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Abstract:  33 

Amendment of soil with biochar induces a shift in microbial community structure 34 

and promotes faster mineralization of soil organic carbon (SOC), thus offsetting C 35 

sequestration effects. Whether biochar induces losses of labile or persistent SOC 36 

pools remains largely unknown, and the responsible decomposers await identification. 37 

Towards addressing these ends, a C3 soil was amended with Biochar500 or Biochar600 38 

(pyrolyzed at 500 ℃ and 600 ℃, respectively) produced from a C4-maize feedstock 39 

and incubated for 28 days. Combination of stable isotope 13C techniques, 40 

high-throughput sequencing and Fourier-transform ion cyclotron resonance mass 41 

spectrometry (FT-ICR MS) allowed changes in soil chemodiversity and biodiversity, 42 

as well as their interactive effects on biochar induced SOC mineralization to be 43 

elucidated. Results indicated that: i) biochar addition shifted the bacterial community 44 

towards dominance of Gemmatimonadetes, Bacteroidia, Alphaproteobacteria and 45 

Gammaproteobacteria classes, and coincidence with recalcitrant C components and 46 

neutral pH soil; ii) the persistent DOM components (such as condensed aromatics and 47 

tannin) were depleted in biochar amended soils, while labile DOM components (such 48 

as unsaturated hydrocarbons, lipids, carbohydrates and proteins/amino sugar) were 49 

relatively enriched, and; iii) Biochar600 promoted additional soil derived CO2 carbon 50 

loss over 28 days (93 mg C kg-1 soil). Collectively, these results suggested that the 51 

majority of soil derived CO2 efflux in biochar amended soils originated from 52 

recalcitrant components that were mineralized by the persistent organic matter 53 

decomposers. This research highlights the significance of biochar responsive taxa in 54 

changes of DOM chemodiversity and potential loss of SOC via mineralization. 55 
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1. Introduction 61 

On account of their high carbon (C) content and resistance to degradation, 62 

biochars, the product of pyrolyzed plant residues or other organic materials, have 63 

drawn attention as promising materials to enhance C sequestration (Lehmann, 2007). 64 

Although biochar per se increase soil organic C (SOC) content, it induces 65 

contradictory effects via interactions with non-biochar C. For example, biochar causes 66 

lower decomposition of plant-derived C, e.g., rhizodeposits (Weng et al., 2017); while 67 

some studies reported larger loss of rhizodeposits in biochar amended soils (Chen et 68 

al., 2021; Fu et al., 2022). Aside from the inconsistent results of plant-derived C 69 

decomposition in biochar amended soil, biochar addition to soil has been reported to 70 

result in greater and lower SOC mineralization, depending on the types of soil and 71 

biochar (Luo et al., 2011; Luo et al., 2016; Zimmerman et al., 2011). Soil priming 72 

effects wherein more (positive priming) and less (negative priming) CO2 is released 73 

from SOC following substrate amendment, including glucose, rhizodeposits, straw, 74 

and biochar, have been widely reported (Fontaine, 2003; Kuzyakov et al., 2010; 75 

Blagodatskaya 2010; Ling et al., 2021). Biochar induced positive priming, in 76 

particular, is of concern as it offsets the C sequestration effects of biochar per se 77 

(Wardle et al., 2008; Lehmann et al., 2008). 78 

The mechanisms involved in biochar induced soil priming effects can be 79 

attributed to changes in the soil microbiome (Chen et al., 2019). Microbial biomass, 80 

activity, community and enzyme production shifts in the charsphere, the zone where 81 

biochar meets soil (Lehmann et al., 2011). These biological property changes 82 

following biochar addition can be largely regulated by the altered microbial habitats 83 

including: i) increase in soil pH (Luo et al., 2017b), which relieves acid stress of 84 

acidic soil and consequently benefits the microbial community (Lehmann et al., 2011; 85 

Luo et al., 2013), e.g., Xu et al. (2014) reported that biochar increased soil pH from 86 

4.48 to 6.03, which increased the relative abundances of microbial groups that 87 

adapted to neutral pH and consequently affected C and nitrogen (N) cycling; ii) large 88 

porosity and surface area of biochar (Lehmann et al., 2011; Luo et al., 2013; Yu et al., 89 

2019), which consequently creates better conditions for fungi and bacteria growth, 90 



and; iii) increased supply of C, nutrients and energy contained within biochar (Sheng 91 

and Zhu, 2018; Liao et al., 2019).  92 

The intensity of CO2 efflux is closely related to the characteristics of biochar, 93 

such as the content of labile component, which largely depends on feedstock type and 94 

pyrolysis conditions (Yu et al., 2018; Luo et al., 2011). Pyrolysis drives chemical 95 

transformation of plant biomass via heating in an oxygen limited environment, 96 

causing volatile compounds released, and aliphatic components to be depleted. This 97 

leads to lower hydrogen (H) and oxygen (O) contents but enriched C-content (thus 98 

lower H/C and O/C ratios) within the biochar product (Novak et al., 2009). Increase 99 

of pyrolyzed temperature from 400 °C to 700 °C tends to increase the fixed C and 100 

inorganic mineral content, but decrease biochar yield, volatile matter, cation exchange 101 

capacity (CEC), surface area and porous structure (Lee et al., 2019). When pyrolysis 102 

temperatures are increased from 500 to 600 ℃, biochar morpho-physiochemical 103 

characteristics changes dramatically, e.g., high-temperature pyrolysis (>550 °C) 104 

produces biochars that generally have high surface areas, pore space and pyrogenic 105 

amorphous C (Keiluweit et al. 2010). Also, pyrolysis above 550 °C causes sharply 106 

decrease of biochar yields (Bruun et al., 2010), as well as the shift of chemical 107 

composition, e.g., less C=O and C-H functional groups but higher content of 108 

persistent C (mostly poly-condensed aromatic moieties and tannin) under higher 109 

temperatures (Singh et al., 2012; Leng et al., 2018). Pyrolysis above 550 °C cause 110 

sharp decrease of microbial degradability of biochar (Bruun et al., 2010). Comparably, 111 

labile resources are more likely to be retained if feedstock is pyrolyzed under low 112 

temperatures, e.g., with the decrease of temperature from 575 to 475 °C, the contents 113 

of cellulose and hemicellulose increases from 5.5% to 30%. Also, pyrolysis 114 

temperature lower than 550 °C favors greater recovery of nutrients such as nitrogen, 115 

potassium and sulphate; that are increasingly lost at higher temperatures (Keiluweit et 116 

al. 2010). By offering easily consumed C and nutrients, biochars produced under 117 

relative low temperature (< 550 °C) are more likely to activate microbial biomass, 118 

particularly those of fast-growing microbes (Liu et al., 2019; Zhang et al., 2020).  119 

https://www.sciencedirect.com/science/article/pii/S004896972105381X#bb0565


The initial flush of CO2 efflux from soil immediately following biochar 120 

amendment is often found to be short-lived and linked to the mineralization of labile 121 

organic matter components delivered to soil with the biochar (Cross and Sohi, 2011; 122 

Zimmerman et al., 2011). Therefore, most biochar induced positive priming 123 

diminishes after a short period of time as these available resources are exhausted (Luo 124 

et al., 2011; Zimmerman et al., 2011). Since the proportions of labile resources, e.g., 125 

dissolved organic matter (DOM) decline, the microbial activity decreases. However, 126 

the decline of activity does not occur for all microbial taxa. When the content of labile 127 

components decreases, some microbial groups, e.g., Gemmatimonadetes, respond to 128 

refractory OM components, such as polyaromatic C (Whitman et al., 2019; Campos et 129 

al., 2020). Ling et al. (2021) also found the enriched refractory components, i.e., 130 

phenolic substances, favored oligotrophs in the post-fire soils (3 months). To obtain 131 

knowledge about i) the shift in the bacterial community (e.g., strategy/metabolisms) 132 

with respect to C/nutrient conditions (oligotrophic or eutrophic), and; ii) the 133 

proportions of labile/recalcitrant components decomposed as a dominant outcome of 134 

changed community structure, it is critical to improve the understanding of biochar 135 

related C dynamics. 136 

Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) can 137 

be used to characterize DOM chemodiversity and has been applied in a range of 138 

environmental media, including, ocean water (Osterholz et al., 2016), lakes (Yuan et 139 

al., 2017), sediments (Butturini et al., 2020), rhizodeposits (Roth et al., 2019) and 140 

soils (Zhang et al., 2016; Li et al., 2018). Through the alignment of FT-ICR MS 141 

chemodiversity profiling with molecular ecology profiling of microbial community 142 

composition, co-occurrence network analysis has been applied to gain insights into 143 

chemodiversity and biodiversity linkages (Zhao et al., 2019). Li et al. (2018) 144 

investigated the manifold associations between the diversity of microbiota and the 145 

heterogeneity of soil DOM under long-term organic and inorganic fertilization 146 

practices. They showed that the continuous addition of organic C and nutrients 147 

(especially the high dose treatments) maintained not only high diversity of DOM, but 148 

also a more complex network between microorganisms and DOM molecules, i.e., the 149 

number of active hubs was more pronounced in the organic fertilizer regime. This 150 



result indicates that sustained organic C addition to soil shaped the bacterial 151 

community toward a more eutrophic and diversified population that had more 152 

interactions with more diversified DOM molecules. Also, Wu et al. (2021) identified 153 

specific linkages between bacterial community and DOM traits by correlating top 154 

1000 most abundant DOM formulas and top 1000 most abundant bacterial genus. 155 

Exploring the associations between DOM chemodiversity (i.e., chemical moieties) 156 

and bacterial community composition offers opportunity to clarify the molecular 157 

mechanisms underlying microbially driven soil C processes. 158 

While a large number of studies have investigated biochar induced SOC loss and 159 

the associated shift in microbial community structure (Luo et al., 2011; Chen et al., 160 

2018), only a few studies have provided deep insights at the molecular level to 161 

explore C-microbial interactions underpinning SOC mineralization. Biochar induced 162 

SOC losses require mechanistic understanding, for example, who (decomposers) is 163 

responsible for the decomposition of which (moieties) SOC components. Aiming to 164 

decipher the underlying mechanisms of biochar induced SOC mineralization, we 165 

combined FT-ICR MS with high-throughput sequencing and stable 13C isotope 166 

technique to characterize DOM chemical composition, bacterial community 167 

composition and SOC decomposition. We hypothesized that biochar induced changes 168 

in soil abiotic conditions, such as pH and DOM components, would shift the bacterial 169 

community and the abundance. More specifically, neutralization of acidic conditions 170 

and the introduction of recalcitrant compounds following biochar amendment would 171 

increase the relative abundance of persistent carbon mineralizers, and consequently 172 

break down of complex DOM components. In biochar-free soil, acid-tolerant bacteria 173 

would persist in relatively more stressed environments (e.g., pH < 5), as this microbial 174 

group possesses stress tolerance at the expense of other traits.  175 

2. Materials and methods 176 

2.1 Soils and biochar preparation 177 

The soil samples were collected from Wenling region (28°170' N, 121°126' E), 178 

Zhejiang Province, China. The soil texture was a loamy clay (43% clay, 37% silt and 179 

20% sand) and classified as an Alfisol according to the U.S. Department of 180 



Agriculture (USDA) classification. The soil was sieved (2 mm) and plant residues 181 

removed. The maize biochar was produced at 500 (Biochar500) and 600 °C 182 

(Biochar600). The rate of heating was 1 °C per minute from 40 °C, followed by 30 183 

minutes of continuous heating at the final temperature. The biochars were sieved (2 184 

mm). Basic properties of biochars, including dissolved organic carbon (DOC), 185 

dissolved organic nitrogen (DON), total carbon (TC), total nitrogen (TN), pH and 186 

δ13C (‰) and these properties (TC, TN, DOC, DON, pH and δ13C) of soils, including 187 

the control soil, Biochar500 amended soil (BC500), Biochar600 amended soil (BC600), 188 

were measured. Water content was adjusted to 40% water holding capacity (WHC) 189 

using ultra-pure water and pre-incubated at 25 °C for 7 days to allow initial sampling 190 

and sieving effects to subside. 191 

2.2 Experimental design  192 

The BC500 and BC600 biochars (< 2 mm) were added to soil at a dose of 20 g kg-1 193 

soil (n = 3). Samples of biochar augmented and biochar-free soil (50 g; n = 3) were 194 

hydrated to 40% WHC and subsequently incubated in 100 mL beakers placed inside a 195 

1 L glass jar. All jars were sealed with a rubber bung and incubated (25 °C) for 28 196 

days (jars were randomized and moved periodically). All jars contained a vial of 1.0 197 

M NaOH (20 mL). Vials were changed after 1, 3, 7, 14 and 28 days and used to 198 

quantify evolved CO2 and 13CO2 (‰). Deionized water (10 mL) was put in the bottom 199 

of each glass jar to maintain humidity during the incubation. Control soil was 200 

prepared in the same way (but no biochar was added) (n = 3). Following the 28-day 201 

incubation period, soil samples were taken to investigate: i) changes in bacterial 202 

community structure by using high throughput sequencing (0.5 g) and ii) DOM 203 

chemical compositions (5 g) by Fourier transform ion cyclotron resonance mass 204 

spectrometry.  205 

2.3 Chemical analysis 206 



Soil pH was measured in a 1:2.5 (w/w) soil solution (ultra-pure H2O) using a pH 207 

electrode. Total C and N contents were measured with a CNS-2000 dry combustion 208 

instrument (LECO CNS 2000, LECO Corporation, Michigan, USA). Dissolved 209 

organic C and N (DOC/DON) contents were extracted from fresh soil (5 g) with 210 

Milli-Q water (25 mL) in centrifuge tubes. The tubes were shaken (220 rpm) for 30 211 

min, then the supernatant was filtered through a 0.45 µm quantitative filter paper, and 212 

the resultant solution analyzed using a TOC/TN Analyzer (Shimadzu, Analytical 213 

Sciences, Kyoto, Japan). The natural 13C abundance (δ13C) was measured with an 214 

elemental analyzer-coupled-isotope ratio mass spectrometer (EA-IRMS) (Sercon Ltd, 215 

Crewe, UK). 216 

2.4 Soil respiration and 13CO2 217 

  CO2 evolved was measured by titration using a TIM840 auto titrator (Radiometer 218 

Analytical, Villeurbanne Cedex, France) with standard HCl (0.0501 M L-1). To 219 

determine the δ13C (‰) of the trapped CO2, 4 ml aliquots of sample were added to 1 220 

M BaCl2 (8 ml) in centrifuge tube. The precipitated BaCO3 was carefully rinsed with 221 

pure H2O (3 times), then dried overnight (60 ℃) in the centrifuge tube. The 222 

precipitate was scraped off the tube, weighed (1 mg) into a tin capsule and analyzed 223 

for δ13C using an elemental analyzer-coupled-isotope ratio mass spectrometer 224 

(EA-IRMS) (Sercon Ltd, Crewe, UK). For the calculation of CO2 derived sources 225 

refer to the SI material 1.  226 

2.5 Chemical composition of dissolved organic matter  227 

Solid phase extraction of dissolved organic matter (SPE-DOM) was performed 228 

as described in Li et al, (2018). DOM extracts (see above) were analyzed at the 229 

State Key Laboratory of Organic Geochemistry, Guangzhou Institute of 230 

Geochemistry, Chinese Academy of Sciences. The detailed sample testing and 231 

analysis procedures are given in SI material 2 and 3. The aromatic index (AI) value 232 

was calculated using the equation: AI = (1 + C - 0.5*O - S - 0.5*H) / (C- O.5*O - S - 233 



N -P) (Li et al., 2018). DOM was delineated into seven molecular groups based on 234 

H/C and O/C value: aromatic structures (0.3 - 0.7, 0.1 - 0.7), tannin (0.3 - 1.5, 0.7 - 235 

0.9), lignin (0.7 - 1.5, 0.2 - 0.7), unsaturated hydrocarbons (0.7 - 1.5, 0.1 - 0.3), 236 

aliphatic/proteins (1.5 - 2.0, 0.2 - 0.7), lipids (0.1 - 0.3, 1.5 - 2.0) and carbohydrate 237 

(1.5 - 1.7, 0.7 - 0.8). According to AI, H/C value and the relationship with bacteria, 238 

condensed aromatic and tannin-like compounds were ascribed as persistent 239 

components, while unsaturated hydrocarbons, aliphatic/proteins, lipids and 240 

carbohydrate were ascribed as labile components (Li et al., 2018).  241 

2.6 Bacterial community composition analysis 242 

2.6.1 PCR amplification and high throughput Illumina sequencing 243 

DNA was extracted from fresh soil samples (0.5 g) obtained using a FastDNA 244 

Spin Kit (MP Biomedicals, Santa Ana, CA, USA) following the manufacturer’s 245 

instructions. The isolated DNA was eluted in 100 μL of TE buffer. The extracted DNA 246 

quality and quantity were checked using a NanoDrop 2000 spectrophotometer 247 

(NanoDrop Technologies, Wilmington, DE, USA). Finally, the DNA in the samples 248 

was preserved at -80 °C until further sequencing.  249 

To discriminate each sample, a unique 5 base pair (bp) sequence was inserted 250 

into the reverse primer. The PCR amplification of each sample was performed in 251 

triplicate; 50 μL reaction mixtures contained 0.5 μL (125 pmol) of each 252 

forward/reverse primer, 1 μL (approximately 50 ng) of genomic DNA, 23 μL of 253 

double distilled water, and 25 μL of Premix Taq (Takara, Shiga, Japan). Thirty-five 254 

thermal cycles (30 s at 94 °C, 30 s at 54 °C, and 45 s at 72 °C) were carried out with a 255 

final extension for 10 min at 72 °C. The PCR products were purified, mixed, and 256 

sent to Novogene, Inc. (HiSeq2500 platform; PE150, Beijing, China) for 257 

sequencing. The V3 - V4 region of the bacterial 16S rRNA gene was amplified using 258 

the primer pair 341F (5’-CCTAYGGGRBGCASCAG-3’) / 806R 259 

(5’-GGACTACNNGGGTATCTAAT-3’) (Yuan et al., 2018). 260 

2.6.2 Taxonomic assignments and clustering of 16S rRNA gene fragments 261 



The raw sequencing data were quality screened and trimmed using the 262 

Quantitative Insights into Microbial Ecology (QIIME package version 1.8.0) 263 

pipeline as previously described (Caporaso et al., 2010). QIIME quality trimming 264 

was performed in accordance with the following criteria: (1) truncated before three 265 

consecutive low-quality bases and re-evaluated for length, (2) no ambiguous bases, 266 

and (3) the minimum sequence length of 469 bp (16S rRNA) after trimming. 267 

Operational taxonomic units (OTUs) were clustered from the assembled 268 

high-quality sequences and classified with Basic Local Alignment Search Tool 269 

(BLAST) in the Silva Release 119 database and UNITE version 6.0 database (Quast 270 

et al., 2012). OTUs with abundances of < 0.001% were discarded. 271 

 The 16S rRNA sequence data were deposited to the National Center for 272 

Biotechnology Information under accession number PRJNA698294 (releasing Jan 273 

31st, 2021). Alpha diversity (Shannon and Simpson diversity indices) and 274 

Bray-Curtis distances for a principal component analysis of soil bacteria 275 

community were calculated using the OTU table after rarefying all samples to the 276 

same sequencing depth.  277 

2.7 Data analysis 278 

The effects of the biochar on soil were analyzed by one-way ANOVA at p < 0.05, 279 

following the Tukey post-hoc test. A principal coordinate analysis (PCoA) based on 280 

Bray-Curtis distance from all samples was used to differentiate bacterial community 281 

structure in the three treatments. PERMANOVA (Adonis function in vegan of R) was 282 

used to quantify these effects. The characterization of bacteria community features in 283 

the biochar amended soils using the linear discriminant analysis (LDA) effect size 284 

(LEfSe) method (http://huttenhower.sph.harvard.edu/lefse/) for biomarker discovery, 285 

which emphasizes statistical significance and biological relevance (Segata et al., 286 

2011). Distance-based linear model multivariate analysis (DISTLM) was used to 287 

understand the relative effects of DOM compositions on the soil bacteria community 288 

(Mcardle and Anderson, 2001).  289 

For further details regarding constructing networks refer to SI material 4. 290 
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Network visualization was conducted using Cytoscape 3.6.1 (Smoot et al., 2010). 291 

Genera (belong to phyla) with the highest betweenness centrality scores were 292 

considered as core bacteria species (González et al., 2010); data is shown in the SI 293 

Table 9. The calculated topological characteristics of the bacterial and environmental 294 

factors network included the following: positive and negative correlations, nodes, 295 

edges, graph density and modularity in the SI Table 8. 296 

Abiotic factors (e.g., pH and C components) and biotic properties (e.g., the 297 

relative abundance of class level bacteria) were conducted using random forest 298 

modeling to quantitatively assess their contributions to SOC and biochar derived CO2. 299 

The significance of the model was determined by rfPermute and rfUtilities packages 300 

in R. 301 

3. Results 302 

3.1 Soil properties and 13CO2 evolution  303 

Following incorporation of biochar into soil, TC was quantified as follows: 304 

BC500 (3.52%), BC600 (3.74%) and the biochar-free soil (3.08%, Table 1). Thus, soil 305 

amended with BC500 had its TC content increased by 4.4 mg g-1, and soil amended 306 

with BC600 by 6.6 mg g-1 (Table 1). The DOC content in BC500, BC600 and Control 307 

soils were 272, 262 and 282 µg g-1, respectively (Table 1). Total CO2 emissions from 308 

soil amended with biochar over the 28 days incubation period were larger than those 309 

from unamended soil samples and ranked as: BC600 (604 µg C g−1) > BC500 (548 µg C 310 

g−1) > Control (381 µg C g−1) (p < 0.05: Control vs BC500, Control vs BC600, BC500 vs 311 

BC600) (Fig. 1a, SI Table 1). The SOC derived CO2 increased in biochar amended soil 312 

to 384 (BC500) and 474 µg C g−1 soil (BC600) compared to Control (381 µg C g−1) (Fig. 313 

1b, SI Table 1). Mineralized biochar in BC500 and BC600 after 28 days of incubation 314 

were 164 and 130 µg C g−1 soil (p < 0.05), respectively. The mineralization of BC500 315 

and BC600 derived from primed SOC were, respectively, 3 and 93 µg C g−1 (p < 0.05) 316 

(SI Table 1).  317 

3.2 Characterization of dissolved organic matter  318 



The DOC content (water extracted) was not significantly different (p > 0.05) 319 

across BC500, BC600 and the biochar-free soil after 28 days (Table 1), while the 320 

general characteristics of DOM revealed unique molecular compositions across these 321 

regimes (Fig. 1c, 1d, SI Table 3). The proportion of DOM chemical components were 322 

significantly different among control and biochars (ANOSIM: R = 0.67, p = 0.02) (SI 323 

Fig. 1, SI Table 5). Lignin-like DOM compounds were dominant in all soil samples, 324 

accounting for 60 - 72% of all assigned molecules. The proportions of persistent 325 

components, such as condensed aromatics and tannin, were lower than the proportions 326 

of labile components (H/C ≥ 1.5) in BC500 and BC600 (SI Fig. 1, SI Table 3). The 327 

application of biochar changed (decreased) the chemodiversity of the DOM molecules 328 

compared to control, the substances that decreased were mostly condensed aromatics 329 

and tannin moieties, while those that increased were mainly labile moieties, such as 330 

protein/amino sugar (Fig. 1c and 1d). The molecular composition profile in the BC600 331 

treatment covered much lower H/C and wider O/C ratios, indicating greater 332 

recalcitrance. Similarly, persistent molecules decreased, and labile components 333 

increased after BC600 addition (SI Fig. 1d, SI Table 3).  334 

3.3 Characterization of soil bacterial community composition  335 

The bacterial community composition showed little difference in α-diversity 336 

(Chao1) across control and the biochars (Fig. 2a). The principal co-ordinates analysis 337 

(PCoA) plot suggested that bacterial community compositions were altered by biochar 338 

addition (Fig. 2b). Further comparison of the bacterial community composition at the 339 

class level revealed the major bacterial classes (Fig. 2c). Compared to control soil, the 340 

relative abundance of classes, including Alphaproteobacteria, Gammaproteobacteria, 341 

Gemmatimonadetes and Bacteroidia increased following biochar addition, while 342 

Bacilli, Acidobacteriia, Thermoleophilia, Clostridia and Acidimicrobiia (class level) 343 

were decreased (Fig. 2c). LEfSe also showed that Gemmatimonadetes (log104.4) have 344 

higher abundance in biochar amended treatments, while Acidobacteriia (log104.2) and 345 

Acidimicrobiia (log103.6) in control soil were higher than BC500 and BC600 (Fig. 2d, SI 346 

Fig. 3). Through best multivariate model analysis (DISTLM), lignin (80.6%), DON 347 

(5%), DOC (1.5%), pH (0.7%) and condensed aromatics (0.4%) were the top 5 abiotic 348 

variables that modulated bacterial community composition (SI Table 6). Bacteria 349 



(y-axis), at class level, were associated with chemical components variables (x-axis) 350 

using Spearman’s rank correlation (Fig. 3a). Biochar increased the bacterial classes of 351 

Alphaproteobacteria, Gammaproteobacteria (belong to Proteobacteria) and 352 

Gemmatimonadetes (belongs to Gemmatimonadetes); these were negatively 353 

correlated with condensed aromatics and tannin. While biochar decreased the 354 

bacterial classes Bacilli and Clostridia (belonging to the phylum Firmicutes) (Fig. 2c), 355 

these may be influenced by pH and labile components, such as lipids and unsaturated 356 

hydrocarbons (SI Fig. 5, SI Table 7). The Acidobacteriia (belonging to Acidobacteria) 357 

was affected by pH significantly (r = -0.89**, p < 0.05).  358 

3.4 Linkages between DOM molecular compositions and soil bacterial communities 359 

The increased bacterial classes, including Alphaproteobacteria, 360 

Gammaproteobacteria and Gemmatimonadetes were negatively correlated with 361 

recalcitrant components, such as condensed aromatics and tannin. While labile 362 

components (lignin, unsaturated hydrocarbons, lipids, carbohydrates and 363 

proteins/amino sugar) were negative correlated with Bacilli, Acidobacteriia, 364 

Thermoleophilia, Clostridia and Acidimicrobiia (Fig. 2c, 3a), which were observed to 365 

decrease in their relative abundance. 366 

To explore the interconnections between bacterial species and DOM molecules 367 

at the OTU and molecular levels, respectively, co-occurrence network analysis was 368 

used to visualize the interactions (Fig. 3b). There were 98 nodes and 256 edges in the 369 

network of the combined biochars. In addition, the DOM nodes (51.02%) and 370 

copresence edges (73.00%) were more often detected compared to bacterial nodes 371 

(48.98%) and mutual-exclusion (26.95%) edges in the network, respectively (SI Table 372 

8). 256 edges were established among the DOM molecules and OTUs, including 192 373 

correlations between DOM and DOM molecules, 31 OTU to OTU connections and 33 374 

edges between DOM molecules (four categories) and OTUs (four phyla), of which 33 375 

linked 23 DOM molecules and 14 OTUs (SI Table 9). The 14 OTUs were distributed 376 

among the Proteobacteria (10: there were 3 Alphaproteobacteria, 4 377 

Gammaproteobacteria and 3 Deltaproteobacteria), Acidobacteria (1), 378 

Gemmatimonadetes (1), Verrucomicrobia (1) and unidentified Bacteria (1), 379 

respectively (SI Table 8).  380 



The 23 DOM molecules were comprised of tannin (2), lignin (19) and other 381 

molecules (C18H30O3S1: unsaturated hydrocarbons and C12H26O4S1: lipids). 382 

Ramlibacter (Gammaproteobacteria) was negatively related to C12H15N1O7 (lignin). 383 

Burkholderiaceae (Gammaproteobacteria), including OTU981 and OTU111, had 384 

negative correlations (blue lines) with C20H28O12, C20H26O12 and C17H24O11 (all of 385 

which belong to lignin). C20H28O12 was also negatively associated with Vulgatibacter 386 

(Deltaproteobacteria) (Fig. 3b, SI Table 9). Whereas C18H30O3S1 (unsaturated 387 

hydrocarbons) and C12H26O4S1 (lipids) showed positive correlations (orange lines) 388 

with Candidatus_Solibacter (Acidobacteria) and Verrucomicrobiae 389 

(Verrucomicrobia), respectively (Fig. 3b, SI Table 9). The network pattern indicated 390 

that the same classes, or even same genus, had diverse associations with DOM 391 

molecules of contrasting chemical characteristics, i.e., having opposite correlations to 392 

the same category of DOM compounds or having the same correlations to different 393 

categories of molecules. For example, Proteobacteria showed positive and negative 394 

correlations with lignin or tannin, respectively (Fig. 3b, SI Table 9). In particular, 395 

Burkholderiaceae (Gammaproteobacteria) showed negative and positive correlations 396 

to lignin. Further relations between OTUs (Proteobacteria) and DOM (lignin and 397 

tannin) are shown in SI Table 9. These results improve the understanding of the 398 

connections between C molecules and bacterial community compositions at the 399 

molecular level. This may contribute to the defining of a mechanism to translate 400 

current knowledge, regarding soil C status, bacterial community composition and 401 

their correlations, into actionable pathways. 402 

3.5 DOM composition and bacterial community in relation to C dynamics  403 

Random Forest analysis revealed the contributions of major class level 404 

microorganisms, DOM composition, environment factors to SOC and biochar derived 405 

CO2 (Fig. 4). The main contributions to SOC derived CO2 were abiotic factors (lignin, 406 

condensed aromatics and pH) and biotic producers (Gemmatimonadetes, 407 

Acidobacteriia, Acidimicrobiia and Bacteroidia) (Fig. 4a).  408 

Bacterial taxa, such as Clostridia, Thermoleophilia, Gemmatimonadetes, Bacilli, 409 



Bacteroidia, Gammaproteobacteria, and Acidimicrobiia, influenced biochar derived 410 

CO2 during the 28-day incubation (Fig. 4b). Compared to biotic factors, abiotic 411 

factors, including condensed aromatics, lignin, tannin, lipids and pH, had a stronger 412 

correlation with biochar-derived CO2 (Fig. 4b). These linkages suggest those species 413 

utilized soluble lignin and condensed aromatics introduced into the soil by biochar. 414 

SOC derived CO2 was influenced by lignin, pH, condensed aromatics and unsaturated 415 

hydrocarbons, while biochar derived CO2 was mainly contributed by condensed 416 

aromatics and lignin from the biochar over the short-term (28 days). 417 

4. Discussion 418 

4.1 Direction of correlation between DOM composition and bacterial community 419 

composition 420 

To date, some studies have attempted to reveal the link between bacterial 421 

community biodiversity and DOM chemical diversity (Osterholz et al., 2015; 422 

Underwood et al., 2019). Several studies have noted the close molecular-level 423 

association between the relative abundance of DOM components and bacterial groups, 424 

and that chemodiversity-biodiversity interactive effects can be bidirectional, wherein: 425 

i) DOM chemical composition shapes microbial community composition, and in 426 

general more complex DOM profiles maintain relative high diversity and abundance 427 

of microbiome (e.g., Zhao et al. (2019) reported that the increased bacterial diversity 428 

are caused by the diverse DOM molecules, and particularly, the abundance of 429 

Gammaproteobacteria, Betaproteobacteria, and Flavobacteria were enhanced by the 430 

enrichment of complex DOM substrates); ii) specific microbial taxa selectively 431 

decompose specific DOM components (Lladó et al., 2016), e.g., Genus Nitrospira 432 

have been negatively correlated to DOM recalcitrant compounds, suggesting 433 

Nitrospira specialized on this DOM category (Li et al., 2018). The latter has been 434 

explained by the affinities of microorganisms for individual C compounds.  435 

Considering the consumption of DOM compounds by microorganisms, higher 436 

microbial biomass has been reported to lead to fewer C compounds remaining after 437 

utilization, particularly in a closed system where substrates supplement is precluded. 438 

We, therefore, suggest that i) a negative correlation indicates affinity of 439 



microorganism to compounds over short time periods or in a closed system (no 440 

continuous substrates supplied); while ii) a positive correlation implies an 441 

environmental niche that has selected for a soil microbiome assemblage over longer 442 

time scales or in an open system (Fig. 3c). Because of the closed system of this study, 443 

negative correlation between soil microbes and individual DOM molecules suggested 444 

the utilization of chemical compounds by microorganisms.  445 

4.2 Bacterial groups that associated with DOM components 446 

High yield bacteria closely associated with labile DOM components 447 

Labile components (such as unsaturated hydrocarbons, lipids, carbohydrates and 448 

proteins/amino sugar) were negatively correlated with Bacilli and Clostridia (both 449 

belonging to the phylum Firmicutes) (Fig. 3a), indicating their utilization capacity for 450 

these molecules (Li et al., 2018). Firmicutes has been reported to be a dominant 451 

assimilator of labile compounds (Ramirez et al., 2012; Malik et al., 2019). DNA-SIP 452 

revealed Firmicutes to be the dominant glucose consumer within the bacterial 453 

community during the early decomposition stage (Wang et al., 2021). The relative 454 

abundances and the proportions of Bacilli and Clostridia were much lower in biochar 455 

amended soil, after 28 days of incubation, compared to control (Fig. 2c, SI Table 4). 456 

This might be due to i) the adsorption of labile DOM components on biochar surface 457 

or their entrapment in small pores, which reduced the C and nutrients contents (Table 458 

1), as well as their accessibility to fast-growing microorganisms (Lehmann et al., 2011; 459 

Luo et al., 2013), and; ii) labile C components (delivered by the biochar) may have 460 

been consumed early in the incubation period (Luo et al., 2011). In support, Yu et al. 461 

(2018) reported microbial community succession from the dominance of Firmicute to 462 

non-fast growth microorganisms occurred at day 8 of incubation. Future research to 463 

explore dynamics of abundance of high yield bacteria and their consumption of labile 464 

DOM fractions (evaluated by using labeled DOM extracts) during the first few days 465 

after biochar addition, would help create a deeper understanding of the microbial 466 

mechanisms underlying mineralization of more soluble DOM components.  467 

Acidity-resistant microbial group correlated to labile components  468 

Acid-tollerant microorganisms (e.g., Acidobacteriia) were observed to be more 469 

abundant in control soil (this soil noted to have a lower pH value of 4.86 (Table 1; Fig. 470 



2c, SI Table 4). These microorganisms possess specific traits to tolerate low pH 471 

conditions. For example, Candidatus Solibacter (phylum of Acidobacteria) produces 472 

a polysaccharide biofilm to confer stress resilience (Eichorst et al., 2018). Class of 473 

Acidobacteriia are able to change the structure and composition of their cell envelopes 474 

to maintain cellular integrity in acidic environments (Rousk et al., 2010; Lipson, 475 

2015). Acidobacteria can encode enzymes for the transport and utilization of 476 

carbohydrates (mainly for energy production to maintain cell integrity) and thereby 477 

resist low pH (Rawat et al., 2012).Through such adaptations, they can outcompete 478 

other bacteria, and have a high relative abundance under acidity stress conditions (Fig. 479 

2c, SI Table 4).  480 

Biochar addition increased soil pH from 4.86 to 6.15 (Table 1), and thus 481 

weakened the competitive ability of acid tolerant bacteria with respect to other 482 

microorganisms (Sheng and Zhu, 2018), decreasing the relative abundance of this 483 

organism type, e.g., the Acidobacteriia class (Fig. 2c, 3a, Table 2).  484 

Acidobacteriia was negatively correlated with DOM-lignin and the labile 485 

components such as carbohydrates (Fig. 3a), suggests affinity of Acidobacteriia for 486 

both recalcitrant and easily degradable C sources. Although Acidobacteria members 487 

are usually characterized by an ecological K-strategy, they can make use of labile 488 

substances when most other bacteria are not active in acidic environments. 489 

Acidobacteriia were observed to be dominant in the lower pH control soil. These 490 

observations are consistent with Kielak et al. (2016) and Pankratov et al. (2008), who 491 

reported Acidobacteria are dominant in utilization of labile components, such as 492 

D-glucose, D-xylose, lactose and most of the tested oligosaccharides as C sources 493 

under acidic conditions. 494 

Class within phylum Actinobacteria associated with DOM components 495 

Classes of Acidimicrobiia and Thermoleophilia (belonging to 496 

phylum Actinobacteria) were negatively correlated to labile DOM components 497 

(particularly carbohydrates) and DOM-lignin (Fig. 3a). This suggests these two 498 

classes caused decomposition of both labile carbohydrates and recalcitrant 499 

DOM-lignin compounds. Due to its wide range of niches for C sources and 500 



environmental conditions, phylum Actinobacteria (class Acidimicrobiia and 501 

Thermoleophilia as proxy in this study) have been reported to be present in a diversity 502 

of habitats (particularly in the harsh condition). For example, strains belonging to 503 

class Acidimicrobiia have been isolated from various harsh habitats including the 504 

deep ocean, desert and acid mine (pH > 3) environments (Hu et al., 2018). Similar to 505 

class Acidobacteriia, the increased soil pH in biochar amended soil, might have 506 

decreased the competition of Acidimicrobiia and thus decrease its abundance relative 507 

to other microbial groups (Fig. 3a).  508 

In contrast to classes Acidimicrobiia and Thermoleophilia, Actinobacteria was 509 

observed to have a weak negative correlation with persistent DOM, including as 510 

tannin and condensed aromatics (Fig. 3a). The conflict results between these classes 511 

within the same phylum of Actinobacteria might be due to inconsistent response of 512 

microorganisms at different class (even at the same phylum) to biochar. Woolet and 513 

Whitman. (2020) reported the lack of phylum-level microbial community response to 514 

biochar to be consistent across 16 studies. The weak correlation between class 515 

Actinobacteria and DOM tannin and condensed aromatics indicated that this class 516 

played a less significant role in utilization of DOM compounds. It is possible that 517 

Actinobacteria, with hyphae spatially extend their acquisition of C/nutrients distantly, 518 

and are therefore less sensitive to changes in DOM profile. 519 

Bacterial groups related to persistent components 520 

Class of Alphaproteobacteria, Gammaproteobacteria, Gemmatimonadetes and 521 

Bacteroidia were more prevalent in biochar amended soils and were negatively 522 

correlated with the abundance of persistent components in DOM, such as tannin and 523 

condensed aromatics (Fig. 2c, 3a, SI Table 4). Gemmatimonadetes can respond to 524 

refractory OM components, such as polyaromatic C (Whitman et al., 2019). 525 

Additionally, Ling et al. (2021) found that Proteobacteria were negatively correlated 526 

with recalcitrant substrates, such as phenolic-C. Woolet and Whitman (2020) collected 527 

data across 16 studies and reported Proteobacteria to be the main microbial groups 528 

that adapted biochar amended soils. Zhu et al. (2019) reported that Proteobacteria was 529 

the primary bacterial phylum observed in biochar amended soils, and some taxa 530 



within this phylum could be efficient decomposers of persistent organic matter such 531 

as polycyclic aromatic hydrocarbons. 532 

The network pattern from this study revealed the genus within 533 

Alphaproteobacteria and Gammaproteobacteria to be involved in the utilization of 534 

DOM-lignin molecules (Fig. 3b). Detailed, negative correlations between some 535 

persistent DOM-lignin molecules, for instance C20H28O12 and C20H26O12 (lignin-like 536 

compound group), and OTU981 and OTU111 (both belong to Genus 537 

Burkholderiaceae, class Gammaproteobacteria) were established (Fig. 3b, SI Table 9). 538 

Also, a negative correlation between Burkholderiaceae (Gammaproteobacteria) and 539 

the moiety with formula C17H24O11 (a lignin-like compound: possibly, gardenoside, 540 

secoxyloganin (CHEBI: 132712, according to ChEBI library, 541 

https://www.ebi.ac.uk/chebi/) or scandoside methyl ester) were observed. These 542 

results are consistent with other reports, wherein Burkholderiaceae have been 543 

reported to dominate in solid lignin enriched environments (Bugg et al., 2011) and 544 

utilizing this recalcitrant C resource by secreting enzymes such as laccase and 545 

peroxidase (Morya et al., 2019). In other instances, Ramlibacter 546 

(Gammaproteobacteria) was negatively correlated with C12H15N1O7 (DOM-lignin 547 

compounds) (Fig. 3b, SI Table 9). Similarly, Ramlibacter had been reported to be an 548 

effective aromatic compound degrading genus of bacteria (Sun et al., 2019).  549 

In the present study, positive correlations between DOM-lignin and 550 

Alphaproteobacteria, Gammaproteobacteria, Gemmatimonadetes and Bacteroidia  551 

were observed (Fig. 3a), suggesting these persistent organic matter decomposers did 552 

not utilize lignin. Burkholderiaceae (Gammaproteobacteria) was positive correlated to 553 

C11H16N2O6, C10H12O5, C11H16O6 and C11H13N1O5 (DOM-lignin like compounds) (Fig. 554 

3b, SI Table 9), suggesting the possibility of these moieties being utilized by 555 

Burkholderiaceae was unlikely.  556 

In contextualizing these conflict observations it is important to appreciate that 557 

DOM-lignin is distinct from insoluble lignin noted. Lignin is a complex, highly 558 

aromatic/condensed substance (Tarasov et al., 2018), and is conventional considered 559 

recalcitrant and difficult for microorganism to utilize (Brown and Chang, 2014). 560 

Lignin has been reported to have a very large molecular weight, such as Tolbert et al. 561 

(2014) found that the maximum molecule weight of lignin isolated form wheat straw 562 

https://www.ebi.ac.uk/chebi/)


was 6100.. In contrast DOM-lignin characterized in this research had a much smaller 563 

molecular weight (minimum molecule weight: 188, C9H16O4). Therefore, the apparent 564 

incongruence of molecular recalcitrance but utilization might be explained by the fact 565 

that DOM moieties of relatively low molecular weight will have been available and 566 

biodegradable microorganisms. It is highlighted that high-resolution FT-ICR MS is 567 

able to separate DOM-lignin molecules into labile and persistent parts (as ascribed by 568 

H/C and O/C ratios). Yet, such Van Krevelen plots provide only a partial view on 569 

putative reactance/degradability, as Van Krevelen plots do not convey molecular 570 

weight. Arguably, Van Krevelen DOM plots require an additional Z-axis to define the 571 

molecular mass of the DOM moiety (SI Fig. 2). Such plots provide a deeper insight 572 

into the physical (molecular size) and chemical (atomic ratios) underpinnings that, 573 

together, influence how recalcitrant/degradable a molecule might be.  574 

4.3 The bacteria related to SOC mineralization 575 

SOM mineralization is governed by the substrate recalcitrance, soil matrix and 576 

the microbial community (Fontaine et al., 2003; Cotrufo et al., 2013). DOM is the 577 

most active part of SOM and provides soluble organic substrates to heterotrophic 578 

microorganisms, and thus the DOM composition determines microbial community 579 

and its activity. The association between DOM composition and soil microbiome 580 

composition lies at the heart of C cycling, i.e., SOM mineralization. Here, biochar 581 

augmentation altered bacteria communities via changes in soil physiochemical 582 

properties such as DOM chemical composition profiles and soil pH (SI Fig. 4). 583 

Consequently, these changes influenced the amount of SOM mineralization (Fig. 4a). 584 

Different bacterial taxa with distinguishable traits, i.e., metabolisms, gave variate 585 

contributions to SOC mineralization in biochar amended soil.  586 

Less contribution to SOC mineralization by Firmicutes 587 

Firmicutes, e.g., class Bacilli and Clostridia, with lower relative abundance in 588 

biochar amended soils, likely had relatively a small influence on SOC mineralization 589 

(Fig. 2c, 4a). Anthony et al. (2020) attributed microbiotas involved in C fluxes to 590 

microbial trade-offs among characteristics related to growth yield, stress tolerance and 591 

resource acquisition. Firmicutes maximize the uptake of C resource to biosynthesis by 592 

investing in associated assimilatory pathways such as synthesis of amino acid, fatty 593 



acid, and nucleotide (Malik et al., 2019). By using these indispensable substrates to 594 

establish cells and increase yield, the microbial biomass and necromass of Firmicutes 595 

might contribute to C transformation rather than mineralization to CO2 (Malik et al., 596 

2018). This large biomass of Bacilli and Clostridia (both belong to Firmicutes) can 597 

use labile components released from biochar (Fig. 4b), rather than the persistent 598 

compounds of SOC (Fig. 4a).  599 

Firmicutes would likely flourish in the early stage of incubation by assimilating 600 

labile C sources, nutrients and basic cations delivered with the biochar (Liao et al., 601 

2019; Wang et al., 2021). On the basis that available C presence would be  602 

short-term, i.e., up to 7 days (Luo et al., 2011), these bacteria potentially decreased 603 

between 7 and 28 days as labile C sources and nutrients from biochar were exhausted 604 

(Fig. 2c, Table 1). Decline of both labile biochar delivered chemical components and 605 

the low abundance of Firmicutes likely underpinned a limited contribution to SOC 606 

mineralization (Fig. 4a). Confirmation of this, however, awaits future work to obtain 607 

data of dynamic changes of bacterial communities following biochar amendment.  608 

The role of Actinobacteria in SOC mineralization of biochar amended soils 609 

Class of Acidimicrobiia and Thermoleophilia correlated to both labile DOM 610 

components (particularly carbohydrates) and DOM-lignin (Fig. 3a. These two classes 611 

might cause decomposition of chemically divergent DOM moieties via co-metabolism. 612 

Actinobacteria are important saprophytes that are able to decompose plant derived 613 

rhizodeposits and straw (Kabuyah et al., 2012), via a range of enzymes (β-glucosidase, 614 

xylanase, protease, cellobiohydrolase, cellulases, hemicelluloses, and other 615 

ligninolytic enzymes) that can act upon polysaccharide, amino sugar, cellulose, 616 

lignocellulose and lignin (Manivasagan et al., 2013; Chen et al., 2014; Lladó et al., 617 

2016). Through the action of these enzymes both small molecular substances and also 618 

complex compounds from soil can be degraded (Zhang et al., 2017). Actinobacteria 619 

has been reported as able to degrade recalcitrant polycyclic aromatic hydrocarbon 620 

(Zhu et al., 2019). 621 

Unlike class Acidimicrobiia and Thermoleophilia, class Actinobacteria was not 622 

predicted by random forest analysis as one of the key contributors to C mineralization 623 

(Fig. 4a). Many studies, however, have reported Actinobacteria is one of the major 624 

responders of microbial community to biochar addition, and widely acknowledged its 625 

https://www.sciencedirect.com/topics/immunology-and-microbiology/actinobacteria
https://www.sciencedirect.com/topics/immunology-and-microbiology/saprotroph


great contributions to SOC mineralization in biochar enriched soils (Chen et al., 2021; 626 

Jeewani et al., 2020; Woolet and Whitman 2020). We, therefore, group Actinobacteria 627 

to one of the taxa involved in biochar induced mineralization (Table 2), due to: i) the 628 

hyphal-like morphology of Actinobacteria that aids their contact with SOC and 629 

facilitates its decomposition (Luo et al., 2013; Jeewani et al., 2020; Kabuyah et al. 630 

(2012) reported that Actinomycetes (belonging to the phylum Actinobacteria) to 631 

utilize biochar-C and organic matter in remote area, and thus out-compete other 632 

microorganisms in an oligotrophic environment); and ii) large surface and pore size 633 

provided to promote microbial colonization (Luo et al., 2013). For instance, genus 634 

Nocardioides (belong to order Actinomycetales) are widely found to be dominant in 635 

biochar amended soils (Woolet and Whitman 2020) and play a key role in 636 

rhizodeposits and SOC mineralizaiton in a planted soil (Fu et al., 2022). Genus 637 

Streptomyces is another filamentous bacterium (belong to order Actinomycetales) and 638 

inoculation of Streptomyces strains can promote the mineralization of pine wood 639 

biochar. 640 

Possible key players in SOC mineralization in biochar amended soils 641 

Class Gemmatimonadetes, Bacteroidia, Alphaproteobacteria and 642 

Gammaproteobacteria were the responders of biochar addition (particularly DOM-R, 643 

i.e. tannin, condensed aromatics) and most likely played the key role in mineralization 644 

of persistent components of SOC in biochar amended soils (Fig. 2; Fig. 4; Table 2). 645 

These DOM-R shaped class can utilize recalcitrant SOC components. Aromatic 646 

compounds of DOM resulted in higher abundance of K-strategy bacteria that could in 647 

turn degrade persistent components (Zhang et al., 2020). Additional C can increase 648 

the activity of soil microorganisms that prime the mineralization of native SOC as a 649 

result of co-metabolism via enzyme production (Blagodatskaya and Kuzyakov, 2008). 650 

Biochar induced SOC mineralization via releasing extracellular enzyme has been 651 

widely reported (Li et al., 2019; Anthony et al., 2020; Campos et al., 2020). 652 

Studies suggest Gemmatimonadetes can adapt and survive in arid environments 653 

(Aanderud et al., 2011), but are sensitive to acidic environments (Luo et al., 2003). 654 

The isolated strain (Gemmatimonas aurantiaca T-27) has been reported to grow better 655 

under pH within the range 6.5-9.0 (Luo et al., 2003). The increase of soil pH by 656 

biochar promoted the growth and doubled the abundance of class Gemmatimonadetes 657 



(Fig. 2c), and consequently caused SOC mineralization (Fig. 4c). Xu et al. (2014) 658 

reported that the relative abundance of Gemmatimonadetes increases with the addition 659 

of rice straw biochar to a farmed Acrisol, and this class is adapted to a lifestyle 660 

associated with recalcitrant C sources and able to mineralize them. Similarly, others 661 

reported Gemmatimonadetes can respond quickly to the refractory organic matter, 662 

such as polyaromatic components in soils (Whitman et al., 2019; Campos et al., 2020). 663 

Members in Gemmatimonadetes are found to accumulate phosphorus and might 664 

exploit SOM for nutrients via production of catalase and oxidase (Luo et al., 2003).  665 

As the predominant class in biochar amended soils (Fig. 2c), Alphaproteobacteria 666 

contributed to SOC mineralization, and the mechanisms underlying include: i) 667 

nutrients mining, e.g, Razanamalala et al. (2018) reported that Alphaproteobacteria 668 

could use straw-derived energy to produce extracellular enzymes to mine humified 669 

SOM for nutrients; and iii) biochar responders/adaptors, Alphaproteobacteria that 670 

adapted to biochar aromatic compounds might cause the decomposition of similar 671 

components of SOM, e.g., some members of class Alphaproteobacteria, such as 672 

Phenylobacterium, that dominant in biochar amended soils are often identified as 673 

being fire-responders, and might use SOM as C sources when plants are absent 674 

(Woolet and Whitman 2020). Additionally, Bacteroidia has been reported to be one of 675 

the main responsive taxa to biochar (Woolet and Whitman. 2020) and might also 676 

contribute to the observed SOC mineralizaiton. Yet, these key SOC decomposers were 677 

identified/predicted based on correlation analysis. To confirm their role in biochar 678 

induced SOC mineralization requires further validation by cultivation and inoculation 679 

approaches.  680 

4.4 Implications and directions 681 

Biochar has drawn a great deal of attention as a biologically inert and slowly 682 

decomposing material with the potential to increase SOC stocks (Lehmann, 2007). 683 

However, the interactions between biochar and non-biochar C pools of soil have 684 

largely been ignored as the input of biochar C per se and output of CO2 (i.e., positive 685 

priming) is disproportionate. Recent results have indicated biochar induced C loss to 686 

be mainly via mineralization of labile components originating from both biochar and 687 

SOC (Luo et al., 2011; Zimmerman and Ouyang, 2019). There is a gap of knowledge 688 

regarding the composition of SOC loss during the processes of biochar induced SOC 689 



mineralization. This study revealed that the molecules that were lost via priming were 690 

persistent components, such as condensed aromatics and tannin (Fig. 1, Fig 4).  691 

It was observed after 28 days, that most of the decreased molecules in biochar 692 

amended soil (vs control) belonged to DOM-R (recalcitrant components), and a small 693 

increase in DOM-L (labile components) was observed (Fig. 1c, d). These outcomes 694 

were most pronounced and accompanied by higher SOC mineralization in the 695 

biochar700 amended soil (Fig. 1b). These results suggested most of the SOC derived 696 

CO2 was likely derived from mineralization of DOM-R. The implication of the 697 

finding is significant. Loss of refractory SOC is detrimental, as i) soil persistent 698 

components are built up over hundreds to thousands of years; and ii) loss of a fraction 699 

of the persistent SOC pool cannot simply be compensated for by biochar 700 

incorporation (biochar lacks biological traits and is therefore not comparable to 701 

SOM).  702 

While counter intuitive, the outcome of persistent C loss might be linked to i) 703 

higher incorporation of persistent DOM into non-extractable insoluble SOC following 704 

biochar augmentation, which might cause mineralization of this persistent fraction via 705 

activation of putative microbial groups, and ii) biochar addition priming persistent 706 

SOC mineralization through a continuum of progressively decomposed organic 707 

compounds (Lehmann and Kleber, 2015). Considering the contentious nature of SOC, 708 

and the observed shift in DOM chemical composition (low ratio of persistent to labile) 709 

following biochar addition, further researcher is justified in this area. Additionally, 710 

future study needs to consider long-term (up to years) effects, as the shift of the 711 

microbial community, particularly their eco-physiology traits (e.g., towards more 712 

oligotrophs), might promote the continuous decomposition of persistent SOC in 713 

biochar amended soils (Kuzyakov et al., 2009; Luo et al., 2017a). The observations of 714 

dynamic changes of microbial community, coupled with SOC mineralization, are 715 

required, as a succession of microbial community, depending on C recalcitrance in 716 

biochar amended soil, would be responsible for the magnitude of soil CO2 emission 717 

and compositional loss of SOC during the respective stages.  718 

 719 



5. Conclusions 720 

This study revealed biochar particularly biochar700 (produced at a higher pyrolysis 721 

temperature: 700oC) induced larger SOC mineralization (an additional CO2 loss of 93 722 

mg C kg-1 soil) after 28 days of incubation. Class Gemmatimonadetes, Bacteroidia, 723 

Alphaproteobacteria and Gammaproteobacteria were dominant in biochar amended 724 

soils and most likely gave the largest contributions to the mineralization of SOM, 725 

particularly via mineralization of recalcitrant DOM-R components, i.e., tannin, 726 

condensed aromatics. In contrast, fast growth classes, i.e., Bacilli and Clostridia (both 727 

belonging to Firmicute), likely had minimal influence on SOC loss. By adopting 728 

analysis of sequencing and FT-ICR MS, this research indicated that primed SOC 729 

losses from biochar amended soils were mostly derived from the more persistent 730 

DOM-R fractions being utilized by putative biochar responsive taxa. 731 
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