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Abstract


Humic acid (HA) production from crop straw is often limited by lignocellulosic recalcitrance and insufficient coordination among functional microorganisms. In this study, a data-driven strategy was developed to evaluate multi-fungal inoculation timing for HA recovery from pretreated straws. Three substrate platforms, namely raw wheat straw (SW), steam-exploded corn straw (SC-SE), and ammoniated steam-exploded rice straw (SR-SE-N), were comparatively evaluated across an 81-run experimental matrix. Pretreatment markedly improved lignocellulose degradation and precursor turnover, with SR-SE-N showing the best humification performance. Based on the selected substrate, a two-factor interaction (2FI) model was established to describe the effects of inoculation timing on HA yield. The model was significant for HA prediction (R2 = 0.8768, adjusted R2 = 0.8398, predicted R2 = 0.7795). Inoculation timing strongly affected HA formation, and within the investigated timing range, the highest HA yield was obtained under simultaneous inoculation of Aspergillus niger, Phanerochaete chrysosporium, and Candida sp. Predicted and experimental HA yields were in close agreement, supporting the reliability of the model. These results indicate that favorable fungal inoculation timing is substrate-dependent and can be effectively identified through data-driven analysis within a bounded experimental range. The study provides a practical basis for improving HA biomanufacturing from pretreated agricultural residues.
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1. Introduction


Humic acid (HA), the most active, stable, and highly polymerized fraction of humic substances, plays an important role in soil carbon sequestration, plant growth promotion, and the immobilization of environmental pollutants [1,2]. At present, industrial HA production still relies mainly on extraction from non-renewable fossil resources such as lignite and weathered coal. With increasing concerns over fossil resource depletion and the demand for carbon-neutral technologies, the conversion of agricultural wastes, especially crop straws, into HA-rich products has attracted growing attention as a sustainable biomass valorization route [3,4,5,6].



However, the biological humification of crop straw remains strongly constrained by the intrinsic recalcitrance of lignocellulosic biomass. Cellulose, hemicellulose, and lignin are tightly interconnected within a complex and highly ordered matrix, which restricts microbial colonization and limits the release of humification-related precursors [3,7]. As a result, direct biological conversion of raw straw often suffers from slow degradation, insufficient precursor turnover, and low HA yield. To alleviate these limitations, physicochemical pretreatment is generally required to improve structural accessibility [8]. Steam explosion (SE) is an effective strategy for disrupting plant cell walls, cleaving lignin–carbohydrate linkages, and enhancing subsequent enzymatic and microbial conversion [9,10,11,12,13,14,15]. In addition, ammoniation can further weaken ester-linked structures and increase nitrogen availability, which is beneficial for downstream humification reactions involving nitrogen-containing precursors [16,17,18]. Previous studies have shown that the combined application of steam explosion and ammoniation can substantially improve the accessibility and humification performance of straw substrates [16,19].



Nevertheless, improving the physicochemical accessibility of straw is only the first step toward targeted HA production. Humification is a multi-stage process involving the release of soluble carbon sources, oxidative depolymerization of lignin, formation of aromatic and nitrogen-containing intermediates, and their subsequent condensation into stable humic structures [1,2,18,20,21,22,23,24]. Functional fungi such as Aspergillus niger and Phanerochaete chrysosporium provide strong capacities for saccharification and lignin depolymerization, while yeast-like microorganisms such as Candida may contribute to soluble intermediate turnover and nitrogen-related precursor transformation [25,26,27,28]. However, when multiple active strains are introduced into the same system, their overall performance depends not only on species composition but also on the temporal organization of their activities. In such systems, inoculation timing may determine how metabolic labor is partitioned among fungal members, whether functionally differentiated niches can be established during fermentation, and to what extent species coexistence is maintained rather than disrupted by early-stage competition. Therefore, temporal organization is not merely an operational variable, but a potential ecological mechanism regulating the coordination of saccharification, lignin depolymerization, intermediate turnover, and humification. Simultaneous co-inoculation can intensify competition for easily accessible resources at the early stage, whereas temporally differentiated inoculation may reshape microbial succession and improve functional complementarity under certain conditions [5,17,29,30].



Recent studies have increasingly indicated that inoculation timing strongly affects microbial succession, enzyme expression, amino acid metabolism, and humification efficiency [31,32,33,34]. However, the optimal fungal organization for HA formation remains insufficiently understood, especially when different substrate pretreatments create distinct physicochemical and nutritional backgrounds. In other words, the most effective inoculation strategy may be substrate-dependent rather than universally fixed. Despite this, current studies still lack a data-driven framework that systematically links substrate pretreatment, fungal inoculation timing, precursor turnover, and final HA recovery. A recent study using the same pretreatment–inoculation platform clarified the synergistic humification pathways underlying carbon release, nitrogen-related precursor turnover, and lignin-associated aromatic transformation, thereby providing a mechanistic basis for the present timing evaluation study [35].



To address this gap, this study employed a stepwise data-driven strategy to evaluate fungal inoculation timing for HA recovery from crop straw. First, three representative substrates with different pretreatment backgrounds, namely raw wheat straw (SW), steam-exploded corn straw (SC-SE), and ammoniated steam-exploded rice straw (SR-SE-N), were comparatively evaluated to determine how physicochemical conditioning affected lignocellulose degradation, precursor accumulation, and humification performance. Subsequently, based on the superior substrate background, model analysis was conducted to evaluate the inoculation timings of A. niger, P. chrysosporium, and Candida sp. and to identify the timing combination associated with the highest HA yield within the investigated range. By integrating degradation indices, soluble precursor dynamics, humic fraction formation, and statistical modeling, this work aimed to: (1) clarify the respective roles of pretreatment and fungal timing in HA formation; (2) reveal how inoculation timing regulates the coupling between precursor turnover and humification; and (3) establish a data-driven framework for identifying favorable inoculation schedules associated with enhanced HA recovery from ammoniated crop straw. The findings are expected to provide both mechanistic insight and practical guidance for the sustainable biomanufacturing of HA-rich products from agricultural residues.




2. Materials and Methods


2.1. Substrate Preparation and Characterization


This study utilized three distinct crop straws, which represent typical agricultural residues and different pretreatment baselines: raw wheat straw (SW), steam-exploded corn straw (SC-SE), and ammoniated steam-exploded rice straw (SR-SE-N). All raw straws were collected locally in Anhui Province, China, in 2025. The materials were air-dried to a moisture content of less than 10%, stored at room temperature in a dry environment, and milled to pass through a 20-mesh sieve prior to use. The initial compositions of the raw straws (cellulose, hemicellulose, and lignin) were determined to establish the baseline [13]. To establish different structural accessibility baselines, the SC-SE substrate was subjected to steam explosion pretreatment (2.0 MPa for 120 s) using a pilot-scale steam explosion unit. The operating procedure followed that of Li et al. (2023) [16]. The same steam explosion procedure was applied to SR-SE-N after ammoniation (5% w/w). This sequential physicochemical process not only unzipped the lignin–carbohydrate complex (LCC), but also infused endogenous nitrogen into the matrix [16]. All prepared substrates were adjusted to an initial moisture content of 60–65% before solid-state fermentation (SSF). Table 1 provides an overview of the three substrate platforms and the microbial members used in this study.





 





Table 1. Feedstocks, pretreatment conditions, nitrogen supplementation, and fungal inocula used in this study.
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	Substrate Code
	Feedstock
	Pretreatment
	Pretreatment Conditions
	Nitrogen Supplementation
	Fungal Inocula





	SW
	Wheat straw
	None
	None
	No
	A. niger, P. chrysosporium, Candida sp.



	SC-SE
	Corn straw
	Steam explosion
	2.0 MPa, 120 s
	No
	A. niger, P. chrysosporium, Candida sp.



	SR-SE-N
	Rice straw
	Ammoniation + steam explosion
	5% NH3 + 2.0 MPa, 120 s
	Yes
	A. niger, P. chrysosporium, Candida sp.







Note: SW, raw wheat straw; SC-SE, steam-exploded corn straw; SR-SE-N, ammoniated steam-exploded rice straw; SE, steam explosion. The table summarizes the substrate backgrounds and fungal strains used for subsequent inoculation strategy screening and model-based timing evaluation. Detailed inoculation combinations and timing codes are provided in Table 2.













 





Table 2. Experimental design for substrate screening and inoculation timing evaluation.
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Stage I. Substrate screening




	
Stage

	
Objective

	
Factor

	
Levels




	
I

	
Identify the substrate baseline for humification

	
Substrate

	
SW, SC-SE, SR-SE-N




	
I

	
Compare organizational modes of fungal inoculation

	
Inoculation mode

	
Single, simultaneous, sequential




	
Stage II. Inoculation timing evaluation




	
Factor

	
Microorganism

	
Code

	
Levels (d)




	
A

	
A. niger

	
A

	
0, 10, 20




	
B

	
P. chrysosporium

	
B

	
0, 10, 20




	
C

	
Candida sp.

	
C

	
0, 10, 20








Note: For each substrate, 27 inoculation timing combinations were tested, resulting in 81 runs in total across the three substrate platforms.












2.2. Microbial Strains and Inoculum Preparation


To execute the multi-step biochemical cascade required for humification, three specific functional fungal strains were employed. Aspergillus niger (strain preservation number: CICIM F0410), obtained from the Culture Collection of Industrial Microorganisms at Jiangnan University (Wuxi, China), was used for intensive cellulolysis and saccharification. Phanerochaete chrysosporium (strain preservation number: CCTCC AF 96007), purchased from the China Center for Type Culture Collection (Wuhan, China), was used for selective lignin depolymerization. Candida sp. (strain preservation number: CICC 31949), obtained from the China Center of Industrial Culture Collection (Beijing, China), was utilized for biological amino acid synthesis. A. niger and Candida were maintained on Potato Dextrose Agar (PDA) slants, while P. chrysosporium was cultured on Malt Extract Agar (MEA). For inoculum preparation, the fungal spores or yeast cells were washed and harvested using sterile physiological saline (0.9% NaCl) containing 0.1% Tween-80. The concentration of each microbial suspension was standardized to 1 × 107 spores/cells per mL using a hemocytometer. These standardized suspensions were used for subsequent inoculation timing experiments.




2.3. Experimental Design and Inoculation Timing Strategy


Solid-state fermentation was conducted in 5-L fermentation vessels containing 2.0 kg of substrate per vessel. The initial moisture content was adjusted as described above, and the cultures were incubated at 40 °C (with a temperature control accuracy of ±1 °C) for 30 d. The solid-state fermentation was conducted under static conditions without continuous mechanical stirring, but the substrates were manually mixed thoroughly every 5 days during sampling. Aeration was naturally maintained through breathable sealing films/plugs equipped on the fermentation vessels. The total inoculum dosage was set at 10% (w/w, based on wet substrate weight), and each treatment was performed in triplicate. Samples were collected at 5-d intervals for the determination of lignocellulose degradation, precursor pools, and humic fractions. The experimental design was carried out in two consecutive stages. In Stage I, three representative straw substrates with different pretreatment backgrounds, namely raw wheat straw (SW), steam-exploded corn straw (SC-SE), and ammoniated steam-exploded rice straw (SR-SE-N), were comparatively evaluated to identify substrate-dependent differences in lignocellulose deconstruction, precursor generation, and HA formation. This stage was used to establish the baseline effect of substrate accessibility and nitrogen supplementation on the humification process. The overall two-stage experimental framework and the factor settings used for inoculation timing evaluation are summarized in Table 2.



In Stage II, fungal inoculation timing was further evaluated on the selected pretreated substrate using a data-driven modeling strategy. Three functional microorganisms, A. niger, P. chrysosporium, and Candida sp., were assigned as factors A, B, and C, respectively, and their inoculation timings were used as independent variables. Based on the experimental matrix, different inoculation schedules were designed to compare simultaneous and sequential inoculation patterns and to identify the timing combinations associated with higher HA yield. Fermentation runs were conducted under the same substrate loading, inoculum dosage, moisture content, and temperature conditions to ensure comparability among treatments. Because each of the three microorganisms was assigned three timing levels (0, 10, and 20 d), 27 timing combinations were generated for each substrate. Combined with the three substrate platforms, the full experimental matrix comprised 81 fermentation runs in total. The complete 81-run experimental matrix, including the detailed timing combinations and corresponding physicochemical responses, is provided in Table S1 (see Supplementary Materials).



For each fermentation run, the designated substrate was loaded into the fermentation vessel on a dry weight basis and inoculated according to the prescribed schedule. The inoculum dosage of each microbial suspension was maintained at the same level across treatments. The reactors were incubated in the dark under the aforementioned controlled temperature conditions (40 ± 1 °C), and samples were collected during fermentation for the determination of lignocellulose degradation, precursor accumulation, and humic fraction formation. This stepwise design allowed substrate effects and inoculation timing effects to be distinguished, and provided the dataset required for subsequent model analysis and timing evaluation.




2.4. Analytical Methods for Precursor Fluxes and Humic Fractions


Representative samples were destructively collected at predetermined time points during SSF for physicochemical and biochemical analyses. The absolute degradation efficiencies of hemicellulose (HC-D), cellulose (C-D), and lignin (L-D) were quantified using the sequential Van Soest detergent fiber fractionation method. To track the transient humification precursors, reducing sugars (RS) were extracted with distilled water and determined colorimetrically at 540 nm using the 3,5-dinitrosalicylic acid (DNS) method. The accumulation of amino acids (AA) was measured via the ninhydrin reaction assay at 570 nm [13].



The extraction and quantification of humic fractions, specifically fulvic acid (FA) and targeted humic acid (HA), were conducted based on the classical alkali-acid fractionation protocol recommended by the International Humic Substances Society (IHSS). Briefly, the fermented samples were extracted with a mixture of 0.1 M NaOH and 0.1 M Na4P2O7 under N2 protection at a solid-to-liquid ratio of 1:10 w/v. The extraction was performed at 25 °C for 24 h with constant shaking at 150 rpm. Following centrifugation at 8000× g for 10 min, the supernatant was acidified to pH < 2 with 6 M HCl and allowed to stand for 24 h to precipitate the HA fraction, leaving the FA fraction in the soluble phase. The carbon contents of both the purified HA and FA fractions were quantified using a Total Organic Carbon (TOC) analyzer [22]. The analytical procedures for lignocellulose degradation indices and soluble precursor fractions were carried out with minor modifications according to Zhu et al. (2026) [36] and Zhao et al. (2025) [19]. The contents of HA, FA, RS, and AA are expressed as a percentage of the initial dry substrate mass.




2.5. Data Processing and Model Analysis


The experimental data was first used to compare substrate-dependent humification performance and to visualize the overall relationships among lignocellulose degradation, precursor turnover, and HA formation. Three-dimensional scatter plots and Pearson correlation heatmaps were generated using OriginPro 2024 to identify global distribution patterns and variable associations across the full experimental matrix. Based on the superior substrate identified in Stage I, the 27 timing combinations generated for that substrate were further subjected to model analysis in Design-Expert software (Version 13, Stat-Ease Inc., Minneapolis, MN, USA) to evaluate the effects of inoculation timing and their interactions on HA yield. In the present study, the timing variables of the three microorganisms were predefined within a bounded range of 0–20 d, and the model analysis was therefore used to identify the highest HA-yielding timing combination within this experimental window rather than to determine a mathematical stationary optimum. For the selected substrate, a two-factor interaction (2FI) model was fitted to assess the main and pairwise interaction effects of the inoculation timings of A. niger (A), P. chrysosporium (B), and Candida sp. (C) on HA yield. Model selection was based on sequential model sum of squares, goodness-of-fit statistics, and predictive performance. Model significance and term effects were evaluated by analysis of variance (ANOVA). Model adequacy was assessed using the coefficient of determination (R2), adjusted R2, predicted R2, coefficient of variation (CV), and adequate precision. Statistical significance was defined at p < 0.05. The highest HA-yielding condition identified by the model within the investigated timing range was further validated through independent fermentation experiments.





3. Results


3.1. Global Mapping of Substrate-Dependent Humification Performance Under Different Inoculation Strategies


To obtain a global view of humification behavior across the experimental matrix (raw data provided in Table S1, Supplementary Materials), the distributions of lignocellulose degradation, precursor accumulation, and HA formation were visualized using a 3D scatter plot and a Pearson correlation heatmap (Figure 1a,b). The 3D scatter plot revealed a clear substrate-dependent stratification of the fermentation outcomes. Most SW samples were concentrated in the low-performance region, characterized by limited HA accumulation and relatively weak lignocellulose conversion. In contrast, the pretreated substrates, particularly SC-SE and SR-SE-N, extended toward regions associated with higher amino acid (AA) levels, greater lignin degradation (L-D), and increased HA yield. This pattern indicates that physicochemical pretreatment substantially broadened the accessible metabolic space for humification. Notably, SR-SE-N occupied the most favorable region of the distribution, implying that the combined effects of steam explosion and ammoniation provided a particularly suitable physicochemical basis for subsequent model-based evaluation of fungal inoculation timing.



The Pearson correlation heatmap summarizes the overall associations among inoculation timing variables, degradation indices, precursor pools, and humic fractions across the full dataset (Figure 1b). HA showed significant positive correlations with L-D, AA, and FA, indicating that effective lignin depolymerization and the accumulation of nitrogen-containing and soluble intermediates were closely associated with enhanced humification. By contrast, RS showed a weaker or negative association with final HA accumulation, suggesting that soluble sugars mainly acted as transient intermediates and were progressively consumed during downstream conversion. Collectively, these patterns indicate that pretreatment established the baseline accessibility of the substrate, whereas inoculation timing influenced how efficiently released intermediates were redirected toward HA formation. These observations prompted a closer examination of how pretreatment shaped lignocellulosic deconstruction in each substrate.




3.2. Substrate Pretreatment Establishes the Structural Baseline for Lignocellulosic Deconstruction


The degradation data showed that pretreatment strongly influenced the structural accessibility of crop straw and thereby determined the initial baseline for microbial conversion. The degradation efficiencies of hemicellulose, cellulose, and lignin under different substrate pretreatments are summarized in Figure 2. Among the three substrates, SW exhibited the lowest degradation efficiencies for hemicellulose, cellulose, and lignin, reflecting the strong structural recalcitrance of the native lignocellulosic matrix. In untreated straw, lignin–carbohydrate complexes and ordered cellulose regions likely restricted fungal colonization and limited enzymatic access to internal polysaccharides and aromatic structures.



By contrast, steam explosion markedly improved substrate deconstruction. In SC-SE, the degradation rates of hemicellulose and cellulose increased substantially relative to SW, indicating that disruption of cell wall integrity and partial cleavage of lignin-associated linkages enhanced the accessibility of structural carbohydrates. The effect became even more evident in SR-SE-N, where the combined treatment of steam explosion and ammoniation generated the highest overall degradation levels. This result suggests that ammoniation further weakened ester-linked structures and improved matrix swelling, thereby increasing the susceptibility of the substrate to microbial attack and enzymatic hydrolysis. At the same time, nitrogen supplementation likely alleviated the nutrient limitation typically associated with straw-based systems.



These results demonstrate that substrate pretreatment did not merely accelerate biomass breakdown, but created distinct physicochemical starting points for humification. SE improved structural openness, whereas the additional ammoniation in SR-SE-N simultaneously enhanced accessibility and nitrogen availability, making this substrate the most promising platform for targeted HA production. However, pretreatment alone could not fully explain the final differences in HA yield, because substantial variation still remained among inoculation schedules within the same pretreated substrate. This indicates that, after the structural barrier was alleviated, the temporal organization of fungal activity became a critical determinant of humification efficiency.




3.3. Timing-Dependent Fungal Organization Regulates HA Recovery


After pretreatment had established substrate accessibility, the final HA yield was strongly influenced by how the fungal inocula were temporally arranged. Across the tested schedules, differences in inoculation timing led to marked variation in HA accumulation, indicating that fungal interactions were highly time-dependent rather than simply additive. In general, introducing all strains simultaneously did not always produce the best humification outcome across the full substrate set, especially when functional overlap or early-stage competition likely interfered with efficient precursor channeling. Instead, the data showed that staggered inoculation could effectively reshape microbial interactions and improve HA recovery under selected substrate conditions. The effects of different inoculation timing combinations on HA recovery are further illustrated by the response surfaces in Figure 3.



This timing effect can be understood as a balance between competition and complementarity. When multiple fungi are introduced at the same stage, they are more likely to compete immediately for accessible carbon sources, oxygen, and colonization space. Such competition may reduce functional specialization, delay ligninolytic activity, or accelerate the non-productive consumption of soluble intermediates. In contrast, sequential inoculation allows early colonizers to establish a favorable metabolic context before the introduction of later functional partners. Under this arrangement, saccharification-related activity can proceed first, followed by more effective lignin depolymerization and subsequent conversion of soluble intermediates into humified products. Therefore, the advantage of sequential inoculation lies in reorganizing the order of functional expression, rather than merely delaying one strain in isolation.



At the whole-system level, the timing-dependent effects observed here indicate that microbial organization acts as a regulatory layer superimposed on substrate pretreatment. Pretreatment determines whether the matrix can be efficiently accessed, whereas inoculation timing determines whether the released carbon and nitrogen pools are converted into transient metabolites or ultimately redirected into HA. The substrate-dependency of this highest-yielding inoculation strategy within the investigated range is clearly evidenced by the divergent humification responses across the 81-run matrix (Figure 1). For instance, in the highly recalcitrant raw wheat straw (SW) system, the maximum HA yield was severely restricted, reaching only 4.17% when all three fungal strains were inoculated simultaneously at Day 0. In contrast, for the steam-exploded corn straw (SC-SE), the peak HA yield was significantly enhanced to 13.7%; however, achieving this maximum required a sequential strategy (A. niger and Candida sp. introduced at Day 0, followed by P. chrysosporium at Day 10). Interestingly, the ammoniated steam-exploded rice straw (SR-SE-N) achieved an identical peak HA production (13.7%), but under a simultaneous inoculation strategy. This suggests that the improved structural accessibility, combined with nitrogen pre-loading in SR-SE-N, alleviated early-stage ecological competition, allowing the fungi to function synergistically from the onset. Because SR-SE-N provided the most favorable physicochemical background for robust HA production without the need for delayed inoculation, it was selected for subsequent model-based analysis to identify the highest HA-yielding inoculation schedule within the investigated timing range.




3.4. Model-Based Analysis of Inoculation Timing on SR-SE-N and Validation of the Highest HA-Yielding Strategy Within the Investigated Range


Based on the favorable pretreatment performance of SR-SE-N, model analysis was further conducted on this substrate to identify the fungal inoculation strategy associated with the highest HA yield within the investigated timing range. The inoculation timings of A. niger (A), P. chrysosporium (B), and Candida sp. (C) were used as independent variables, and HA yield was taken as the response. Sequential model testing indicated that the two-factor interaction (2FI) model was the most appropriate for describing the response pattern of HA formation on SR-SE-N. Compared with the linear model, the 2FI model significantly improved model performance (F = 11.29, p = 0.0001), whereas the quadratic model did not provide a further significant improvement over the 2FI model (F = 1.55, p = 0.2389). Therefore, the 2FI model was selected for subsequent interpretation and identification of the highest HA-yielding timing combination within the investigated range.



The coded regression equation of the selected 2FI model for HA yield on SR-SE-N was as follows:


YHA = 3.05 − 2.51A − 1.82B − 2.60C + 0.956AB + 2.09AC + 1.54BC



(1)




where YHA is the predicted HA yield, and A, B, and C represent the coded inoculation timings of A. niger, P. chrysosporium, and Candida sp., respectively. ANOVA confirmed that the model was highly significant (F = 23.72, p < 0.0001; Table 3), with an R2 of 0.8768, an adjusted R2 of 0.8398, and a predicted R2 of 0.7795. The difference between the adjusted and predicted R2 values was below 0.2, indicating acceptable predictive consistency. In addition, the adequate precision was 18.98, indicating a strong signal relative to noise and supporting the use of the model for navigating the design space. The standard deviation of the model was 1.65, and the coefficient of variation (CV) was 53.99%. This relatively high CV should be interpreted in the context of the experimental design space. The 27-run matrix covered both highly unfavorable timing combinations with near-zero HA yield and more favorable combinations yielding up to 13.7% HA, resulting in a wide response range and a relatively low overall mean value, which together increased the calculated CV. Therefore, the CV value should be considered together with the consistency of biological triplicates, the agreement among R2 statistics, and the independent validation results when assessing model adequacy. Among the model terms, the main effects of A, B, and C were all significant (p ≤ 0.0001), while AC (p = 0.0003) and BC (p = 0.0042) were significant interaction terms; by contrast, AB was not significant (p = 0.0582). These results indicate that inoculation timing was a dominant factor governing HA formation on SR-SE-N, and that timing coordination involving Candida sp. played a particularly important role in the selected SR-SE-N system. Importantly, the selection of the 2FI model indicates that HA formation within the investigated timing range was governed primarily by the main effects of inoculation timing and their pairwise interactions, whereas inclusion of higher-order terms did not significantly improve model performance. A formal lack-of-fit test was not available for the fitted matrix because the model was built from one response value per unique timing combination, which did not provide replicated design points for pure error estimation.



The response surface analysis of the significant interaction terms showed that HA production on SR-SE-N was particularly sensitive to the timing coordination involving Candida sp. Specifically, the AC and BC interaction surfaces revealed that the effect of Candida inoculation timing depended on the timing of A. niger and P. chrysosporium, respectively. By contrast, the AB term was not statistically significant and was therefore not further interpreted. Within the investigated timing range (0–20 d for each microorganism), the highest HA recovery was identified under simultaneous inoculation of the three fungi. This result indicates that, under the bounded experimental window used in this study, the ammoniated and steam-exploded substrate SR-SE-N provided a physicochemical background that allowed compatible multi-fungal functioning from the beginning of fermentation, without requiring delayed inoculation to alleviate early-stage ecological constraints.



The dynamic changes in precursor pools, lignocellulose degradation, and model validation under the selected treatment are shown in Figure 4a–c. Under this condition, RS and AA showed clear temporal variation during fermentation, indicating active generation and turnover of soluble precursors. FA accumulated transiently before HA increased continuously, suggesting progressive conversion of low-molecular-weight intermediates into more humified products. Meanwhile, hemicellulose, cellulose, and lignin degradation proceeded in parallel, confirming that structural deconstruction and humification were tightly coupled under the selected inoculation strategy identified within the investigated range. The comparison between predicted and experimentally observed HA yields showed close agreement (Figure 4c), further verifying the predictive reliability of the data-driven model within the investigated range. Taken together, these findings demonstrate that, on the ammoniated and steam-exploded substrate SR-SE-N, data-driven model analysis can identify a favorable inoculation strategy within a bounded timing range.





4. Discussion


The present results demonstrate that efficient humic acid (HA) formation from crop straw depends on the coupling of substrate pretreatment and fungal temporal organization rather than on either factor alone. Pretreatment first determines whether the lignocellulosic matrix can be sufficiently opened for microbial access, whereas inoculation timing subsequently governs how the released carbon and nitrogen pools are partitioned between transient intermediates and stable humified products. This combined interpretation is consistent with the global patterns observed in the scatter distribution and correlation analysis, where pretreated substrates, particularly SR-SE-N, occupied the high-performance region characterized by stronger lignin degradation, higher amino acid accumulation, and increased HA production. These findings reinforce the view that effective humification requires both enhanced substrate accessibility and coordinated precursor transformation [2,3,7].



The superior performance of pretreated straw, especially ammoniated steam-exploded straw, confirms that physicochemical conditioning is a prerequisite for directed humification of lignocellulosic residues [37]. Native straw is protected by highly ordered cellulose and dense lignin–carbohydrate complexes, which substantially restrict enzymatic penetration and microbial utilization [3,7]. Steam explosion is widely recognized as an effective pretreatment for loosening plant cell wall structure, partially solubilizing hemicellulose, and improving downstream enzymatic and microbial conversion [9,10,11,12,13]. In addition, ammoniation likely provided two further advantages in the present system: weakening ester-linked structures within the lignocellulosic matrix and increasing nitrogen availability for subsequent humification reactions [16,17,18]. The particularly favorable performance of SR-SE-N suggests that the combination of structural opening and nitrogen pre-supplementation created a more suitable physicochemical environment for fungal colonization, precursor generation, and HA accumulation than pretreatment by steam explosion alone. This interpretation is also consistent with previous observations that combined physicochemical treatment can substantially improve the humification performance of straw-based systems [16,22].



Beyond pretreatment, the present study highlights that fungal inoculation timing acts as a critical ecological regulator of humification. More specifically, inoculation timing influences whether the consortium operates through effective division of metabolic labor, whether partially differentiated ecological niches can emerge over time, and whether the three strains can coexist functionally without severe early-stage exclusion. Under favorable substrate conditions, such temporal organization supports complementary rather than antagonistic interactions among the fungal members. The comparison among inoculation schedules showed that fungal functions were not simply additive, but strongly dependent on temporal arrangement [38]. This agrees with increasing evidence that the performance of composite inoculants or synthetic microbial communities depends not only on taxonomic composition but also on functional succession and ecological compatibility [30,39,40]. When multiple fungi are introduced into the same system, they may compete for accessible carbon sources, oxygen, and colonization space during the early stage of fermentation, thereby constraining the establishment of their specialized metabolic roles. Similar competition-related effects have been reported in mixed biodegradation systems involving Candida and other microorganisms [29]. Therefore, the biological significance of inoculation timing lies in regulating the balance between competition and complementarity, and thereby controlling whether released intermediates are efficiently redirected toward HA formation.



Importantly, the present results do not support a simplistic conclusion that sequential inoculation is universally superior to simultaneous inoculation. Instead, they indicate that the most favorable inoculation strategy is substrate-dependent within the investigated conditions. On SR-SE-N, the highest HA-yielding strategy within the investigated timing range was simultaneous rather than sequential inoculation. Under some substrate conditions, staggered inoculation likely improved functional relay by allowing early saccharification and intermediate accumulation before the establishment of later oxidative or conversion-related activities. Such a mechanism is consistent with previous studies showing that inoculation timing can reshape microbial succession, enzyme expression, nitrogen turnover, and final humification outcomes [33,34,41]. However, once the substrate had been sufficiently conditioned by the combined ammoniation-steam explosion pretreatment, the ecological constraints that normally favor temporal separation appeared to be substantially alleviated. In the SR-SE-N system, simultaneous inoculation was identified by the model as the highest HA-yielding strategy within the investigated range, suggesting that the improved accessibility and pre-existing nitrogen supply enabled the three fungi to function compatibly from the beginning of fermentation. In other words, pretreatment altered not only the physicochemical nature of the substrate, but also the ecological requirements for effective multi-fungal cooperation.



From a microbial ecology perspective, the shift from sequential inoculation (as observed in SC-SE) to simultaneous inoculation (in SR-SE-N) can be explained by the alleviation of niche overlap and nutrient competition. In substrates with limited easily accessible nitrogen and carbon, simultaneously introducing multiple fast-growing fungi inevitably triggers intense early-stage competition for limited resources. This competitive exclusion often suppresses the expression of specialized functions, such as extracellular ligninolytic enzymes. Consequently, sequential inoculation is necessary in those systems to allow pioneer microbes (A. niger) to saccharify polysaccharides before secondary fungi (P. chrysosporium) are introduced. However, the combined ammoniation and steam explosion in SR-SE-N structurally unzipped the matrix and pre-loaded the system with abundant nitrogen. This nutrient superabundance effectively eliminated the ecological bottleneck, allowing all three functional strains to colonize, co-exist, and perform their specific metabolic roles synergistically from Day 0 without destructive competition.



Compared to existing literature, this integrated pretreatment–microbial approach demonstrates significant advantages. Traditional agricultural waste composting typically requires 60 to 90 days to achieve satisfactory humification, heavily relying on spontaneous and uncontrollable microbial succession [2,19]. Even in studies utilizing artificially constructed fungal consortia, the lack of effective nitrogen pre-loading often limits the final humic acid yield. By treating inoculation timing as a controllable ecological variable superimposed on an ammoniated substrate, the present study achieved an HA yield of up to 13.7% within just 30 days. This clearly outperforms conventional single-strain treatments and highlights that microbial functional potential can only be fully realized when substrate stoichiometry (C/N ratio) and structural accessibility are properly aligned.



This highest HA-yielding strategy within the investigated range provides an important mechanistic insight for HA biomanufacturing. This interpretation is also consistent with our recent pathway-oriented study conducted on the same substrate–fungal system, which showed that efficient HA formation depended on the coordinated coupling of saccharification-derived carbon sources, nitrogen-related soluble precursors, and lignin-derived aromatic intermediates [35]. Humification is widely considered to involve the coordinated release, transformation, and condensation of lignin-derived aromatics, reducing sugars, amino compounds, and other reactive intermediates through polyphenol- and Maillard-related pathways [1,2,42]. In the present study, the positive associations of HA with lignin degradation, amino acid accumulation, and fulvic acid are consistent with this framework, suggesting that efficient HA formation requires both adequate aromatic nuclei and sufficient nitrogen-containing precursors. Recent work has similarly emphasized the roles of lignin-derived phenols, amino acids, reactive oxygen-mediated coupling, and precursor synchronization in the assembly of humic substances [18,20,21,43,44]. The dynamic profiles observed under the highest HA-yielding treatment within the investigated range further support this interpretation, as soluble intermediates were generated and subsequently consumed in parallel with progressive HA accumulation. Therefore, the key function of favorable inoculation timing is not merely operational scheduling, but metabolic synchronization of precursor release, turnover, and condensation.



Based on the experimental results, a schematic mechanism is proposed to integrate the effects of substrate conditioning, fungal timing organization, and precursor synchronization on HA formation (Figure 5). The scheme suggests that steam explosion primarily enhanced structural accessibility, whereas ammoniation further increased matrix susceptibility and nitrogen availability, thereby creating a more favorable physicochemical platform for fungal colonization and precursor generation. On this basis, inoculation timing acted as an ecological regulator that controlled the temporal coordination of saccharification, lignin depolymerization, soluble intermediate turnover, and subsequent condensation into humified products. Importantly, the model-supported identification of simultaneous inoculation as the highest HA-yielding schedule on SR-SE-N indicates that once the substrate had been sufficiently opened and nitrogen had been pre-supplemented, the system could support compatible multi-fungal functioning from the onset of fermentation, eliminating the need for temporal separation that may be required under more constrained substrate conditions.



Another important implication of this work is its methodological innovation in treating inoculation timing as a controllable ecological variable. Rather than treating inoculation order as an empirical fermentation parameter, this study used data-driven model analysis to identify the temporal interactions among fungal members and to link them directly with HA output. The selected 2FI model for SR-SE-N showed good explanatory and predictive performance, indicating that the relationship between inoculation timing and HA formation was sufficiently structured to support model-based evaluation. Notably, the final choice of a 2FI model rather than a more complex quadratic model suggests that the dominant response pattern could be captured by a parsimonious interaction structure within the investigated design space. In this sense, the present “data-driven” strategy does not merely refer to statistical fitting, but to the use of experimental data to discriminate among competing model forms, identify the minimum level of model complexity required, and translate those quantitative relationships into an experimentally validated high-HA inoculation strategy within the investigated range. This is valuable because conventional composting or fermentation systems often suffer from stochastic microbial succession and unstable intermediate conversion, which lead to inconsistent humification performance [45,46,47,48]. By contrast, the present approach treats inoculation timing as a controllable ecological variable and integrates substrate pretreatment with microbial organization into a unified evaluation framework. Such a framework may be more broadly applicable to other lignocellulosic bioconversion systems where product formation depends on the coordinated succession of different microbial functions. The fact that a statistically supported 2FI model was sufficient is also advantageous from an engineering perspective, because it provides interpretable timing-design guidance without requiring unnecessarily complex model structures.



Overall, the study suggests that high-value conversion of crop straw into HA-rich products should be understood as a substrate-dependent and ecologically regulated process. Pretreatment determines the physicochemical boundary conditions of the system, whereas inoculation timing determines how efficiently those conditions are exploited by the fungal consortium. The fact that the highest HA-yielding strategy within the investigated range on SR-SE-N was simultaneous rather than sequential inoculation should therefore not be viewed as contradicting the importance of temporal organization; instead, it demonstrates that the favorable temporal pattern within the tested range itself emerges from the interaction between substrate background and microbial function. From an engineering perspective, this finding is particularly meaningful because it implies that process simplification may become possible when pretreatment is sufficiently effective. Thus, the coupling of ammoniation-steam explosion pretreatment with data-driven fungal timing evaluation provides not only a mechanistically interpretable strategy for HA production, but also a potentially scalable route for the sustainable valorization of agricultural residues into humic fertilizers and related bio-based products.



Limitation: One limitation of this study is that the three tested substrate platforms differed in both pretreatment history and straw type. Therefore, the observed differences across SW, SC-SE, and SR-SE-N should be interpreted as integrated substrate-platform effects rather than as isolated pretreatment effects alone.




5. Conclusions


This study established a data-driven framework for evaluating multi-fungal inoculation timing and identifying favorable schedules for improving humic acid recovery from crop straws. Pretreatment increased substrate accessibility, and ammoniation further enhanced nitrogen availability for humification. Among the tested substrate platforms, SR-SE-N showed the best overall performance. A significant 2FI model identified inoculation timing as a key regulator of HA formation, and within the investigated timing range, the highest HA yield on SR-SE-N was obtained under simultaneous inoculation of Aspergillus niger, Phanerochaete chrysosporium, and Candida sp. Overall, the results demonstrate that the most favorable inoculation strategy within the investigated range is substrate-dependent and can be effectively identified through data-driven analysis within a bounded timing range, providing a practical basis for controllable HA biomanufacturing from pretreated agricultural residues.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/agriculture16111228/s1, Supplementary Materials Table S1: Full experimental matrix and analytical results of the 81 fermentation runs across three substrate platforms.





Author Contributions


Conceptualization, P.Z. and B.L.; methodology, P.Z. and B.L.; software, C.Z.; validation, P.Z. and B.L.; formal analysis, K.C. and F.A.C.; investigation, L.X.; resources, X.Z.; data curation, P.Z. and B.L.; writing—original draft preparation, B.L.; writing—review and editing, B.L.; visualization, L.X.; supervision, B.L.; project administration, B.L. and C.Z.; funding acquisition, P.Z., B.L. and C.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (grant numbers 31801317 and 32372012), CSC scholarship (grant number 202108330293) and the Natural Science Foundation of Zhejiang Province (grant number LQ17C130001). These organizations made financial contributions.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	2FI
	Two-factor interaction



	AA
	Amino acids



	ANOVA
	Analysis of variance



	C-D
	Cellulose degradation



	CV
	Coefficient of variation



	DNS
	3,5-Dinitrosalicylic Acid



	FA
	Fulvic Acid



	HA
	Humic acid



	HC-D
	Hemicellulose degradation



	IHSS
	International Humic Substances Society



	L-D
	Lignin degradation



	LCC
	Lignin–carbohydrate complex



	MEA
	Malt Extract Agar



	PDA
	Potato Dextrose Agar



	RS
	Reducing sugars



	SC-SE
	Steam-exploded corn straw



	SR-SE-N
	Ammoniated steam-exploded rice straw



	SE
	Steam Explosion



	SSF
	Solid-state fermentation



	SW
	Raw wheat straw



	TOC
	Total Organic Carbon
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Figure 1. Global mapping of humification performance across the 81-run experimental matrix. (a) Three-dimensional scatter plot showing the distribution of raw wheat straw (SW), steam-exploded corn straw (SC-SE), and ammoniated steam-exploded rice straw (SR-SE-N) as a function of lignin degradation (L-D), amino acid accumulation (AA), and final HA yield. (b) Pearson correlation heatmap showing the relationships among inoculation timing variables, lignocellulose degradation indices, precursor pools, and humic fractions across the full dataset; the color and size of the circles represent the direction and magnitude of the correlation coefficients, respectively. X1, X2, and X3 represent the inoculation timings of A. niger, P. chrysosporium, and Candida sp., respectively. Asterisks indicate significant correlations at p < 0.05. 
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Figure 2. Effects of substrate pretreatment on the maximum degradation of major lignocellulosic components. Maximum degradation rates of hemicellulose (HC-D), cellulose (C-D), and lignin (L-D) achieved in raw wheat straw (SW), steam-exploded corn straw (SC-SE), and ammoniated steam-exploded rice straw (SR-SE-N) under standardized fermentation conditions. Error bars represent standard deviations. Different lowercase letters indicate significant differences among substrates for the same parameter (p < 0.05). 
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Figure 3. Significant pairwise interactions of fungal inoculation timing on humic acid (HA) yield in the SR-SE-N system based on the two-factor interaction (2FI) model: (a) 3D response surface plot showing the interaction between P. chrysosporium (Factor B) and Candida sp. (Factor C); (b) 3D response surface plot showing the interaction between Candida sp. (Factor C) and A. niger (Factor A); (c) 2D contour plot showing the interaction between P. chrysosporium (Factor B) and Candida sp. (Factor C); (d) 2D contour plot showing the interaction between Candida sp. (Factor C) and A. niger (Factor A). The color gradient represents the HA yield level (with warmer colors/red indicating higher yields and cooler colors/blue indicating lower yields); red circles in the 3D response surfaces represent the actual experimental data points; and the numbers on the contour lines indicate the predicted HA yield percentages (%). Note: The AB interaction (A. niger × P. chrysosporium) was not visualized as it was not statistically significant (p = 0.0582). The fitted surfaces illustrate how these significant temporal coordination patterns influence HA yield within the investigated experimental range. 
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Figure 4. Validation of the highest HA-yielding inoculation strategy identified within the investigated range through precursor turnover, structural degradation, and model prediction. (a) Temporal profiles of reducing sugars (RS), amino acids (AA), fulvic acid (FA), and humic acid (HA) during fermentation under the selected inoculation schedule. (b) Dynamic changes in hemicellulose degradation (HC-D), cellulose degradation (C-D), and lignin degradation (L-D) under the same conditions. (c) Comparison between model-predicted and experimentally observed HA yields under the selected condition, showing the predictive reliability of the model. Error bars represent standard deviations of triplicate determinations. 
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Figure 5. Proposed mechanism linking substrate pretreatment, fungal timing organization, precursor turnover, and HA formation. Steam explosion and ammoniation improve straw structural accessibility and nitrogen availability, thereby creating favorable conditions for fungal colonization, precursor generation, and humification. Under the selected inoculation schedule, Aspergillus niger, Phanerochaete chrysosporium, and Candida sp. cooperatively promote lignocellulosic deconstruction, intermediate turnover, and the conversion of soluble precursors into humified products. In the SR-SE-N system, within the investigated timing range, the highest HA-yielding condition corresponded to simultaneous inoculation, resulting in coordinated structural degradation and continuous HA accumulation. 
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Table 3. Analysis of variance (ANOVA) for the selected 2FI model predicting HA yield on SR-SE-N.
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	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value





	Model
	386.27
	6
	64.38
	23.72
	<0.0001



	A
	113.50
	1
	113.50
	41.81
	<0.0001



	B
	59.48
	1
	59.48
	21.91
	0.0001



	C
	121.37
	1
	121.37
	44.71
	<0.0001



	AB
	10.96
	1
	10.96
	4.04
	0.0582



	AC
	52.63
	1
	52.63
	19.39
	0.0003



	BC
	28.34
	1
	28.34
	10.44
	0.0042



	Residual
	54.29
	20
	2.71
	-
	-



	Cor Total
	440.56
	26
	-
	-
	-







Note: A, inoculation timing of A. niger; B, inoculation timing of P. chrysosporium; C, inoculation timing of Candida sp. Factor levels were coded. Sum of squares is Type III (partial). The model was significant at p < 0.05. Additional model statistics were as follows: R2 = 0.8768, adjusted R2 = 0.8398, predicted R2 = 0.7795, standard deviation = 1.65, coefficient of variation = 53.99%, and adequate precision = 18.98. A formal lack-of-fit test was not available because the fitted matrix contained one response value per unique timing combination and therefore did not provide replicated design points for pure error estimation.
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