IR - 8- SRR 2 11 1) S o 5k DAL R 7 SR 245 5 DTG {0l Pl 2R 355 , 53 — D7 Tl
BRI B MR A Tl R S BN 2 WA DL  HE JRE THETIRE 8 2 P AR M R DR A A S e, LA
TIERE Y RETRAC . SRR [ Bl AR P O MR B A S A FIURE I, X - S rp SR O T R 2=
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