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Protocol S-1. Standardized protocol for longitudinal evaluation of preserved root-nodule phenotypes
S1. Purpose and scope
This protocol standardizes the non-destructive, longitudinal evaluation of preserved legume root systems with attached nodules. It provides a reproducible workflow for (i) morphological grading (0–5) across four dimensions, (ii) microbial-contamination grading (0–3), and (iii) color extraction in CIE L*a*b* space. The protocol supports consistent comparisons across preservation methods, time points, crops, and site–cultivar sampling sources..
This protocol applies to all preservation treatments described in the main Methods (Section 2.3) and the long-distance transport experiment (Section 2.4).
S2. Definitions and references
S2.1 Treatment-anchored baseline (0 month)
For each preservation treatment (and each transport group), 0 month is defined in the main text (Sections 2.3–2.4) as the assessment performed immediately after completion of the corresponding preservation workflow and immediately before entry into long-term storage. Longitudinal comparisons are made within the same treatment using this baseline.
S2.2 Morphological grading criteria
Morphology is graded using four dimensions defined in Table S-2: (1) nodule fullness, (2) collapse control, (3) surface crack control, and (4) root system integrity. Each dimension uses a 0–5 ordinal scale. The composite morphology score is the arithmetic mean of the four dimension scores (defined in the main text, Section 2.5).
S2.3 Microbial-contamination grading criteria
Microbial contamination is graded on a 0–3 ordinal scale using Table S-3.
S2.4 Color metrics
L*a*b* values are extracted as described below, and ΔE and  are calculated as defined in the main text (Section 2.5, Equations 1–2).
S3. Roles, blinding and training
S3.1 Evaluators
All assessments are performed independently by three trained evaluators.
S3.2 Blinding and coding
Each specimen is assigned a randomized alphanumeric code that does not reveal preservation method, treatment group, site, cultivar, or time point. The coding key is managed by a designated coordinator who does not participate in scoring. Evaluators receive only coded identifiers.
S3.3 Calibration
Before formal scoring, evaluators perform a brief calibration session by jointly reviewing Table S-2 and Table S-3 and scoring a small set of representative specimens spanning the score range. After calibration, all subsequent scoring is performed independently without discussion.
S4. Evaluation schedule and sample handling
S4.1 Time points
Specimens are evaluated at 0, 1, 3, 6, 12, and 24 months.
S4.2 Non-destructive handling
Evaluations are non-destructive. At each time point, conduct the following steps.
1. Retrieve the specimen from storage.
2. Perform imaging and grading.
3. Return the specimen to its original storage condition immediately after assessment.
S4.3 Contamination control during assessment
1. Avoid compressing nodules and fine roots.
2. Keep exposure outside storage conditions as short as practicable and consistent across samples.
3. Use clean gloves and a clean working surface to avoid exogenous contamination.
S5. Imaging and color extraction
S5.1 Fixed imaging setup
All imaging is performed under a fixed and consistent imaging setup throughout the study, including the same light source and background. Images are acquired using the root nodule imaging and analysis system described in the main text (Section 2.5; reference [13]) to ensure cross-time-point comparability.
S5.2 Imaging views
For each specimen at each time point, acquire
1. Whole-root image(s) capturing overall root architecture and nodule distribution.
2. Close-up image(s) capturing representative nodules for morphological features and contamination status.
S5.3 ROI strategy: all-nodule averaging
To represent specimen-level color comprehensively and reduce selection bias:
1. Include all visible nodules on a specimen for color extraction whenever feasible.
2. In ImageJ (v1.53), draw ROIs on each visible nodule surface region while avoiding obvious glare/reflections or severe occlusion.
3. Extract L*, a*, b* values per nodule ROI.
4. Compute the specimen-level color values as the mean L*, a*, b* across all nodule ROIs.
If a small subset of nodules cannot be measured due to severe glare/occlusion, record the reason and the number of excluded nodules, and compute the mean from the remaining measurable nodules.
S6. Grading workflow
S6.1 Morphology grading
Each evaluator grades the four morphology dimensions using Table S-2: (1) nodule fullness (0–5), (2) collapse control (0–5), (3) surface crack control (0–5), and (4) root system integrity (0–5).
The evaluator-specific composite morphology score is computed as:
	
	
	


S6.2 Microbial contamination grading
Each evaluator independently assigns a 0–3 contamination grade using Table S-3, based on visible mold incidence and severity.
S6.3 Data aggregation
Evaluator-specific scores are retained. For each specimen and time point, the mean across the three evaluators is used as the final morphology and contamination score for downstream analyses.
S7. Data recording and quality control
For each specimen and time point, record at minimum:
1. specimen code; crop; site; cultivar; treatment/group; replicate ID
2. time point (months)
3. four morphology scores + composite (per evaluator)
4. contamination grade (per evaluator)
5. number of nodules measured for color; specimen-level mean L*, a*, b*
6. notes on artifacts (e.g., resin glare/bubbles affecting ROI placement; accidental handling damage)
Specimens are not excluded solely due to poor appearance; exclusions are allowed only if a sample is lost or irreversibly destroyed, with reasons documented.
S8. Inter-rater reliability
Inter-rater reliability is assessed using the intraclass correlation coefficient (ICC) under a two-way random-effects model with average-measure reliability (ICC(2,k), where k=3), as described in the main text (Section 2.6).
S9. Versioning and traceability
This protocol is released as Protocol S-1 (v1.0). Any deviations must be documented with date, reason, and affected specimen IDs.


Table S-1 Field site information and sampling metadata for peanut and soybean root nodule samples
	Crop
	Growing area
	Variety
	Sowing time
	Sampling time

	
	Province
	City
	
	
	

	peanut
	Liaoning
	Fuxin
	Huayu 23
	2023.5.4
	2023.7.16

	
	Henan
	Kaifeng
	Yuhua 37
	2023.5.19
	2023.7.27

	
	Hubei
	Wuhan
	Zhonghua 34
	2023.5.28
	2023.8.14

	
	Hebei
	Handan
	Jihua 21
	2023.6.11
	2023.8.28

	Soybean
	Inner Mongolia
	Hinggan League
	Mengdou 170
	2023.5.1
	2023.7.16

	
	
	
	Xingdou 8
	2023.6.15
	2023.8.28

	
	Heilongjiang
	Harbin
	Heinong 46
	2023.5.9
	2023.7.27

	
	Guizhou
	Bijie
	Qiandou 12
	2023.5.23
	2023.8.14










Table S-2 Evaluation standard for the morphological grading of nodule samples
	Score
	Nodule fullness
	Collapse control
	Surface crack control
	Root system integrity

	0
	Severe volume loss with extensive surface wrinkling and contraction
	Severe collapse in most nodules, original 3D morphology largely unrecognizable
	Widespread deep and long cracks; sheet-like ruptures; surface integrity severely compromised
	Major disruption of primary, lateral, and fine roots; architecture severely damaged or unrecognizable

	1
	Marked reduction in volume; most nodules visibly shriveled
	Most nodules display noticeable depressions, but original contour remains identifiable
	Deep cracks present in the majority of nodules; some cracks interconnected
	Primary root partially retained; extensive breakage or loss of lateral and fine roots; overall hierarchy poorly defined

	2
	Moderate volume reduction; frequent wrinkles but outline still discernible
	Approximately half of nodules moderately collapsed with visible shrinkage
	Cracks present in roughly half of nodules, affecting local surface continuity
	Primary root intact; partial loss of first-order lateral roots and most fine roots; spatial configuration notably affected

	3
	Majority of nodules retain overall volume; mild to moderate surface wrinkling
	A minority of nodules showing moderate depressions
	Limited number of well-defined cracks; restricted distribution
	Primary root intact; most first-order lateral roots preserved; partial loss of fine roots

	4
	Volume closely resembles fresh samples; only slight shrinkage or minor wrinkles
	Occasional minor, localized depressions
	Few superficial, fine cracks with limited distribution
	Primary root and most first-order lateral roots retained; minor fine-root breakage; overall spatial layout remains clear

	5
	Volume and surface morphology highly consistent with fresh samples; smooth, full, no visible wrinkles
	No collapse; surface smooth and rounded
	No cracks; surface intact and smooth
	Primary, lateral, and fine roots fully preserved; nodule attachment and spatial architecture highly consistent with fresh samples




Table S-3 Evaluation standard for visible contamination of root nodule samples
	Score
	Mold severity

	0
	No visible mold; sample surface clean with no signs of microbial growth

	1
	Mild contamination; small, localized mold spots confined to edges or isolated regions; negligible impact on overall observation

	2
	Moderate contamination; mold patches forming continuous or multi-spot distributions, noticeably interfering with local morphological inspection

	3
	Severe contamination; extensive mold layers or patches covering nodules or roots, substantially obscuring sample morphology and hindering visual assessment




Table S-4 Linear mixed-effects model-based post hoc comparisons of composite morphology score between TAPP and comparator treatments across storage time in peanut and soybean
	Crop
	Storage time (months)
	TAPP mean ± SD
	Comparator
	Comparator mean ± SD
	Estimate (TAPP − comparator)
	SE
	z ratio
	Holm-adjusted P

	Peanut
	0
	5.00 ± 0.00
	FormalinCu
	5.00 ± 0.00
	0.000
	0.100
	0.000
	1

	
	
	
	TAPP-Resin
	4.46 ± 0.08
	0.542
	0.100
	5.429
	<0.001

	
	
	
	Resin
	4.12 ± 0.05
	0.875
	0.100
	8.770
	<0.001

	
	
	
	AirDry
	2.31 ± 0.16
	2.687
	0.100
	26.937
	<0.001

	
	1
	5.00 ± 0.00
	FormalinCu
	4.98 ± 0.04
	0.021
	0.100
	0.209
	0.8346

	
	
	
	TAPP-Resin
	4.44 ± 0.08
	0.563
	0.100
	5.638
	<0.001

	
	
	
	Resin
	4.00 ± 0.23
	1.000
	0.100
	10.023
	<0.001

	
	
	
	AirDry
	2.00 ± 0.18
	3.000
	0.100
	30.070
	<0.001

	
	3
	5.00 ± 0.00
	FormalinCu
	4.92 ± 0.07
	0.083
	0.100
	0.835
	0.4036

	
	
	
	TAPP-Resin
	4.40 ± 0.08
	0.604
	0.100
	6.056
	<0.001

	
	
	
	Resin
	3.40 ± 0.17
	1.604
	0.100
	16.079
	<0.001

	
	
	
	AirDry
	1.85 ± 0.04
	3.146
	0.100
	31.531
	<0.001

	
	6
	4.96 ± 0.05
	FormalinCu
	4.40 ± 0.38
	0.563
	0.100
	5.638
	<0.001

	
	
	
	TAPP-Resin
	4.21 ± 0.16
	0.750
	0.100
	7.517
	<0.001

	
	
	
	Resin
	3.33 ± 0.07
	1.625
	0.100
	16.288
	<0.001

	
	
	
	AirDry
	1.56 ± 0.14
	3.396
	0.100
	34.037
	<0.001

	
	12
	4.92 ± 0.00
	FormalinCu
	3.96 ± 0.35
	0.958
	0.100
	9.606
	<0.001

	
	
	
	TAPP-Resin
	4.00 ± 0.12
	0.917
	0.100
	9.188
	<0.001

	
	
	
	Resin
	2.83 ± 0.07
	2.083
	0.100
	20.882
	<0.001

	
	
	
	AirDry
	1.35 ± 0.14
	3.562
	0.100
	35.708
	<0.001

	
	24
	4.65 ± 0.14
	FormalinCu
	3.58 ± 0.18
	1.063
	0.100
	10.650
	<0.001

	
	
	
	TAPP-Resin
	3.35 ± 0.08
	1.292
	0.100
	12.947
	<0.001

	
	
	
	Resin
	2.33 ± 0.12
	2.313
	0.100
	23.179
	<0.001

	
	
	
	AirDry
	1.23 ± 0.04
	3.417
	0.100
	34.246
	<0.001

	Soybean
	0
	5.00 ± 0.00
	FormalinCu
	4.98 ± 0.04
	0.021
	0.099
	0.211
	0.8326

	
	
	
	TAPP-Resin
	4.44 ± 0.12
	0.563
	0.099
	5.708
	<0.001

	
	
	
	Resin
	4.40 ± 0.13
	0.604
	0.099
	6.130
	<0.001

	
	
	
	AirDry
	2.10 ± 0.18
	2.896
	0.099
	29.384
	<0.001

	
	1
	5.00 ± 0.00
	FormalinCu
	4.90 ± 0.04
	0.104
	0.099
	1.057
	0.2905

	
	
	
	TAPP-Resin
	4.35 ± 0.08
	0.646
	0.099
	6.553
	<0.001

	
	
	
	Resin
	4.23 ± 0.14
	0.771
	0.099
	7.822
	<0.001

	
	
	
	AirDry
	1.77 ± 0.17
	3.229
	0.099
	32.766
	<0.001

	
	3
	5.00 ± 0.00
	FormalinCu
	4.88 ± 0.08
	0.125
	0.099
	1.268
	0.2047

	
	
	
	TAPP-Resin
	4.31 ± 0.08
	0.688
	0.099
	6.976
	<0.001

	
	
	
	Resin
	3.71 ± 0.11
	1.292
	0.099
	13.106
	<0.001

	
	
	
	AirDry
	1.71 ± 0.24
	3.292
	0.099
	33.400
	<0.001

	
	6
	4.96 ± 0.05
	FormalinCu
	4.44 ± 0.14
	0.521
	0.099
	5.285
	<0.001

	
	
	
	TAPP-Resin
	4.25 ± 0.15
	0.708
	0.099
	7.187
	<0.001

	
	
	
	Resin
	3.23 ± 0.04
	1.729
	0.099
	17.546
	<0.001

	
	
	
	AirDry
	1.58 ± 0.25
	3.375
	0.099
	34.246
	<0.001

	
	12
	4.88 ± 0.14
	FormalinCu
	4.17 ± 0.24
	0.708
	0.099
	7.187
	<0.001

	
	
	
	TAPP-Resin
	3.85 ± 0.16
	1.021
	0.099
	10.358
	<0.001

	
	
	
	Resin
	3.12 ± 0.05
	1.750
	0.099
	17.757
	<0.001

	
	
	
	AirDry
	1.38 ± 0.08
	3.500
	0.099
	35.514
	<0.001

	
	24
	4.63 ± 0.22
	FormalinCu
	3.79 ± 0.31
	0.833
	0.099
	8.456
	<0.001

	
	
	
	TAPP-Resin
	3.48 ± 0.10
	1.146
	0.099
	11.627
	<0.001

	
	
	
	Resin
	2.33 ± 0.00
	2.292
	0.099
	23.253
	<0.001

	
	
	
	AirDry
	1.21 ± 0.05
	3.417
	0.099
	34.669
	<0.001


Note: Values are mean ± SD (n = 4 biological replicates per preservation method within each crop). P values were obtained from estimated marginal mean comparisons based on LMMs and adjusted using the Holm method. Positive estimates indicate higher composite morphology scores in TAPP than in the comparator treatment. Note: Values are mean ± SD (n = 4 biological replicates per preservation method within each crop). P values were obtained from estimated marginal mean comparisons based on LMMs and adjusted using the Holm method. Positive estimates indicate higher composite morphology scores in TAPP than in the comparator treatment.


Table S-5 Linear mixed-effects model-based post hoc comparisons of ΔE between TAPP and comparator treatments across storage time in peanut and soybean
	Crop
	Storage time (months)
	TAPP 
mean ± SD
	Comparator
	Comparator mean ± SD
	Estimate (TAPP − comparator)
	SE
	z ratio

	Peanut
	1
	1.83 ± 0.47
	FormalinCu
	1.85 ± 0.87
	-0.026
	1.265
	-0.021

	
	
	1.83 ± 0.47
	TAPP-Resin
	2.01 ± 0.52
	-0.186
	1.265
	-0.147

	
	
	1.83 ± 0.47
	Resin
	2.91 ± 0.61
	-1.085
	1.265
	-0.858

	
	
	1.83 ± 0.47
	AirDry
	3.37 ± 0.43
	-1.546
	1.265
	-1.222

	
	3
	3.56 ± 0.37
	FormalinCu
	3.99 ± 1.05
	-0.434
	1.265
	-0.343

	
	
	3.56 ± 0.37
	TAPP-Resin
	3.87 ± 0.83
	-0.315
	1.265
	-0.249

	
	
	3.56 ± 0.37
	Resin
	6.57 ± 0.87
	-3.015
	1.265
	-2.384

	
	
	3.56 ± 0.37
	AirDry
	14.11 ± 2.71
	-10.550
	1.265
	-8.342

	
	6
	6.15 ± 1.09
	FormalinCu
	9.09 ± 1.80
	-2.934
	1.265
	-2.320

	
	
	6.15 ± 1.09
	TAPP-Resin
	6.74 ± 0.39
	-0.584
	1.265
	-0.462

	
	
	6.15 ± 1.09
	Resin
	10.60 ± 2.76
	-4.443
	1.265
	-3.513

	
	
	6.15 ± 1.09
	AirDry
	24.79 ± 3.02
	-18.634
	1.265
	-14.734

	
	12
	8.56 ± 1.64
	FormalinCu
	14.00 ± 2.49
	-5.447
	1.265
	-4.307

	
	
	8.56 ± 1.64
	TAPP-Resin
	9.71 ± 1.13
	-1.154
	1.265
	-0.912

	
	
	8.56 ± 1.64
	Resin
	16.13 ± 2.26
	-7.573
	1.265
	-5.988

	
	
	8.56 ± 1.64
	AirDry
	35.97 ± 2.98
	-27.413
	1.265
	-21.675

	
	24
	10.53 ± 1.88
	FormalinCu
	17.60 ± 1.63
	-7.071
	1.265
	-5.591

	
	
	10.53 ± 1.88
	TAPP-Resin
	13.55 ± 1.96
	-3.021
	1.265
	-2.389

	
	
	10.53 ± 1.88
	Resin
	30.21 ± 2.86
	-19.685
	1.265
	-15.565

	
	
	10.53 ± 1.88
	AirDry
	42.60 ± 2.10
	-32.067
	1.265
	-25.355

	Soybean
	1
	1.10 ± 0.21
	FormalinCu
	1.85 ± 0.87
	-0.748
	1.228
	-0.609

	
	
	1.10 ± 0.21
	TAPP-Resin
	2.49 ± 0.65
	-1.383
	1.228
	-1.126

	
	
	1.10 ± 0.21
	Resin
	2.72 ± 0.69
	-1.616
	1.228
	-1.315

	
	
	1.10 ± 0.21
	AirDry
	3.02 ± 0.39
	-1.919
	1.228
	-1.562

	
	3
	2.86 ± 0.28
	FormalinCu
	3.99 ± 1.05
	-1.128
	1.228
	-0.918

	
	
	2.86 ± 0.28
	TAPP-Resin
	4.36 ± 0.97
	-1.501
	1.228
	-1.222

	
	
	2.86 ± 0.28
	Resin
	4.90 ± 0.61
	-2.034
	1.228
	-1.656

	
	
	2.86 ± 0.28
	AirDry
	13.20 ± 2.68
	-10.333
	1.228
	-8.413

	
	6
	5.95 ± 1.22
	FormalinCu
	8.85 ± 1.78
	-2.904
	1.228
	-2.364

	
	
	5.95 ± 1.22
	TAPP-Resin
	7.27 ± 0.68
	-1.325
	1.228
	-1.079

	
	
	5.95 ± 1.22
	Resin
	7.61 ± 2.34
	-1.661
	1.228
	-1.352

	
	
	5.95 ± 1.22
	AirDry
	23.15 ± 2.81
	-17.205
	1.228
	-14.007

	
	12
	8.35 ± 1.74
	FormalinCu
	14.00 ± 2.49
	-5.653
	1.228
	-4.602

	
	
	8.35 ± 1.74
	TAPP-Resin
	11.27 ± 1.24
	-2.923
	1.228
	-2.380

	
	
	8.35 ± 1.74
	Resin
	12.21 ± 1.38
	-3.858
	1.228
	-3.141

	
	
	8.35 ± 1.74
	AirDry
	34.09 ± 2.96
	-25.736
	1.228
	-20.953

	
	24
	10.32 ± 1.93
	FormalinCu
	17.60 ± 1.63
	-7.282
	1.228
	-5.929

	
	
	10.32 ± 1.93
	TAPP-Resin
	16.41 ± 2.07
	-6.092
	1.228
	-4.959

	
	
	10.32 ± 1.93
	Resin
	24.27 ± 3.00
	-13.956
	1.228
	-11.363

	
	
	10.32 ± 1.93
	AirDry
	40.71 ± 2.08
	-30.394
	1.228
	-24.745


Note: Values are mean ± SD (n = 4 biological replicates per preservation method within each crop). P values were obtained from estimated marginal mean comparisons based on LMMs and adjusted using the Holm method. The 0-month baseline was excluded from LMM-based post hoc comparisons because ΔE equaled zero by definition. Negative estimates indicate lower color deviation in TAPP than in the comparator treatment.


Table S-6 Detailed morphological scores of peanut and soybean root nodule samples under different preservation methods
	Crop
	Preservation method
	Storage time (months)
	Morphological grading evaluation of root nodule samples (0-5)

	
	
	
	Nodule fullness
	Collapse control
	Surface crack control
	Root system integrity
	Composite morphological score

	Peanut
	TAPP
	0
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00

	
	
	1
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00

	
	
	3
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00

	
	
	6
	4.92 ± 0.29
	4.92 ± 0.29
	5.00 ± 0.00
	5.00 ± 0.00
	4.96 ± 0.10

	
	
	12
	4.92 ± 0.29
	4.75 ± 0.45
	5.00 ± 0.00
	5.00 ± 0.00
	4.92 ± 0.12

	
	
	24
	4.42 ± 0.51
	4.33 ± 0.49
	5.00 ± 0.00
	4.83 ± 0.40
	4.65 ± 0.14

	
	FormalinCu
	0
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00

	
	
	1
	5.00 ± 0.00
	5.00 ± 0.00
	4.92 ± 0.29
	5.00 ± 0.00
	4.98 ± 0.07

	
	
	3
	5.00 ± 0.00
	4.92 ± 0.29
	4.75 ± 0.45
	5.00 ± 0.00
	4.92 ± 0.16

	
	
	6
	4.42 ± 0.51
	4.33 ± 0.65
	4.08 ± 0.29
	4.75 ± 0.50
	4.40 ± 0.38

	
	
	12
	4.08 ± 0.51
	3.75 ± 0.45
	3.58 ± 0.67
	4.42 ± 0.70
	3.96 ± 0.37

	
	
	24
	3.92 ± 0.29
	3.58 ± 0.51
	3.00 ± 0.60
	3.83 ± 0.40
	3.58 ± 0.18

	
	TAPP-Resin
	0
	4.92 ± 0.29
	4.92 ± 0.29
	5.00 ± 0.00
	3.00 ± 0.00
	4.46 ± 0.14

	
	
	1
	4.83 ± 0.39
	4.92 ± 0.29
	5.00 ± 0.00
	3.00 ± 0.00
	4.44 ± 0.16

	
	
	3
	4.83 ± 0.39
	4.75 ± 0.45
	5.00 ± 0.00
	3.00 ± 0.00
	4.40 ± 0.20

	
	
	6
	4.67 ± 0.49
	4.33 ± 0.49
	4.83 ± 0.39
	3.00 ± 0.00
	4.21 ± 0.26

	
	
	12
	4.08 ± 0.51
	4.08 ± 0.29
	4.83 ± 0.39
	3.00 ± 0.00
	4.00 ± 0.15

	
	
	24
	3.83 ± 0.39
	3.33 ± 0.49
	3.25 ± 0.45
	3.00 ± 0.00
	3.35 ± 0.08

	
	Resin
	0
	4.67 ± 0.49
	4.83 ± 0.39
	4.00 ± 0.00
	3.00 ± 0.00
	4.13 ± 0.20

	
	
	1
	4.50 ± 0.52
	4.58 ± 0.51
	3.92 ± 0.29
	3.00 ± 0.00
	4.00 ± 0.28

	
	
	3
	3.92 ± 0.29
	3.33 ± 0.49
	3.33 ± 0.49
	3.00 ± 0.00
	3.40 ± 0.20

	
	
	6
	3.92 ± 0.29
	3.00 ± 0.00
	3.42 ± 0.51
	3.00 ± 0.00
	3.33 ± 0.12

	
	
	12
	3.00 ± 0.00
	2.17 ± 0.39
	3.17 ± 0.39
	3.00 ± 0.00
	2.83 ± 0.16

	
	
	24
	1.83 ± 0.39
	1.83 ± 0.39
	2.67 ± 0.49
	3.00 ± 0.00
	2.33 ± 0.12

	
	AirDry
	0
	0.83 ± 0.39
	1.33 ± 0.49
	3.58 ± 0.51
	3.50 ± 0.50
	2.31 ± 0.32

	
	
	1
	0.33 ± 0.49
	0.75 ± 0.75
	3.41 ± 0.54
	3.50 ± 0.50
	2.00 ± 0.34

	
	
	3
	0.17 ± 0.39
	0.33 ± 0.49
	3.42 ± 0.51
	3.50 ± 0.50
	1.85 ± 0.23

	
	
	6
	0.00 ± 0.00
	0.25 ± 0.45
	3.00 ± 0.43
	3.00 ± 0.00
	1.56 ± 0.16

	
	
	12
	0.00 ± 0.00
	0.00 ± 0.00
	2.50 ± 0.52
	2.92 ± 0.30
	1.35 ± 0.17

	
	
	24
	0.00 ± 0.00
	0.00 ± 0.00
	2.00 ± 0.00
	2.92 ± 0.30
	1.23 ± 0.04

	Soybean
	TAPP
	0
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00

	
	
	1
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00

	
	
	3
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00
	5.00 ± 0.00

	
	
	6
	4.92 ± 0.29
	5.00 ± 0.00
	4.92 ± 0.29
	5.00 ± 0.00
	4.96 ± 0.10

	
	
	12
	4.75 ± 0.45
	4.92 ± 0.29
	4.92 ± 0.29
	4.92 ± 0.30
	4.88 ± 0.29

	
	
	24
	4.42 ± 0.51
	4.42 ± 0.51
	4.83 ± 0.39
	4.83 ± 0.40
	4.63 ± 0.22

	
	FormalinCu
	0
	5.00 ± 0.00
	5.00 ± 0.00
	4.92 ± 0.29
	5.00 ± 0.00
	4.98 ± 0.07

	
	
	1
	4.83 ± 0.39
	4.92 ± 0.29
	4.83 ± 0.39
	5.00 ± 0.00
	4.90 ± 0.17

	
	
	3
	4.83 ± 0.39
	4.83 ± 0.39
	4.83 ± 0.39
	5.00 ± 0.00
	4.88 ± 0.23

	
	
	6
	4.50 ± 0.52
	4.33 ± 0.49
	4.00 ± 0.00
	4.92 ± 0.30
	4.44 ± 0.26

	
	
	12
	4.25 ± 0.62
	3.83 ± 0.39
	3.67 ± 0.49
	4.92 ± 0.30
	4.17 ± 0.29

	
	
	24
	3.58 ± 0.51
	3.42 ± 0.51
	3.42 ± 0.51
	4.75 ± 0.50
	3.79 ± 0.31

	
	TAPP-Resin
	0
	4.92 ± 0.29
	4.92 ± 0.29
	4.92 ± 0.29
	3.00 ± 0.00
	4.44 ± 0.22

	
	
	1
	4.75 ± 0.45
	4.75 ± 0.45
	4.92 ± 0.29
	3.00 ± 0.00
	4.35 ± 0.25

	
	
	3
	4.75 ± 0.45
	4.58 ± 0.51
	4.92 ± 0.29
	3.00 ± 0.00
	4.31 ± 0.24

	
	
	6
	4.42 ± 0.51
	4.75 ± 0.45
	4.83 ± 0.39
	3.00 ± 0.00
	4.25 ± 0.24

	
	
	12
	4.17 ± 0.39
	4.00 ± 0.00
	4.25 ± 0.45
	3.00 ± 0.00
	3.85 ± 0.20

	
	
	24
	3.75 ± 0.45
	3.75 ± 0.45
	3.42 ± 0.51
	3.00 ± 0.00
	3.48 ± 0.10

	
	Resin
	0
	5.00 ± 0.00
	5.00 ± 0.00
	4.58 ± 0.51
	3.00 ± 0.00
	4.40 ± 0.13

	
	
	1
	4.83 ± 0.39
	4.83 ± 0.39
	4.25 ± 0.45
	3.00 ± 0.00
	4.23 ± 0.20

	
	
	3
	4.33 ± 0.49
	3.83 ± 0.39
	3.67 ± 0.49
	3.00 ± 0.00
	3.71 ± 0.28

	
	
	6
	3.92 ± 0.29
	3.00 ± 0.00
	3.00 ± 0.00
	3.00 ± 0.00
	3.23 ± 0.07

	
	
	12
	2.92 ± 0.29
	2.92 ± 0.29
	3.67 ± 0.49
	3.00 ± 0.00
	3.13 ± 0.20

	
	
	24
	2.00 ± 0.00
	2.00 ± 0.00
	2.33 ± 0.49
	3.00 ± 0.00
	2.33 ± 0.00

	
	AirDry
	0
	0.75 ± 0.45
	1.33 ± 0.49
	3.33 ± 0.49
	3.00 ± 0.00
	2.10 ± 0.23

	
	
	1
	0.00 ± 0.00
	0.83 ± 0.72
	3.25 ± 0.75
	3.00 ± 0.00
	1.77 ± 0.25

	
	
	3
	0.00 ± 0.00
	0.67 ± 0.78
	3.17 ± 0.72
	3.00 ± 0.00
	1.71 ± 0.32

	
	
	6
	0.00 ± 0.00
	0.33 ± 0.49
	3.00 ± 0.85
	3.00 ± 0.00
	1.58 ± 0.29

	
	
	12
	0.00 ± 0.00
	0.00 ± 0.00
	2.50 ± 0.52
	3.00 ± 0.00
	1.38 ± 0.13

	
	
	24
	0.00 ± 0.00
	0.00 ± 0.00
	1.92 ± 0.29
	2.92 ± 0.30
	1.21 ± 0.05


Note: Values are mean ± SD (n = 4 biological replicates per preservation method within each crop). For each biological replicate, the morphology score represents the mean score across three independent raters.


Table S-7 Attached nodule number and retention at 0 and 24 months
	Crop
	Method
	Attached nodules
	Retention at 24 months (%)

	
	
	0 month
	24 months
	

	Peanut
	TAPP
	969.00 ± 12.19
	964.00 ± 11.92
	99.48 ± 0.08

	
	FormalinCu
	1052.50 ± 14.27
	1045.75 ± 13.43
	99.36 ± 0.11

	
	TAPP–Resin
	456.50 ± 6.56
	452.00 ± 6.32
	99.01 ± 0.12

	
	Resin
	789.00 ± 12.78
	783.50 ± 12.56
	99.30 ± 0.07

	
	AirDry
	400.25 ± 6.60
	296.75 ± 7.80
	74.15 ± 1.91

	Soybean
	TAPP
	107.00 ± 3.56
	106.00 ± 3.56
	99.06 ± 0.03

	
	FormalinCu
	119.50 ± 5.00
	117.75 ± 4.99
	98.53 ± 0.42

	
	TAPP–Resin
	82.00 ± 2.94
	80.25 ± 2.63
	97.88 ± 0.58

	
	Resin
	72.75 ± 2.50
	71.75 ± 2.50
	98.62 ± 0.05

	
	AirDry
	90.75 ± 3.30
	68.50 ± 5.00
	75.48 ± 4.72


Note: Values are mean ± SD (n = 4 biological replicates per preservation method within each crop). Each biological replicate consisted of one intact root system with attached nodules collected from an individual plant.



[bookmark: _Hlk217264231]Table S-8 Detailed color changes of peanut and soybean root nodule samples under different preservation methods
	Storage time (months)
	Peanut
	Soybean

	
	TAPP
	FormalinCu
	TAPP-Resin
	Resin
	AirDry
	TAPP
	FormalinCu
	TAPP-Resin
	Resin
	AirDry

	0
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00

	1
	1.83 ± 0.47
	1.85 ± 0.87
	2.01 ± 0.52
	2.91 ± 0.61
	3.37 ± 0.43
	1.21 ± 0.24
	1.85 ± 0.87
	2.70 ± 0.77
	2.91 ± 0.61
	3.22 ± 0.45

	3
	3.56 ± 0.37
	3.99 ± 1.05
	3.87 ± 0.83
	6.57 ± 0.87
	14.11 ± 2.71
	2.86 ± 0.28
	4.22 ± 1.50
	5.09 ± 0.88
	5.41 ± 0.60
	12.73 ± 2.15

	6
	6.15 ± 1.09
	9.09 ± 1.80
	6.74 ± 0.39
	10.60 ± 2.76
	24.79 ± 3.02
	5.52 ± 0.84
	10.27 ± 2.26
	7.90 ± 0.40
	9.06 ± 2.34
	22.35 ± 2.56

	12
	8.56 ± 1.64
	14.00 ± 2.49
	9.71 ± 1.13
	16.13 ± 2.26
	35.97 ± 2.98
	7.74 ± 1.58
	16.35 ± 2.45
	11.31 ± 1.60
	14.28 ± 2.09
	32.83 ± 2.98

	24
	10.53 ± 1.88
	17.60 ± 1.63
	13.55 ± 1.96
	30.21 ± 2.86
	42.60 ± 2.10
	10.32 ± 1.93
	20.40 ± 2.10
	16.39 ± 1.92
	25.85 ± 2.50
	38.75 ± 1.81


Note: Values are mean ± SD (n = 4 biological replicates per preservation method within each crop). ΔE was calculated relative to the 0-month post-treatment baseline of the same plant unit.
