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Effects of oat (Avena sativa) planting density on the growth and rhizosphere fungal
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Abstract: In this study, we investigated the effects of different planting densities of oat (Awvena sativa) on the growth
of weeds, namely Digitaria sanguinalis and Echinochloa crusgalli, as well as on the structure and functions of their

rhizosphere fungal communities. The overall aim of this research was to provide a scientific basis for integrated weed
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management. Based on the results of previous field studies, a controlled pot experiment was conducted to test
different oat planting densities [240, 360 (recommended planting density in the field) , and 480 plants+m *] in
combination with one or two weed grasses (D. sanguinalis and/or E. crusgalli). Plant growth traits and
photosynthetic characteristics were determined, and soil physicochemical properties were measured. High-
throughput sequencing was used to analyze the community structure, diversity, and functional groups of fungi in the
rhizosphere. The results demonstrated that increasing the oat planting density from 240 to 480 plants+m *
significantly enhanced the suppression of D. sanguinalis and E. crusgalli growth in terms of plant height, tiller
number, biomass, net photosynthetic rate, and stomatal conductance, with the strongest suppression effect observed
with a planting density of 480 plants-m * (P<C0.05). Analyses of rhizosphere fungi revealed that, compared with
D. sanguinalis+E. crusgalli, mixed cropping of A. sativa+D. sanguinalis+E. crusgalli significantly reduced
Shannon’ s index of fungal diversity in the E. crusgalli rhizosphere and the Chaol index in the D. sanguinalis

2

rhizosphere (P<C0.05). Meanwhile, with oat planting densities of 360 and 480 plants+m ?, the rhizospheres of the
weeds showed significant enrichment of fungal taxa such as Mortierellaceae, Filobasidiaceae, and Microascaceae,
alongside significant decreases in the relative abundance of Aspergillaceae and Chaetosphaeriaceae (P<C0.05). A
redundancy analysis revealed that soil nitrate-nitrogen, available phosphorus, total carbon, and pH were the primary
environmental factors influencing the diversity and structural variations in fungal communities in the rhizospheres of
weeds (P<C0.05). With respect to fungal nutritional mode, FUNGuild analysis revealed that in rhizosphere soil of
E. crusgalli+D. sanguinalis, the presence of A. sativa, especially at higher planting densities (360 and 480 plants-
m ) significantly (P<C0.05) increased the relative abundance of symbiotroph fungi and significantly (P<C0.05)
reduced the relative abundance of pathotroph-saprotroph fungi. In the D. sanguinalis rhizosphere, the presence of A.
sativa had little impact on the relative abundance of the majority of fungal trophic classes but did significantly (P<C
0. 05) reduce abundance of pathotroph fungi. In summary, higher planting densities (360 and 480 plants-m °) of oat
not only significantly suppressed the growth and photosynthesis of D. sanguinalis and E. crusgalli, but also
weakened their competitiveness by affecting the structure and functional characteristics of their rhizosphere fungal
communities. The results of this study provide scientific data of interest for integrated weed management and
sustainable agriculture applications.

Key words: interspecific competition; fungal community; diversity; weed control
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Table 1 Effect of different planting treatments on growth traits of A. sativa, E. crusgalli and D. sanguinalis

Wy il b 3 F i Plant ZEH1 Stem 53 BERL kit Biomass (g-plant )
Species Treatment height (cm) diameter (mm) Tiller H5 I Aboveground i F Belowground
A As, 93.641. 2bc 5.75+0. 10a 5.6+0.2a 11.5240. 30a 0.819+0.011a
A. sativa As, _Ec Ds 91.840. 8¢ 5.58+0. 04a 5.37£0. 2a 9.70+0. 24b 0.592+0. 005b
As, 95.6=+1. 5ab 5.07+0.03b 4.540.2b 9.36+0.08b 0.540+0. 016¢
As, Ec Ds 94.4+1. 2bc 4.9840. 09bc 4.240. 2bc 8.54+0.11c 0.443+0. 026d
As, 98.241. 2a 4.7940.09¢ 3.8+0. 1c 7.9440.11d 0.357+0.005e
As; Ec_Ds 96.2+0. 3ab 4.52+0. 14d 3.7%0. 1c 7.63+0. 24d 0.336=+0.011e
L Ec 114.5+1.7a 5.4140. 20a 23.0+1. 2a 40.37+1.99a 3.298+0. 308a
E. crusgalli Ec_Ds 105.84+3.3b 5.25+0. 18a 14.0£0.7b 22.26+0.99b 1.97340.098b
As,_Ec_Ds 52.8+2.8¢ 3.29+0.17b 5.8%0. 3¢ 4.98+0. 25¢ 0.252=+0. 005¢
As, Ec_Ds 41.8=+0. 6d 1.8640. 04c 2.57+0.3d 1.0640.07d 0.048+0.003d
As, Ec_Ds 36.842.7d 1.65+0. 09¢ 1.940. 1d 0.43+0.02d 0.020+0. 002e
o5 Ds 115.3+2. 1a 2.6040.03a 18.6+1.3a 30.71+1.01a 1.493+0.077a
D. sanguinalis Ec_Ds 102. 1+2. 4b 2.440.06a 13.340.7b 17.9440. 66b 0. 854-0. 026b
As,;_Ec_Ds 52.042.0c 1.81+0.09b 6.340. 3c 3.99+0.02¢ 0.250£0. 022¢
As, Ec_Ds 38.2+1.0d 1.53+0. 05¢ 2.940.1d 1.06=+0. 06d 0.086=+0.003d
As, Ec_Ds 33.4+1.4d 1.2240.01d 2.0£0. 2d 0.31£0.02¢ 0.026=+0. 004e
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A GHEZE - AR DAy 5 4:1:2.6:1:2F18:1:2) o[RS IA /NG F0E 0% 6l — W) R A [G A AR AL B1UR A6 P<<0. 05 /K- 22 5 W 35 o 7645 b B e i 2%
B A5 R HAREE ), TRl

Note: As,, As,, As,, Ec, and Ds mean A. sativa with planting density 1 in monoculture treatment (4 plants+pot '), A. sativa with planting density 2
in monoculture treatment (6 plants:pot '), A. sativa with planting density 3 in monoculture treatment (8 plants:pot '), E. crusgalli in monoculture
treatment (1 plant-pot” '), and D. sanguinalis in monoculture treatment (2 plants-pot '), respectively. Ec_Ds indicates the mixed planting of E.
crusgalli and D. sanguinalis (E. crusgalli: D. sanguinalis=1:2). As,_Ec_Ds, As, Ec_Ds, and As, Ec_Ds represent mixed planting of A. sativa
densities 1, 2, and 3 with E. crusgalli and D. sanguinalis (A. sativa: E. crusgalli: D. sanguinalis is 4:1:2, 6:1:2, and 8:1: 2, respectively). The
different lowercase letters within the same column indicate significant differences at the P<C0. 05 level among different planting treatments for the same

plant species. The characters in bold in the process represent the specific-species in each treatment, the same below.
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Fig. 1 Net photosynthetic rate (P,) and stomatal conductance (G,) of A. sativa, E. crusgalli and D. sanguinalis leaves under

different planting treatments
AENG F 1R R AE P<<0.05 /K F 27 5.3, F . Different lowercase letters mean significant differences at the P<C0.05 level, the same below.
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0.05), 43 FRET 10. 126 f13.9% o 5 Ec_Ds ZbSHUAH Ll , BB B - 18 1 3 50l i 248 80 R 4 Wt 7 ik i e 22 Al A
PR RN 2 R B (P<<0.05) , o Asy, Ec_Ds A0 3R (1% B 5AR PR A 58 5 S50 R 24 20 i B (IR (P<<0. 05),
S0 TR T 15.5% M 41.6% ;As, Ec_Ds AT By BB AR bR 5 4 85 & B R R (P<<0.05), TR T 7.6% . $RT,
PLRAR PR - M A A A2k A A S B pH E ) 2 W (£ 2) .

PR [A) By F R Ab B p L 5 Ds A BRA EL L Ec_Ds b #1825 B AR T 55 F AR PR A 58 00 A4 S B M 2 = (P<
0.05), 33 FFET 31.7% M16.3% . 5 Ec_DsAbFRAT EL, T FH AR B - 48 10 38 20 0l 0 il 2 0 15 o il e 22 ol A 2
f 3G iy 2R R (P<<0.05) , Hit As, Ec_Ds &b 3R i3 88 55 73 5 & e IR (P<<0.05) , 43 5l F B T 11. 0% Al
33.1%. 5 Ec_ Ds kb FEAH H , As, Ec_Ds 4b ¥ F + 88 & 8 & & % (P<<0.05)F& Ik, TR 4.1%. pHATE
As, Ec Ds b ¥ T 2 FREE BT i ks, [, AR bR 358 0 2 8 2 & W AE As,_ Ec_Ds ¥ T % ETHE
R k& RAE As,_Ec_DsEBE RS FTHE FE(E2),
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F2 ARAMELENAEBRENDERFIEEFNBR HEEA. 258 .28 . 2B . 222X pHENIN
Table 2 Effect of different planting treatments on contents of soil available phosphorus, nitrate nitrogen, ammonium nitrogen,

total phosphorus, total carbon, total nitrogen, and pH of E. crusgalli and D. sanguinalis

s b AL AP NO, -N NH,"-N 205 TP & TC 4% TN pH
Weed Treatment (mg-kg ') (mg-kg ') (mg-kg ") (g-kg ") (g-kg ) (g-kg ")
B Ec 7.0940.10a 7.93%+0.24a 10.97£0.21b 0.61740.007a 13.9740.11a  1.28%0.0lab  6.5220.06ab
E. crusgalli Ec_Ds 6.9740.06a 7.6240.15a 9.86=+0.27c  0.606+0.003a 13.4340.02b 1.2540.01b  6.62%0.03a

As,_Ec_Ds 6.404+0.08b 6.324+0.21b  9.77£0.17c  0.583£0.002b 14.05+£0.17a  1.2840.03ab  6.3320.03b
As, Ec_Ds 6.0340.05¢c 5.4940.04c 10.32£0.17bc  0.556£0.004c  14.0840.10a 1.32£0.01a 6.46£0. 10ab

As, Ec_Ds 5.8940.08c 4.4540.09d 12.05:£0.43a  0.560£0.003c 13.8840.09a 1.32£0.01a 6.660.05a

o Ds 6.9540. 12a

©

.7440.35a  9.06-0.16¢c  0.598-+0.003a 14.56-0.15a 1.3240.0la  6.59+0.07b
D. sanguinalls g pg 6.734+0.06a 6.65+0.21b 9.94-+0.28b 0.589-0.002a 13.65+0.12b 1.3140.02a  6.54+0.05bc
As,_Ec_Ds 6.4940.04b 6.0540.09b 10.04=0.11b  0.565+0.002b 14.42+0.09a 1.3140.0la  6.37=0.03c

As, Ec_ Ds 6.1840.05c 5.3040.16c 11.36+0.25a 0.568+0.004b 13.94+£0.09b  1.2740.02a 6.5320. 03bc

ol

As; Ec_ Ds 5.9940.04c 4.454+0.13d 10.40£0.13b  0.569£0.002b 13.91+£0.02b  1.2740.01a 6.8040. 08a

2.4 RRIAHA ISR E MEFf L EARIRAE A% F B R B R0 Y a

U Y9 Shannon 8 B0 Chaol $8 5053 5l 1 T VP AL ZREPE AR5 B8 . AR BT 45 3R (181 2) Wow |, 7E 7
7 LR R HE 27 A IR B Ak B AR A, A B HE 27 AR PR BB Shannon 45 $0f Chaol 45 802 % 5 T As,_Ec_Ds 4b B
(P<20.05), 4r 4R T 1. 506 A1 14. 1060 Xf FHLE, 5 7R Ak B G AR bR B B Shannon 48 Z0M Chaol #8 80U 3 T
As,_Ec_Ds #l As,_Ec_Ds1RAEALFE(P<<0.05) , H7E As,_Ec_DsAb¥E R, B 55 AR R 2L 3 (1 Shannon 48§ 806 FF 1 TF,
H Chaol J§H0 I i F 25k, Xt T 5 5 IRVEALHE b As, Ec_DsAb3 F 19 Shannon 8§ £ Chaol 48 B 5 , £ W%
Ak P 2GR PR LT Y 2 R R R R (P<<0..05) .

F W43 4 B (principal component analysis, PCA) FAH LM 43T (analysis of similarity, ANOSIM ) 46 4% H %
B, AN [ R A BT 3 bR 0 AR B 0 398 1R R VR 1Y B 2 AR AR AE B 22 5 (P<<0. 05,81 3) o & T Bray-Curtis FE S
(9 PCA 73 Bt /i, T 2 AR s 20 0l A e 1 a6 22 L 8ol 0 1 3 R B A v A2 5 19 39. 8206 .48, 8200 148, 83040 A
B AL (A, T As,) 5 HAR R AL AL PCA th R B B B 19 43 85 o X TRRAL AL 55, Ec F Ds B Rh b 381 5 18 A ik
PR 9 I 0

TERK- L LLOTUs £ R T 106 NbriE, ARAL B B OTUs £ERIA M B35 257 (K 4A~C) . HIFA
eV a5 i o3 A R WY, E TR BE 52 Fh Rl AH BLOAE R 09 B Y e, 3 B 2K B A4S Piskurozymaceae . & 52 Bl
(Chaetomiaceae) . #% 11 & £} (Mortierellaceae) . 7% 7¢ Bl ( Nectriaceae) . 2% 5¢ # H K & F} (Sordariales fam  Incertae
_sedis) \Herpotrichiellaceae . K+ 3¢ ¥ £} B} (Mrakiaceae) | i 2 B} (Aspergillaceae ) #1 P4 J# # B (Hypocreaceae) o Xf
THEEZMRIREREBEIE . 5 As, As, Ml As, Ab FEAH L , As,_Ec_Ds fil As, Ec_Ds 4b ¥ & 3 [% ik T Piskurozymaceae
il Herpotrichiellaceae [y % i (P<20. 05) , Tiif As,_Ec_Ds &b 3 ) & 2 4% i 7 3% 79 28 B 19 4 B (P<<0. 05, &1 4D) .
TERR B AR bR B RS b, 8T Ec Ml Ec_Ds A3, As, Ec_Ds 1 As, Ec_DsAb B 258 1 9 #0155 RF AR BB B
Bl (Filobasidiaceae ) (4 A X 3= J3 |, 1fif il 8 Bk L 22 I 5 B} ( Chaetosphaeriaceae ) f1 B 1 52 £ ( Coniochaetaceae ) W] £ 4 Jz
(9 % (P<<0.05, B AE) o XF T I J5 A9 AR br B B9 AEC T Ds A Ec_Ds 4R B, As, Ec_Ds. As, Ec_Ds il
As, Ec_Ds 4bFR 1 2 (P<<0. 05)4& i 1 L 3V FH 9l 25 B /N3 BB (Microascaceae) (& %6 W FFH( Myxotrichaceae)
85 22 1 B (Cephalothecaceae ) B AH % 4= B, T 4% £ i H A& € B+ (Hypocreales_fam _Incertae _sedis) 4 AH X = & 1
3 (P<<0. 05) FEAR (& 4F )
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Fig. 2 Diversity indices of soil fungal communities under various planting treatments for A. sativa, E. crusgalli and D.

sanguinalis
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Fig.3 P-diversities of fungal family communities of the A. sativa, E. crusgalli and D. sanguinalis under various planting treatments

A: W A sativa; B: BN E. crusgalli; C: D5 D. sanguinalis.

2.5 REAHMLE FTHI L ERTARAELEL LA THMHEER
TCAY T (RDA) 25 3 2 0, + 38 3 Ak [X 7 4 03] i B¢ 1 80 R 5 3 AR B B0 78 BRE V5 O 22 78 % A9 35. 8% il
52.9% (K 5A,B) . Mantel £ 5 /5 , 15 pH A NO, =N £ & %F #7150 AR b B0 BE VR B B 25 20 (P<<0.05) .
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Fig. 4 Structural composition at the family level and the differences in the relative abundance of dominant families in the
rhizosphere soil fungal communities of A. sativa, E. crusgalli and D. sanguinalis under different planting treatments

#: P<<0.05; **: P<C0.01; ***; P<<0.001; F[[ The same below; % Tukey-Kramer £ 5 Based on Tukey-Kramer test.

Spearman A SCHE 73 BT s, 13 NO, =N & & 5 BURE ML R 6 25 BL A2 SR 3 B 52 12 25 7 AR ¢ (P<<0..05) , 1T 5
27 BT BRI 3 IE MG (P<C0.05, [/ 5C) o e Ah, pH 15 # w5 AR PR A0 F R A B A58 R 8 B 3 IR MG
(P<<0.05).

T HENO, -N AP I TC & f X] 5 AR PR 2 & #F V% 2 A 3552 i (P<<0. 05) . Spearman #H ¢ 20t Wb/, H J
HRBR ) 8 f E R N RL A B Z F RS £ NO, -N AP TN A TP & & 2 3 fi M1 56 (P<<0.05) ,{H5 NH, -
N & 52 0 3 EA G (P<C0.05) . BatE HARERS 1 NO, -NHI TP & & & I % IEAH X (P<<0. 05, 5D) .
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Fig. 5 Redundancy analysis (RDA) and Spearman correlation analysis of fungal community structures at the family level in the
rhizosphere soils of E. crusgalli and D. sanguinalis under different planting treatments

TP: 4% Total phosphorus; AP: ##{# Available phosphorus; NO, -N: fif & % Nitrate nitrogen; TC: 4 fk Total carbon; TN: 4% Total nitrogen;

TN A% Ammonium nitrogen.
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Fig. 6 Differences in the relative abundance of fungi from different nutritional modes within soil fungal functional groups of E.

crusgalli (A) and D. sanguinalis (B) under different planting treatments
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