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We provided an herbicide degradation and ecosystem regulation model of SynCom in soil. We demonstrated the effectiveness of
SynCom “S1—S4” to remediate up to 8 herbicides, to increase soil biodiversity and carbon metabolism, and to enhance soil organic
matter contents. This study provides novel insights into microbial remediation of herbicide-contaminated soils and thus offers a

practical solution to sustainable food production.



(A) Atrazine Acetochlor Butachlor Metotachlor
ASV15471 12.55 ASV-15471 Jots  ASw15471 1470  ASv3130. 1090
AS\-9284. 1047 ASV:3139. ]9.08 As\-18529 1366 ASw15471 1038
ASV5856 7.20 ASVA5856. 850  AS\-20993{ 1285 ASV7651 10.16

0 5 W0 B
%IncMSE
Metribuzin

%IncMSE
Nicosulfuron

02 46 8 101 o

Pyrazosulfuron

02368024
%IncMSE

Fomesafen

5 10 1 20

%IncMSE

AS\3139. 10.87 AS\V-4998

11380 Asv4998

Jiste  Asv4ges[ T |nm

ASV-15471 10.17 ASV-15471 10.61
ASV-185294 1002 ASW-3139 1045

ASV-15471
ASV-3139

ASV-15471
ASV-3139
ASV-9710

ASV-12941
ASV-9284

—
—

Results

100) Pseudomonas sp. ASV-5856
seudomonas sp. ASV-148
Pseudomonas sp. ASV-12580
-Xanthomonadaceae sp. ASV-9284
Psychrobacter sp. ASV-20507
Polaromonas sp. ASV-9710
Massilia sp. ASV-3139
Novosphingobium sp. ASV-4998
Sphingobium sp. ASV-20993
Sphingobium sp. ASV-4090
Bacillus sp. ASV-15471

Bacillus sp. ASV-17651
"Bacillus sp. ASV-8143
-Arthrobacter sp. ASV-9273

sp. 18098
Nocardioides sp. ASV-9174
Nocardioides sp. ASV-1462
100[——Nitrospira sp. AS\-6463
Nitrospira sp. ASV-8497
Pseidoflavitalea sp. ASV-8881

ASV-18529 sp. ASV-12941
ASV-8497 = 73] Paludibacter sp. ASV-11597
ASV-6463 100] Mucilaginibacter sp. ASV-18288
ASV-5856 -Pedobacter sp. ASV-18529
024681012H4 0 5 10 15 0 5 0 % 20 0 ] 0 % —
%IncMSE %IncMSE %IncMSE %IncMSE 0.02
(B) 4 i - keystones 4 « keystones 4 keystones 4 keystones
5 Atrazine Paherds % Acetochlor perphermls: Butachlor peripherals Metotachlor peripherals
2 2 2] 2
=1 . 1 1 e 1
N o 5 . 0 . 0 e 0
s . ; s . . A
§-1 ! g X . o iy, = :
-8 -2 . -2 -2 -2 .
33 3 -3 ! 3 ;
% 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
o
4 o . - %, 4 « keystones
2 "Metribuzin keystones  41jicosulfuron keystones  41Pyrazosulfuron - Ystones "Eomesafen el
23 peripherals 3. peripherals 3 peripherals 3 i “*pelp!
g% s o M I Bl I S .
2 2.
g 2 2 |
&1 1 : 1 . 1 i
£o0 i . 04 . . 0 . 0 i
=4 : HES I T . g -1 ‘
2 ol & & 5 el i
3 -3 -3 -3 !
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0
Among-module connectivity (Pi)
n ies i D i E g
(C)  Keystone species in (D) Core species (E) Divefingot cors specias

co-occurring networks

100 Proteobacteria
Actinobacteria

s i
X0 Chloroflexi
\E; B Acidobacteria
o M Bacteroidetes
% 60 B Gemmatimonadet
.g M Planctomycetes
=3 W Verrucomicrobia
Dy :
© M Nitrospirae
0>J M Firmicutes
'(-*_-“' 20 M others
Q
o

o

pyrepo

Vo,
e Ay Vlaos 10028Y, eos)e
oy "or Chiey %y /'I/ro,,‘/’ff,féi"

At Ace S N
I’Qz'cgloégag"@/oﬂ"efn

intersections in networks

Acetochlor

es

Fomesafen

Nicosulfuron

%

J014oBI0IBIN

6‘&\ Core of random forest

Core of networks

core of
networks

0 20 40 60 80 100
Relative abundance (%)

Proteobacteria m Firmicutes
Actinobacteria ms Nitrospirae
Bacteroidetes mm Chloroflexi

Figure 1 Screening of potential keystone species for herbicide
degradation by random forest model and co-occurrence
networks.

(A) The result of predicting the level of bacterial interpretation
of herbicide residue by RF model, and a NJ tree based on 16S
rRNA gene sequences showing the phylogenetic relationships
of core ASVs.

(B) Screening of keystone species based on co-occurrence
networks.

(C) Relative abundance of keystone species at the phylum-
level in co-occurrence networks.

(D) Venn diagrams of keystone species in co-occurrence
networks constructed with 8 herbicides.

(E) Venn diagrams and phylum-level relative abundances of
keystone species in co-occurrence networks versus core
species in random forests.
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Figure 2 Morphological characteristics and functional
annotations at the genomic level of strains S1, S2, S3, and S4.

(A) Co-degradation efficiencies of functional strains and SynCom
on 8 co-herbicides.

(B) Colony morphology and SEM of functional strains.

(C) SEM electron micrographs and EDS layered image of
SynCom with or without the addition of herbicides.



2 6

&

E1200 5 1200
2

\C’ 4

S 80 800
ﬁ 3

= 2

8 400 400
g

Q

]

é 0 0
% 0d 7d 14d 21d28d 35d 0d 7d 14d 21d 28d 35d
(92}

® TL

C

B-Galactosidase (nmol/min-g)

TL cc HEB SH HH

(nmol NH.CI/min-g)

Urease

Dehydrogenase (nmol/min-g)

DOC concentrate

MBC concentrate
(mg/kg)

CC

o

a-Glucosidase (nmol/min-g)
o

Protease (ug Tyr/g)

2 Malondialdehyde (nmol/min-g)

o X 0 & & o

o
I

N
!

MBC concentrate

MBC concentrate

0
0d 7d 14d 21d 28d 35d
Time (days)

(mg/kg)

(mg/kg)

0d 7d 14d 21d 28d 35d

Catalase (nmol/min-g) ~Phosphatase (mg TPF/kg 0.24 h) B-Glucosidase (nmol/min-g)

>

mS1mS2m@mS30 84 + SynCom

&

P

S L 0% S
Biomass of SynCom (log Cfu/g soil)

0
0d 7d 14d 21d 28d 354

SH HH

1 um

[ Control =8 Treatment

S o = o
S ™ N o

0 o

o

w

TL cc HEB SH HH

»
o o ©

w

o

o

TL cC HEB SH HH

Results

Figure 3 Effects of SynCom on herbicides degradation, enzyme
activities regulation, and nutrients promotion in soils.

(A) The ability of SynCom colonization in the soil.

(B) The soil enzyme activities of control and treatment groups
at 14 days (average maximum degradation slope), and the
concentration of DOC, MBC, DON, and AP in soil after 35

days.
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Figure 4 Effect of SynCom on soil metabolic functions at
the KEGG pathways and enzyme levels.

(A) KEGG pathways and key functional enzymes that
were significantly different from the control in the
treatment group.

(B) Correlation networks between species and functions
in the treatment group.

(C) Effect of incorporation of SynCom on major
pathways of soil carbon metabolism compared to control.
The red lines indicate a significant up-regulation of the
function in this step.



(A)

Relative abundance (%)

C

o - N w a

Results

DControI -Treatmem
i Hydroxydechlc
Alrdzine bl inohydrolase Atrazine mc '*;':Lydrame
atzA atzB sz theBCD meaA meaB
18 2
15
12
ﬂl l — l 1
06 ’—I—‘ ’—I—‘
0.5
0 0
Cytochrome P450 Dichloropher m
oxygenase Ferredoxin cnd dioxygenase ABC transporter : A

ethBAD

Dl%'ﬁl

tfdA

atzBA

theBCD

mntAD

i |

©)

Cellulosome Modules

J Polysaccharide Lyases

Carbohydrate-Binding

Modules

Carbohydrate Esterases

Glycosyl Transferases

I Glycoside Hydrolases
i

10 16
o8 6 12
= 3
E 4 8
= 1.
P! 2 4
7]
0 ol ol L olod n
&) 7d d21d28d35d 7d 14d 21d28d35d 7d 14d 21d28d35d 7d 21d25d35d
Qo
X tfdA mntAD carE dnrA
D g 1
[
= 8
= 8
© 6
[0} 4
04 1 4
2 2
0 0
7014021028035  7d 14d 2102864350  7d 14d21d 2864350  7d 140 21d 280 354
(D Time (days)
B 1600, Siso, S 2000 Chad
2 2 2 E:
S0 H . 228
5 o § :
£ g & £
£ 80 2 € 1000] =
8 g 8 § 140
o 2 50 e o
S 400 g § 500 §
8 3 3 g0
z Z
ﬁ 0 ] ¥l <
[C) d 14d 21d 28d 35(12

o

0
7d 14d 21d 28d 3540 74

Time (days)

J}lMM

4d 21d 28d 350 7d 14d 21d 28d 350

0

d|

28|

1| 214|
1

[ control
[l Treatment

10 20 30 40 50
Proportions (%)

[IFungi [l Bacteria

35

sdnoig [05u0)
~ 2
P

sdnoio yuswieas)

[ 8000 16000 O 800

16000

(,oncent ation (ug/g

wﬁ%w@gy
%zf

1 = e
Wos (F) = || .o.a
- 0 B 0.4
= 05 = |
= £z 04
s -
e B =
Stenotroj ph mona: !
ism
fed T
ified_p_ |
evales p_
o ified f
= o -
w S B Gly xylate and dicarboxylate metabolism
vos ¢ Betaproteobacteria ~~ |[==## | |+ [+ [+] | Purine
o Microbl ] ism in diverse
= c
= o Amino sugar and nucleotide sugar metabolism
7 i cof
e i c_ 4 = Biosynth of amino acid
p_C i of sugar.
- o “c_D Alanine, and
] _c__Terriglobi Pyruvat i
e i p_) b
- = T Carb
-~ - p_| an, e degradatio
= o_| cu yl(TCA yI)
PR S S S &
FES Fo & P

Figure 5 Effects of SynCom on herbicides degradation and
microbial carbon pool function in soil.

(A) Metagenomic annotation of expression levels of key
enzymes for herbicide degradation.

(B) Expression levels of herbicide degrading functional
protein in soil by qRT-PCR.

(C) Metagenomic annotation of the relative abundance of
carbohydrate-active enzymes (CAZy).

(D) The concentration of amino sugars and microbial
necromass C in soil during the degradation processes.

(E) Heatmap of Spearman correlation of soil active fractions
and microbial residues with soil species composition.

(F) Heatmap of Spearman correlation of soil active fractions
and microbial residues with metabolic function levels.
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Figure 6 Metabolic functions of key MAGs.

(A) Evolution tree of 45 MAGs at the phylum
level.

(B) Spearman correlation analyses of MAGs
at the genus level with herbicide degradation
efficiencies in treatment groups.

(C) Functional annotation of KEGG
metabolism of 4 key MAGs (Strain S1—S4).



Summary

16 keystone species were screened after overlapping random forest model and co-
occurrence networks.

A four-membered SynCom degraded multiple herbicides, stabilized colonization, and
altered soil enzyme activity.

* Application of SynCom promoted an accumulation of CAZy and microbial necromass-
associated carbon.

* SynCom increased microbial carbon metabolism such as TCA cycle, pyruvate metabolism,
and glycolysis 1n soil.

* SynCom members occupied different ecological niches and “divided the labor”.

Yuxiao Zhang, Jack A. Gilbert, Xuan Liu, Li Nie, Xiyuan Xu, Guifeng Gao, Lihui Lyu, et al. 2025. SynCom Mediated
Herbicide Degradation Activates Microbial Carbon Metabolism in Soils.
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