[bookmark: OLE_LINK1]Supplementary Method S2
(1) Determination of amino sugars
Soil samples (0.2 g) were hydrolyzed with 5 mL of 6 M HCl at 105°C for 8 h in 2 mL EP tubes. After cooling, the hydrolysate was centrifuged at 5,000 × g for 10 min. A 1 mL aliquot of the supernatant was mixed with 0.5 mL methanol, evaporated under a nitrogen stream at 45°C, and reconstituted in 0.5 mL deionized water. For PMP derivatization, 150 μL of the reconstituted hydrolysate was reacted with 150 μL of 1-phenyl-3-methyl-5-pyrazolone (PMP) and an appropriate amount of NaOH in light-protected microcentrifuge tubes at 70°C for 100 min. Following derivatization, the reaction mixture was neutralized with 0.1 M HCl (pH 6.6 - 6.8), adjusted to 1 mL with deionized water, and extracted three times with 1.5 mL dichloromethane. The aqueous phase was filtered through a 0.22 μm nylon membrane prior to HPLC analysis. Chromatographic separation was performed using an Agilent 1100 HPLC system equipped with a C18-BP column (250 mm × 4.6 mm, 5 μm particle size) under isocratic elution with phosphate buffer (pH 6.8)-acetonitrile (82:18, v/v) mobile phase at 1.0 mL/min flow rate. Quantification of glucosamine and muramic acid was achieved through external calibration using certified reference standards, with calibration curves demonstrating excellent linearity (R² > 0.999).
(2) Determination of lignin phenols
Soil samples (0.2 g) were weighed into amber glass vials containing 5 mL of 2 M NaOH and 0.8 mL of nitrobenzene reagent. The mixtures were heated at 105°C for 16 h in airtight containers. After cooling to room temperature, the reaction solutions were transferred to 15 mL polypropylene centrifuge tubes and subjected to sequential extraction with ethyl acetate (2 × 5 mL). The aqueous phases were acidified to pH 2 using 6 M HCl, followed by three successive ethyl acetate extractions (3 × 5 mL). The combined organic phases were evaporated under nitrogen gas at 45°C and reconstituted with 0.5 mL of methanol. The final extracts were filtered through 0.22 μm nylon syringe filters and transferred to HPLC vials equipped with glass inserts for chromatographic analysis. Chromatographic separation was performed on an Agilent 1100 HPLC system equipped with a C18-BP column (250 mm × 4.6 mm, 5 μm particle size) under isocratic elution. The mobile phase consisted of methanol and an aqueous solution of 0.1% (v/v) phosphoric acid (25:75, v/v), delivered at a flow rate of 1.0 mL/min. Target phenolic aldehydes (p-hydroxybenzaldehyde, vanillin, and syringaldehyde) were quantified using certified reference standards, with calibration curves demonstrating excellent linearity (R² > 0.999).


Table S1 Primers information table of C-degradation functional genes
	Gene name
	Forward primer
	Forward sequence
（5’→3’）
	Reverse primer
	Reverse sequence
（5’→3’）

	[bookmark: _Hlk180077813]16S
	515F
	GTGCCAGCMGCCGCGGTAA
	907R
	CCGTCAATTCMTTTRAGTTT

	18S
	NS1
	GTAGTCATATGCTTGTCTC
	Fungi
	ATTCCCCGTTACCCGTTG

	AmyX
	AmyX-F
	TATAAYTGGGGMTATGAYCC
	AmyX-R
	CCCATYAAATCAAAWCGRAA

	Sga
	Sga-F
	CGSAACTGGGAYTACCGS
	Sga-R
	TCCCACAGSCCSKCGTC

	AbfA
	AbfA-F
	CGSTAYCCSGGCGGCAAYTT
	AbfA-R
	TGCCASGGNCCGTCCATYTC

	ManB
	ManB-F
	ATGCGCGGBGTCAACCA
	ManB-R
	TCGTTGSCGATGTTGABGA

	XylA
	XylA-F
	TGGGGBGGTCGYGAAGG
	XylA-R
	ACTTTGGCRTCRAAGTT

	Cex
	Cex-F
	YSTACGGSATGCACTGGMT
	Cex-R
	TANCGCAGRTAGYCVCCCAT

	Naglu
	Naglu-F
	TVAAYTGGTAYCTGAAATAY
	Naglu-R
	CCRTGYAGVGCCATCCAGTC

	ChiA
	ChiA-F
	TSAAGAARTACGCSGACAACG
	ChiA-R
	ASGTCATCAGRCCCTTASG

	Exo-Chi
	Exo-Chi-F
	GATTGGTSVCAATATGAYRG
	Exo-Chi-R
	STCCARCCACCRAYRCTRAA

	Pgu
	Pgu-F
	ANCATTGGTGGCCSTGGAA
	Pgu-R
	TTRAYGGCRATRCARTCRTC

	Glx
	Glx-F
	AACCAGTCGATCATCTACGA
	Glx-R
	RTGSACGAGCTCDGGCATGG



Table S2 Lignin phenols oxidation parameters and C functional groups during calcareous succession process.
	[bookmark: _Hlk180070901]Fractions
	Treatment
	C/V
	S/V
	GlcN/MurA
	A/O-A
	Aromaticity 

	POM
	BKC
	0.29±0.01a
	0.52±0.03a
	10.21±2.85a
	1.56±0.2a
	0.25±0.05b

	
	BWC
	0.31±0.04a
	0.35±0.02b
	9.53±0.51a
	1.05±0.09ab
	0.24±0.01b

	
	YWC
	0.24±0.05ab
	0.15±0.00d
	8.61±1.67ab
	1.54±0.42a
	0.38±0.01a

	
	RDC
	0.17±0.01b
	0.28±0.00c
	5.4±1.44b
	0.89±0.03b
	0.28±0.02b

	MAOM
	BKC
	0.37±0.00a
	0.56±0.04a
	11.55±1.03a
	1.22±0.13ab
	0.25±0.03a

	
	BWC
	0.39±0.01a
	0.31±0.01b
	9.04±1.01a
	0.79±0.1b
	0.28±0.04a

	
	YWC
	0.3±0.06ab
	0.16±0.01c
	6.28±0.72b
	1.33±0.1ab
	0.33±0.05a

	
	RDC
	0.27±0.01b
	0.28±0b
	3.94±0.10b
	0.91±0.15b
	0.30±0.02a


Note: C/V: cinnamyl/vanillyl lignin phenol, S/V: syringyl/vanillyl lignin phenol. BKC represents black calcareous soil, BWC represents brown calcareous soil, YWC represents yellow calcareous soil, and RDC represents red calcareous soil. Data are the means ± standard error (means ± SE, n=3). Means with the different letters in the same column are significantly different at p < 0.05. 

[bookmark: _Hlk180074739]Table S2 Copy number of C-degradation functional genes in calcareous succession process.
	Pathway
	Parameters
	POM (×1010 copies/kg)
	MAOM (×1010 copies/kg)

	
	
	BKC
	BWC
	YWC
	RDC
	BKC
	BWC
	YWC
	RDC

	Starch
	amyX
	5.33±1.64a
	3.38±0.8ab
	0.59±0.22bc
	0.17±0.00c
	4.36±1.69a
	2.82±0.68ab
	0.32±0.08c
	0.24±0.09c

	
	sga
	4456.20±275.79a
	2889.97±565.09b
	1338.37±394.71c
	550.58±4.55c
	5004.44±704.69a
	4169.72±260.31a
	1319.53±290.17c
	343.62±87.24c

	Pectin
	pgu
	603.53±174.82a
	175.22±64.40ab
	94.41±5.06ab
	23.64±4.08b
	557.78±428.54ab
	273.80±101.02ab
	114.66±58.69ab
	9.62±4.24b

	Hemicellulose
	abfA
	149.50±17.70a
	67.78±18.46bc
	44.62±12.96cd
	9.40±0.30d
	102.09±26.73b
	78.17±15.86bc
	26.37±9.63cd
	9.63±3.25d

	
	manB
	13.89±1.91a
	7.79±1.27b
	3.75±0.82bc
	0.84±0.04c
	11.55±3.65ab
	11.21±1.65ab
	3.08±1.42bc
	0.85±0.28c

	
	xylA
	2605.19±265.17a
	1368.00±322.98b
	578.13±150.5c
	233.73±15.03c
	2527.25±213.52a
	2020.65±366.01ab
	683.90±165.09c
	168.90±51.79c

	Cellulose
	cex
	30.71±4.86a
	12.54±3.01bc
	3.86±1.51c
	1.82±0.08c
	22.27±4.44ab
	19.52±6.83b
	4.68±1.51c
	1.53±0.31c

	
	naglu
	198.44±21.15ab
	87.99±18.99b
	86.98±38.03b
	40.90±2.19b
	236.21±42.76a
	128.49±17.36b
	102.23±50.39b
	35.46±9.64b

	Chitin
	chiA
	1194.20±32.47a
	374.49±1.01cd
	129.65±43.74d
	68.65±28.39d
	870.90±237.60b
	471.10±21.53c
	140.37±34.62d
	41.16±11.56d

	
	exo-chi
	2.20±0.28a
	0.73±0.13bc
	0.30±0.14cd
	0.10±0.02d
	1.22±0.11b
	1.05±0.30c
	0.34±0.10cd
	0.23±0.11cd

	Lignin
	glx
	2.01±0.48a
	1.33±0.28a
	0.51±0.21b
	0.12±0.03b
	1.28±0.34ab
	1.40±0.19a
	0.44±0.15b
	0.09±0.04b


Data are the means ± standard error (means ± SE, n=3). Means with the different letters in the same column are significantly different at p < 0.05. BKC represents black calcareous soil, BWC represents brown calcareous soil, YWC represents yellow calcareous soil, and RDC represents red calcareous soil.
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Fig. S1 Relationships between the abundances of C-degrading functional genes and corresponding extracellular enzyme activities in POM (A) and MAOM (B) fractions. Functional genes are grouped according to degradation pathways: starch, pectin, hemicellulose, cellulose, chitin, and lignin. Corresponding extracellular enzymes include amylase (AL), pectin methylesterase (PEM), basic xylanase (BAX), cellulase (CL), chitinase (CH), and lignin peroxidase (LIP). Red solid line indicates significant linear regression relationship (p < 0.05), with shaded area representing the 95% confidence intervals.
[bookmark: _GoBack]
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Fig. S2 Relationships between ∆MNC_MAOM and ∆PDC_POM. The red solid lines represent linear regression fits, and the shaded areas indicate the 95% confidence intervals. The linear regression equations, coefficients of determination (R2), and significance levels (p < 0.05) are provided in each panel.
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