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Effect of bacillus subtilis on the Growth of Festuca arundinacea in
Engineered Gravel Soil
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Abstract: Festuca arundinacea, a resilient and widely adapted graminaceous plant, is widely used in ecological restoration
and slope protection projects. However, its growth is limited in engineered gravel soil—a loose, infertile, and microbe-
deficient product of tunnel drilling and blasting. Studies have shown that the root system of F. arundinacea provides a
carbon source for microorganisms and regulates soil enzymes by secreting organic substances. Nevertheless, limitations such
as the low cohesion and nutrient deficiency of engineered gravel soils still severely restrict the plant growth. Plant-microbe
synergistic remediation is an effective strategy to alleviate such adverse conditions. Among them, plant growth-promoting
rhizobacteria (PGPR), such as Bacillus subtilis can promote plant growth by secreting organic acids, solubilizing phosphorus
and potassium, and inducing stress resistance. Meanwhile, the root exudates of F. arundinacea act as carbon sources to
enhance the stability of the microbial community, forming a reciprocal relationship between the F. arundinacea and Bacillus
subtilis. However, most existing studies focus on conventional soil environments, and the correlation between the two in
engineered gravel soil substrate remains unclear. This experiment conducts an indoor pot experiment, selecting F
arundinacea as the plant material. It treats the plants with nutrient solution and B. subtilis separately to investigate the effects
of changes in nutrients and enzyme activities of engineered gravel soil on the growth status of F. arundinacea under artificial
intervention. The results show that compared with the control group, the addition of nutrient solution increases the contents

of organic carbon and ammonium nitrogen, but the poor water retention capacity of engineered gravel soil leads to nutrient
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loss. The interaction between B. subtilis and F. arundinacea improves engineered gravel soil, significantly increasing the

contents of organic carbon, available phosphorus, available potassium, and nitrate nitrogen, thereby promoting nutrient

accumulation. Sucrase and urease activities increase to varying degrees in both treatment groups, promoting the biomass

accumulation of F. arundinacea. The contribution of sucrase to the root-shoot ratio and belowground dry weight increases to

different degrees in both the B. subtilis and nutrient treatment groups, which is significantly superior to that in the control

group. In contrast, the contribution of total phosphorus and total potassium to the root-shoot ratio and belowground dry

weight is significantly enhanced only in the B. subtilis treatment group. This study provides feasible measures for improving

the unfavorable growth performance of £ arundinacea in engineered gravel soil.

Keywords: Gravel soil; Festuca arundinacea; plant growth-promoting rhizobacteria; enzyme activity; soil nutrients

AR A i AN e K TR e I H
IR R R A I R RORL 2T 3, 2 LR R
TN AR, RO R S = RG 25 M, B AR
VIRETR 28 A0 17 B AR E L B LA K AR TR
P IEFPER AR, &R LR A ]
PLA K (A 77 225 e R AR PP 714 1)
FEMAERKEA, BFBRE S hHidE—PRES
FEFEMEAMGTRENEKTA. GFEF
(Festuca arundinacea) , X % 3 IRE5F , e ARAFL
EF BN ELETEAREY), BE P, iy 7€ 4%
58, B BE ST 9R, G RMETT R RIE SR R
TR B/R KIKG I8 837 55 &R K
TOREE, G T A B B EE R I SE TR S
MAESEBEY. @EFRRT L WENAR,
R A AR B YR RN B 1 (R B aE e
e R E T, S IR IR RIS

EBBEHARZEFH B RS EN TH
BhFBL Ik RS R A S AT RE AR T
%, A Y- A BAR R N — e E T
ez AR . A AR ) 2 DUAR B AR AR T AR
Yo £ (PGPMD , A5 T MR B 4 B (PGPR)
AITE MR Z . PGPR o] HE: - M HEY) IR B¢
e R ) B IRV 3R G R AR R AR K
I, PGPR S HE Y HAE v DAL [R5 % 5 R
H a7 % W PGPR I % {3 4% % M W /&
(Bacillus) i ¥ il B J& (Pseudomonas) FIHR I8 B
J& (Rhizobium) %1 o o v Al B ZF £ AT 18
(Bacillus subtilis ) VF 5 % f AT B J& v i — Fb,
Al JE I o WA HLER RV Bk 2 IS RN W 37 0 il
Ff e, S A YDA 2R 20 WA ) I B I e Bt
1A S S L T B Y il N = o Il
FOAF B A N, 2 75 7T AR 2 2 A 1 40
WA LR AN, (AT i LA B 2E fAF B oA
P AR BRI A A 0, a3t 19 0 38 5% 4, i dk

Tagsh b S A KK M EE R .
DA, ASHIE 78 A AR R A 2 5 S A
ZETFT R B AL LS S AT 9T N 25, 5 58 A 7k
SEAG R TR 2 3 (CKO A B i 2+
TR (LB)  Ab BE2H 13 = 50+ Al B 25 AT B (Ba)
F A A o S R R T sl RO S S A KR
VI A R IR S IR T SRR DA
B SRR R A AR WA AR KRS R I T
TN BAFE SR P AR NEGER S
TEREA L B S SR A v AT P e, 1R B 46 2
RE PR -5 AR P [F) AR ASE 2 B 4503, DASAE )
S RI FHR R S AT RESER

1 MRERF%E
1.1 st

TR BT FH 16 1 3R SO R TR RS R
WA B D, FEERE 4 & RS /W
#1-2.

o 6

Sl LA U/
m]w' wl 1 H\!m il

il

3 Yot X

& 1iX368 A E
Fig. 1 On-site photograph of the test soil samples
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Table 1 Nutrient content of native gravel soil
sobr kA Abl BRSOy HRER SR R & i
7n
Ef Moisture (g/kg) (mg/kg)  (mgkg) (mgkg)  (mgkg) (g/kg) (g/kg) (g/kg)
Indicator pH value
content SOC AN AP AK NO; ™ TP TK
ERE 9.8£0.8  9.43+0.08 0.42+0.05 0.74+0.09 7.84+0.43 23.94x1.15 2.43+0.16 0.15£0.01 0.28+0.05 24.16+0.73
RLEEHALIEENESE
Table 2 Enzyme activities content of native gravel soil
e HEpERE (U/ Ik (U/ A (U BRI/ (U/ LT YR (U/
$8#5 Indicator
2)S-SC 2)S-UE 2)S-CAT 2)ALP 2)S-CL
R 82.86+2.11 32.65+2.50 1.69+0.21 618.56+46.18 6.08+0.22

BEAE A - R PO 1 5, 38 A R A RHE )
[SES 2

BEIR B < WS b A A R o PR A
ZEAUATF B (ATCC6633) .
1.2 Rt

ARG T 2024 4E 9 H T == 9 KAAAE, FH
V36 T P 1D v 2 SRR TR 10% 19 H,0,
21620 min J5 I JC B KT K T 2 5 [ L
Fli% 0.8 g/ A =B S B E R H 2.5 kg +
() S8 R A 28, B Fob A0 2 AR 10 7, 30t 30 7
iKY/

AT 5 LA JFCR AT b AR v = S A R TR

2, Jy 1L BTSN LB 7% 43 FHES 0 A 5 2 AR B
B R+LB 77 5 Wi B AL, 4% IR 38 3 i e 4l
SMA B WA LT . ERIEME, &
H5e7K 30 mL. [F] I % B3R 3 A g Ak 38 7 50, &
B 30 daB I — B TR IR B A P R s 1 R = N
T FE 20~25 °C , {8 JE 1E 20%~50% , 't BRI 4 8~
12 h, 3R 120 d JE3EAT R YIRS B SRR
FEREFl AL FE A AL B IE 5 %5, SRR BRI 1) £
B, R LR AP E T
4 °CUKFAIRAT (B IEREVEPE I ), 59— U
T2 N IR T AR RT (5 SR B AL R bR 2
Mo IFH2 mm.1 mm.0.25 mm i L%, T
D5 AR T

< 3 a0 E
Table 3 Test treatments

i Ak B R PR R/ (1x10° efu/mL)
Number Treatment Number of replicates Bacterial suspension concentration
1 #5547 (CK) 10 0mL
2 5 EAHLB E IR (LB) 10 0mL
3 SRR P IRAT B (Ba) 10 100 mL
1.3 AIuAhiE 20 B T ROAR I 5 VR < T 50 L bR 2 TR
131 HMASERM 45 FEFREAEg TR TFERERE, T63 B T

Luria-Bertani (LB) i A& 55 72 L i b 15 97 . AR
ERAELTN < R AF BROR 42 U0 5 SR $ M 2 LB
WA R FE R, T 37 °CL 180 r/min 1H IR R 7 15 77
24 ho BEFREEHUEE 1 mL _EiEWBGIAT 10 546
PR 20 AVEL 100 wL -85 P 6 BV U A T LB
RS L, B T 30 cCHH IR B 75 48 P i 9%
4.do B &I AT MRS T A RRE 18 B g 7Y B
WA AT RIZE B lidh , BRI AiE =Y. B
il G RS R LB AR R &, T
37 °C+ 180 r/min s/ F#%3% 35 7% 12 ho R H 1L

A 1A B0, e 244 FH G B K U Y B RO
1x108 cfu/mL.

132 H&kE F120dB 10N EE A BE
WLIEEL S ZAEAR AT e bRl & . BT AR B R4
TAE R BB TR R AIARPR L A
P B SR A R R P A AR B e e A, ST R & T
IKENFHE E =, T 4 CHB P R A7

1.4 $BFRNE

141 ¥ 4p . BEHNMNE HIFEpHEHH
f73: (GB/T 13778-2018) ; 44 2% %K FH &AL 1 %
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- BN 70 BT A0 (GB/T 42485-2023) 5 i S &R
F 84193 96 % B 155 (GBY/T 32737-2016) 5 38 X fil
I 52 K A 4R &6 i LE €69 (GB/T 19535-2008) ;5 3%
R R FH &4 0 - KK O BV (GBYT 19536-
2008) 5 15 HLBS K FH 25 4% R B 48 1k - 20 6 6 B vk
(HJ 615-2011) 5 4= %R FH AR Bt 1R - 8 2 b 1 1 T
T 872 (LY/T 1228-2008 ) 5 4Tk 5 FH Bk R 0 1 -
BRAR BT EL (03 (LY/T 1253-2011) ; 80K S A
A AH- K IE V2 (LY /T 1236-2008) ; Ji b filg v
K FH 3, 5- i B K M R T .97 (T/NAIA 010-
20200 5 IR i 3 P SR 2R T - IR R BR A L vk
(T/NAIA 011-2020) ; i %040 S Bl 35 1K FH e
T S 58 V2 (T/NATA 013-2020) ; Bl 1% 1 % Filg 0
SR FH B R 2R 0 bL €27 (T/NATA 012-2020) 5
2T 2 MV MR 8 4R (GB/T 23881-2009) .
142 HypAshENE RBENMEZFHEY
H 1B AT R, MR A A T T e 2
MNEEAE, 65 CCHET 2 18 H J5 R E , 3l 3k A3 Hh
AR A E. R ED R AR
Eo=b A=W/ At

1.5 BIRDHH

X H Microsoft Excel 2016 Y S8 H £ 4 , %
H Canoco 5 #47 U 4% 43 M1 (redundancy analysis,
RDA) , 3% F SPSS 26 % i 58 it 15 £ 48 147
br #E 5. K & J7 % 43 #7 (Ordinary One-way
ANOVA) Hl Person #H 5% 1% 7 #1 . >& H Origin
2021.GraphPad Prism #f2:i| ] 846 7347

2 FHRE57R
21 HEFANFRH/EFLETINIESIH

A

TIEFR S RMEMAEK K BRI TE R —,
HEREEREAE %P0 w2 ) A
7, LB Ab BE2H 1) pH i #¢ CK Ak B4 & 25 7 1%
(P<0.05) , A58, Ba &b ¥ 20 1) pH {H %% CK 4k
HEZHJC MR AL, BB B R 5 BRPE s
2(b, DFT~, 5 CK AL FRZHAH EE , LB Ab 3 21 1
Ba A HE2H 1) HLAK R RO B =35 B i (P<
0.05) ; 8L X B 2 (o) M %2 , LB Ab 41 A1 Ba 4b
PSR S ERCK AL & B LR
EVEAR AL s N 2(dD HRT LUF H, LB Ak 22 A
Ba bR ZH B AR AS S IR CK AL FR A3 FRAIK, H.

Ba fb 40 A 0 3 EAR K (P<0.05) , LB AR HE 2 6
BEMAAN B2 AT LLE H, LB A F 21
Ba 4b P 2H 1) 880 & R CK AR EE A I 7, B
LB 4b P20 %5 CK Ab2E 40 TG 2 25 14 A8 4k, Ba 4b 3
Y CK Ak B 4H A B 3 M AR K (P<0.05) 5 T
Kl 2Ce, f,h) AT LA H, LB AL FEZH Al Ba A BE AL
A e 2T R CK A A TR E
PEAEA
22 WHEFEMRE/EFLET HIEME DN
A

WF LR IR 4) , LB 4 22 2H F1 Ba b 3 2H 1)
TR Bl DR B35 1 e CK AL B 2 2 (8 25 T v (P<
0.05) ; LB 4b 1 25 1 Ba Ab #1241 f) 3 S8 10 S0 - £F
ok R PR A CK AR 4L 1) T 8 2 178 4, LB Ak
H 20 5 Ba Ak H 4 4B 1 T R T A CK Adh B
YA B AR L (P<0.05) , LB 2L BRZH 8¢ CK Ak
PR 52 TH 7 (P<0.05) , Ba Ab B4 5 CK AL FE 4
B2 K (P<0.05) .
23 HEFANE/EFRLETHSEFEDNE
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Hhy b BN AR AR R R LA )
T A 2R 0 EE AN, i 3 (e, ) s,
LB b3 2 A1 Ba &b B AH (1 H I B AN HL R - 2
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24 MEFEFEEFLETTERS BT
D EYEYIEZ BEX ST

WK 4(b) Fiw , LB &b 3 20 4% 25 B0 5 7 b il
ERFAHKP<0.05) ;SRS A4 RHE DR
FEAH I (P<0.05) 5 3 2008 55 IR 2 4% 2 2 97 AH
FK(P<0.01), Wi 4Ce)Fias,Ba kb B4l & &
55 A 5L R U R (P<0.05) , 5 AU & B
FHIEA G (P<0.05) ; MU 5 4 4 31 i &2 12 35 1E
FHIE (P<0.05) 5 281 55 WAk 2 5 35 5 56 (P<
0.05) ; it S AL A B 5 MR g 2 3% 1E A oG (P<
0.05). MAHE REE , Ba kb FH 20 B i 11 5 9% 4>
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Fig. 2 Nutrient changes under different treatments
AN /ING SRS A B AL A AR AR 3 2 S (P<0.05)
Note: Different lowercase letters indicate significant differences among treatment groups (P<0.05).
* 4 TREIALE T HEGE HTL

Table 4 Changes in enzyme activities under different treatments

CK LB Ba

it CK Ab3I2H LB 4b3iZH Ba#bFHZH
Enzyme CK treatment group LB treatment group Ba treatment group
eV 21.35+0.24c¢ 46.99+£0.99b 132.64+0.23a
it 19.25+1.74¢ 42.81+3.42b 60.77+5.87a
FUER i/ 3.93+0.41a 3.65+0.34a 4.07+0.26a
DA VEBERR G 1059.10+37.67¢ 1332.58+98.94b 344.84+33 24a
YRl 6.45+0.37a 6.51+0.19 6.26+0.24a

T R EIE P AR R 22 o TG SR Ulg, R RVNG 7 BER AR A IR A E B P28 5 (P<0.05)

Note: The data in the table represents the mean + standard deviation.Enzyme activities are expressed in U/g, and different lowercase

letters indicate significant differences among treatment groups (P<0.05).
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Note: Different lowercase letters indicate significant differences among treatment groups (P<0.05).
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Fig. 4 Heatmap of correlation coefficients among plant biomass, soil nutrients, and soil enzyme activities under different
treatments

i : Ca) X HEALFE A A ) B - 35 - 3T I AH DG R B B (0) B FRIRAL B N AB AR W) R - 3 R - RS TR O R
BRI (O RETEZF FAT TR A BN R A W - 3877 S0 - IR J AR 6 R B IE] R 23 S R 1E 0.05 FT0.01 K1 B 22 R 3,
AR, 2L AR T, BUEBIRAR MR . S-SC: IR REHER ; S-UE : LIRS : S-CAT : L3 AL S8 : ALP: 304
RN s S-CL : L 3e2F 2k 3 ; AN 2520 NO3- - IS 05 AP U ; AK : HURUEH ; SOC : A7 HLAR s TN - 4270 TP = A2 TK - A

Note: (a) Heat map of correlation coefficients of plant biomass-soil nutrients-soil enzyme activity under control treatment (b) Heat map
of correlation coefficients of plant biomass-soil nutrients-soil enzyme activity under nutrient solution treatment (c) Heat map of correlation
coefficients of plant biomass-soil nutrients-soil enzyme activity under Bacillus subtilis treatment * and ** indicate significant differences at
the 0.05 and 0.01 levels, respectively; blue represents positive correlation, red represents negative correlation, and the darker the color the
higher the correlation.S-SC: soil sucrase; S-UE: soil urease; S-CAT: soil catalase; ALP: soil alkaline phosphatase; S-CL: soil cellulase; AN:
ammonium nitrogen; NO3-: nitrate nitrogen; AP: quick-acting phosphorus; AK: water-soluble potassium; SOC: organic carbon; TN: total

nitrogen; TP: total phosphorus; TK: total potassium.
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