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Abstract 25 

A major challenge in managing and engineering microbial communities is determining whether and how 26 

microbial community responses to environmental alterations can be predicted and explained, especially in 27 

microorganism-driven systems. We addressed this challenge by monitoring microbial community responses to 28 

the periodic addition of the same feedstock throughout anaerobic digestion, a typical microorganism -driven 29 

system where microorganisms degrade and transform the feedstock. The immediate and delayed response 30 

consortia were assemblages of microorganisms whose abundances significantly increased on the first or third 31 

day after feedstock addition. The immediate response consortia were more predictable than the delayed response 32 

consortia and showed a reproducible and predictable order-level composition across multiple feedstock 33 

additions. These results stood in both present (16S rRNA gene) and potentially active (16S rRNA) microbial 34 

communities and in different feedstocks with different biodegradability and were validated by simulation 35 

modeling. Despite substantial species variability, the immediate response consortia  aligned well with the 36 

reproducible CH4 production, which was attributed to the conservation of expressed functions by the response 37 

consortia throughout anaerobic digestion, based on metatranscriptomic data analyses. The high species 38 

variability might be attributed to intraspecific competition and contribute to biodiversity maintenance and 39 

functional redundancy. Our results demonstrate reproducible and predictable microbial community responses 40 

and their importance in stabilizing system functions. 41 
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1. Introduction 52 

Microorganisms play crucial roles in a wide range of engineered and natural processes, from waste treatment and 53 

human health to ecosystem restoration and services [1-3]. Developing the ability to rationally manipulate the 54 

microbial community toward beneficial states for ecosystem function, especially in natural and complex settings, 55 

is one of the central challenges in microbial ecology [4, 5] and depends on revealing and elucidating the 56 

reproducibility and predictability of microbial community dynamics and assemblages. Prior efforts have 57 

experimentally validated the reproducibility and predictability of microbial community assembly in laboratory 58 

synthetic media [4]. Despite the different environmental origins of microbial communities, all the stabilized 59 

communities under the same nutrient resource converged into a similar community structure at the family 60 

taxonomic level, therefore indicating that the stable status of microbial communities is predictable and governed 61 

by nutrient availability [4]. A previous experiment showed that the stabilized microbial community was not 62 

reproducible across replicated sediment–water microcosms and thus indicated unpredictability of the microbial 63 

community assemblage [6]. Such predictability, which refers to the ability to predict, depends on the 64 

reproducibility among duplicates, such as duplicated cultural conditions [4] or environmental conditions [6]. 65 

These prior studies mainly focused on the stable status of microbial communities [4, 6]. Under changes in 66 

environmental conditions, the shift process of the microbial community usually includes microbial responses and 67 

subsequent stabilization (Fig. 1A). For example, the microbial community responds instantly to environmental 68 

changes in hours or days and then stabilizes over a longer time (e.g., weeks, months or years). In this context, it 69 

raises a new question (Fig. 1A): Is it reproducible and predictable for microbial community response patterns? If 70 

it is predictable, two scenarios are hypothesized: (I) The predictability would gradually decrease as the 71 

taxonomic resolution increases (Fig. 1B). This is because the microbial community at a  lower taxonomic 72 

resolution (e.g., phylum level) shows a simpler structure and a lower taxon diversity than that at a  higher 73 

taxonomic resolution (e.g., species level). For example, during decades of ecological succession, bacterial 74 

community structure at the phylum level remains relatively stable and thus could be predictable, but bacterial 75 

community structure at the operational taxonomic unit (OTU, based on 97% similarity of sequences) level 76 

changes substantially in an unpredictable manner [7]. (II) There is an inflection point at a  specific taxonomic 77 

level after which the predictability would substantially decrease (Fig. 1B). This is because stoichiometric and 78 

thermodynamic constraints could shape specific microbial community functions that are usually conserved at 79 

specific taxonomic levels [8]. For example, the degradation of a  specific carbon source shapes the functional 80 

conservation of the microbial community at the family level, so the predictability of community structure occurs 81 



4 
 

at the family level despite substantial variability at the species level [4]. Addressing the above questions and 82 

hypotheses (Fig. 1) would advance the mechanistic understanding of community assembly and boost the ability 83 

to rationally manipulate microbial communities in the expected directions, yet the above questions and 84 

hypotheses remain underexplored, probably due to the high complexity of microbial processes. 85 

Anaerobic digestion (AD) has been widely applied to treat livestock manure and other wastes for 86 

renewable energy recovery in the form of CH4. The feedstock (e.g., manure and/or other wastes) is repeatedly 87 

and periodically added to the digesters to maintain (semi)continuous AD. Feedstock addition could increase 88 

nutrient availability and change other environmental characteristics in AD, causing shifts in AD performance. 89 

AD could be conducted in replicated digestors under manipulable conditions, and there is high microbial 90 

diversity, nutrient cycling and energy flow in AD, which allows us to explore the link between microorganisms 91 

and system functioning. The feedstock addition could be well controlled to be the same and periodical across the 92 

AD process. Due to these advantages, AD has been used as a model system to understand microbial community 93 

assembly under changes in feedstock or sludge properties [9, 10], reveal microbial community assemblage 94 

differences among replicated reactors [11], and predict digestor performance based on operational parameters 95 

[12]. These advantages of the AD system provide a unique opportunity to address the above questions and 96 

hypotheses (Fig. 1) by exploring whether and how the responses of the microbial community as well as AD 97 

performance to the same and periodical feedstock addition across the AD process are reproducible and 98 

predictable and are linked to each other. As continuous feedstock addition is important for AD function 99 

maintenance, answering these questions facilitates an understanding of the microorganism mechanisms 100 

underlying AD performance, yet such knowledge remains lacking. 101 

To test the above questions and hypotheses (Fig. 1) in this study, AD was conducted with periodic and 102 

repeatable addition of swine manure, a  widely used livestock manure in AD. Specifically, the responses of 103 

performance (mainly represented by CH4 production) and microbial community to repeatable and periodical 104 

feedstock addition across AD were explored and whether microbial response patterns differed between present 105 

(revealed by 16S rRNA gene) and potentially active (revealed by 16S rRNA) microorganisms, between 106 

immediate (the first day after feedstock addition) response and delayed (the third day after feedstock addition) 107 

responses, and between feedstocks with different biodegradability  was investigated. The higher reproducibility 108 

of the responses of AD performance and microbial community to repeatable and periodical feedstock additions 109 

indicated the higher response predictability. If  the microbial response was predictable, the microbial community 110 
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transcriptional mechanisms underlying this predictability were explored. In addition to predictability, how the 111 

variability of the response microorganisms underlies AD functioning was elucidated. 112 

 113 

2. Materials and methods 114 

2.1. Setup of the anaerobic digesters 115 

The AD experiments were initiated in nine digesters (volume of each digester was 2 L) and contained 1050 mL 116 

swine manure (total solid (TS) content in the total mass was adjusted to 8% by using water based on previous 117 

reports [13, 14]), 450 mL seed sludge (TS content = 8%) and 18 g dry rice straw (length of approximately 10 118 

mm). Fresh swine manure was collected from a pig farm near Chengdu and had a TS content of 25.0 ± 0.4% and 119 

a volatile solid (VS) content in TS of 77.6 ± 0.5%. Seed sludge was collected from long-term maintained 120 

anaerobic digesters of swine manure at 37 ± 1 °C in the laboratory. Straw was collected from a farm near 121 

Chengdu, had a TS content of 97.4 ± 0.6% and a VS content in TS of 86.6 ± 0.4% and was added only once at 122 

the beginning of AD to balance the nutrients. At the start of the experiments, the digesters were purged with 123 

nitrogen gas for 5 minutes to generate anaerobic conditions, and the pH in the slurry was adjusted to 7 with 124 

NaOH and HCl solutions. The digesters were operated at a  hydraulic retention time (HRT) of 15 days, an 125 

organic loading rate (ORL) of 4.1 g VS of swine manure L-1 day-1, and at 37 ± 1 °C in temperature-controlled 126 

incubators. Each digester was fed 300 mL swine manure (VS = 18.6 g) every three days for 30 da ys (i.e., initial 127 

stage) to reach relatively stable and comparable performances (CH 4 = 0.9 ± 0.2 L L-1 d-1). Each digester had two 128 

holes on the upper and lower flask walls for feeding and digestate removal (Supplementary Fig. S1) and was 129 

manually shaken twice per day. After the initial stage, the nine digesters were randomly grouped into three 130 

treatments (triplicate digesters in each treatment): the control treatment, apple  waste treatment (AWT) and 131 

fructose addition treatment (FAT). The control treatment was fed swine manure for another 10 feeding cycles 132 

(FCs) of 30 days, with the same operational conditions as before. The digestate samples in each digester under 133 

the control treatment were collected at 13 time points throughout AD, specifically, 2 hours before the first FC 134 

and on the first and third days within the first, second, fifth, sixth, seventh and tenth FCs (Fig. 2A). 135 

For the AWT and FAT, the feedstock biodegradability was increased by partially replacing swine manure 136 

with apple waste (AWT; rotten apples collected from markets in Chengdu, with TS content of 17.3 ± 2.2% and 137 

VS content of 94.0 ± 1.6%) or fructose (FAT; C6H12O6, purity ≥ 99%, CAS number: 57–48-7, Sangon Biotech, 138 

China) in the easily biodegradable (EB) stage. In this stage, feedstock was added every three days for a total of 5 139 



6 
 

FCs, keeping the 18.6 g VS and 300 mL volume constant across different FCs and different treatments. In each 140 

FC, AWT and FAT were fed 300 mL of swine manure (VS=11.4 g) with 44.3 g of apple waste (VS = 7.2 g) or 141 

7.2 g of fructose powder (VS = 7.2 g). In the swine manure (SM) stage, the feedstock addition in AWT and FAT 142 

was changed back to before and contained only 300 mL of swine manure (VS = 18.6 g) for another 5 FCs. All 143 

operational parameters remained the same across different stages and treatments. The VS ratio of apple waste 144 

versus manure in AWT was determined based on a preliminary experiment [15]. The digestate samples in each 145 

of the six digesters separately in AWT and FAT were collected at 13 time points, specifically, 2 hours before the 146 

first FC, and on the first and third day within the first, second, fifth (the fifth and earlier FCs were within EB 147 

stage), sixth (the sixth and later FCs were within SM stage) seventh and tenth FCs during AD (Supplementary 148 

Fig. S2). 149 

In the control treatment, the periodical addition of the same feedstock (i.e., swine manure, a  common 150 

feedstock widely applied in AD [16, 17]) under the same operational conditions and multiple samplings across 151 

the AD process allowed us to explore the reproducibility and predictability of the responses of the microbial 152 

community as well as AD performance to feedstock addition. In the AWT and FAT, apple waste (a major fruit 153 

waste widely applied in AD [17, 18]) and fructose, which showed a higher biodegradability (indicated by a 154 

higher methane production [19]) than swine manure (Supplementary Table S1-S2), were used to explore the 155 

influence of feedstock biodegradability on the reproducibility and predictability of microbial responses. 156 

 157 

2.2. Measurements and chemical analysis 158 

The characteristics of swine manure and apple waste were measured (Supplementary method S1) and are shown 159 

in Supplementary Table S1. The digestate samples were centrifuged at 13,400 ×g for 5 minutes and were 160 

immediately used for DNA and RNA extraction using an Ezup Column Soil DNA Purification Kit (Cat. No. 161 

B518263; Sangon Biotech, China) and an RNAprep pure Cell/Bacteria Kit (Cat. No. DP430; TIANGEN, China) 162 

including DNase, respectively. A reverse transcription kit (Cat. No. PR6901; Thermo, USA) was used to 163 

synthesize complimentary DNA (cDNA) from the RNA. The supernatant was filtered through a 0.22 μm filter 164 

(Cat. NO. SLGP033RS; Millipore, USA) and then used to quantify the volatile fatty acids (acetic acid, propionic 165 

acid and butyric acid) that are important metabolic intermediates contributing to methane production in AD by 166 

high-performance liquid chromatography (HPLC, Agilent 1260), as described previously [15], the pH by a pH 167 

monitor (Cat. No. G001630; Sangon Biotech, China) and the NH 4
+-N by Nessler's reagent colorimetric method 168 

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E4%B9%99%E9%85%B8
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E4%B9%99%E9%85%B8
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[20]. The biogas production and CH4 and H2 contents within the biogas were measured daily by using a water 169 

displacement method [21] and by a gas chromatography system (SP-2000, Beifen, China) as described 170 

previously [15]. The ideal gas law [22] was used to standardize the volumes of CH4 and H2 at standard 171 

temperature (273.15 K) and pressure (101.325 kPa) (Supplementary Table S2). The details of these 172 

measurements are shown in Supplementary method S1. 173 

 174 

2.3. Sequencing and data analysis 175 

To characterize the microbial community, the 16S rRNA gene was amplified from the DNA and cDNA with the 176 

primers 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) 177 

(Supplementary method S2) [23]. In total, 234 amplification samples were sequenced on the MiSeq System 178 

(Illumina) with the Reagent Kit v3 2 × 250 bp. To achieve clean sequences, low-quality sequences and short 179 

reads (length < 200 bp) were removed by using QIIME Pipeline Version 1.9.0 [24], and UCHIME was used to 180 

remove chimeric sequences [25]. The clean sequences were clustered at 97% similarity with Cd-hit [26] into 181 

operational taxonomic units (OTUs). The taxonomic assignment of OTU representative sequences was 182 

conducted based on the RDP database (version 18) [27] using blastn with an e-value ≤ 1×10-7. Absolute 183 

singletons and nonprokaryotic reads were removed, and the final reads were normalized to 8,713 per sample 184 

using the otutab_rare function in the Usearch Pipeline [28]. 185 

To reveal the gene expression of microbial communities during AD, total RNA, excluding ribosomal RNA, 186 

with the RiboMinusTM kit (Lot. No. 1539791; Invitrogen, USA), was applied for metatranscriptomic 187 

sequencing by a HiSeq 2000 System (Illumina). To explore the stability of microbial community transcriptional 188 

profiles under the same feedstock during AD, nine samples from triplicate digesters in the control treatment 189 

(continuously fed swine manure throughout the AD) on the first day within the first, fifth and sixth FCs were 190 

subjected to metatranscriptomic sequencing. Meta transcriptomic samples with an average of 33,069,276 ± 191 

169,270 sequences per sample were uploaded to MG-RAST (version 4.0.3) [29] for quality control and 192 

functional and taxonomic annotation based on the KEGG Orthologs database and RefSeq database with default 193 

parameters. A total of 3,170,885 ± 71,070 functional categories per sample were identified. The sequences in 194 

specific taxonomic populations were extracted and then functionally assigned using the KEGG Orthologs 195 

database with default parameters in MG-RAST. The sequences in specific KEGG pathways were extracted and 196 

then taxonomically assigned using the RefSeq database with default parameters in MG-RAST. 197 
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 198 

2.4. Statistical analysis 199 

To reveal the microbial response to feedstock addition, microbial communities before and after feedstock 200 

addition within an FC were compared by DESeq2 [30]. The digesters were fed every three days, and the 201 

sampling on the third day within an FC occurred 2 h before the next feedstock addition for the next FC. We 202 

compared microbial communities specifically between 2 h before and on the first day within the first FC, the 203 

second FC, the sixth FC and the seventh FC to reveal microbial community responses of four times throughout 204 

the AD process (Fig. 2A and Supplementary Fig. S2). This comparison could reflect the immediate responses of 205 

microorganisms to feedstock addition. We also revealed the delayed responses of microorganisms on the third 206 

day after feedstock addition within an FC by comparing microbial communities between 2 h before and on the 207 

third day within the first FC, the second FC, the sixth FC and the seventh FC (Fig. 2A and Supplementary Fig. 208 

S2). As increases in microbial abundances usually facilitate microbial contributions to ecosystem functioning, 209 

only the microorganisms whose relative abundances significantly (P < 0.05) increased after feedstock addition 210 

were revealed by the above comparisons in DESeq2. The p values were adjusted by the Benjamini-Hochberg 211 

correction [31]. The composition and structure of the response consortia (i.e., the assemblages of response 212 

microorganisms) were compared across four different responses throughout the AD, and the consortium  213 

heterogeneity based on Bray–Curtis dissimilarity was calculated by the function betadisper in the R vegan 214 

package. Lower heterogeneity implied higher reproducibility and predictability. 215 

To generalize the features of the observed communities 2 h before feedstock addition despite different 216 

feeding cycles, the statistical model “SparseDOSSA 2” [32] was used to generate 100 simulated communities by 217 

parameterizing the observed microbial community profiles before feedstock addition. During simulation, the 218 

function fit_SparseDOSSA2, which fits the SparseDOSSA2 model to microbial count, was used. Another 100 219 

simulated communities to generalize the features of the observed communities on the first day after feedstock 220 

addition were generated by using the same procedure. DESeq2 was used to compare the two sets of the 100 221 

simulated communities to further validate the microbial community changes after feedstock addition.  222 

To reveal the metabolic functions of OTUs, FAPROTAX, which is a database that assigns prokaryotic 223 

microorganisms to established metabolic functions based on the current literature on cultured strains [33], was 224 

used with default parameters. Principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity with 999 225 
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permutations was conducted in the R vegan package [34]. The Wilcoxon test was conducted by the R vegan 226 

package. The results were visualized using the R package ggplot2 [35]. 227 

 228 

3. Results and Discussions 229 

3.1. Predictability of response consortia shows an inflection point at the order taxonomic level  230 

In AD, the repeatable and periodical feedstock addition in the control treatment resulted in reproducible 231 

and predictable CH4 daily production, namely, CH4 production reached a similar peak (1.07 ± 0.04 L L-1) on the 232 

first day and decreased to a similar extent (0.84 ± 0.06 L L-1) on the third day after each feedstock addition 233 

during the AD process (Fig. 2B). The cumulative CH4 production from the first day to the third day after 234 

feedstock addition reached a similar level across different feeding cycles (Supplementary Fig. S3). Th erefore, 235 

CH4 production was reproducible and predictable under constant feedstock addition in AD. 236 

CH4 is a  major end-product in the AD food chain (hydrolysis, acidogenesis, acetogenesis and 237 

methanogenesis) that is driven jointly by different microorganisms. Under the dynamics of microbial community 238 

composition and structure during AD (Supplementary Fig. S4), it is important to clarify whether the microbial 239 

community response to feedstock addition is also reproducible and predictable, underlying the reproduc ible AD 240 

performance. To address this question, responses of the microbial community to feedstock addition at four times 241 

within different feeding cycles throughout the AD process were explored (Fig. 2), and the microorganisms that  242 

showed an immediate response (IR, the first day after feedstock addition) were revealed (Fig. 2C). 243 

Microorganisms with distinct life strategies (r- and K-strategies, or copiotrophs and oligotrophs) usually show 244 

different response patterns to changes in nutrient availability [36, 37]. To thoroughly reveal microbial response 245 

patterns, microorganisms that showed a delayed response (DR, the third day after feedstock addition) were also 246 

revealed (Fig. 2C). To reveal the composition and structure of the response consortia, the response OTUs (Fig. 247 

2C) were grouped into different taxonomic levels (Fig. 3A). The IR OTUs converged into similar phylum-level 248 

consortia dominated by Firmicutes (average 25 OTUs), Bacteroidetes (15) and Proteobacteria (12), similar class -249 

level consortia dominated by Clostridia (20), Bacteroidia (14) and Gammaproteobacteria (9), and similar order-250 

level consortia dominated by Clostridiales (20) and Bacteroidales (14) across the different responses (Fig. 3A). 251 

However, the response consortia at the higher taxonomic levels (i.e., family or genus levels) did not show a 252 

similar composition and thus were less conserved across different responses (Fig. 3A). This finding was further 253 

supported by the fact that the heterogeneity of the response consortia across different responses remained 254 
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relatively stable and lower at the phylum (mean = 0.22), class (0.24) a nd order (0.24) levels but steeply increased 255 

at the family (0.35) and genus (0.37) levels (Wilcoxon test P < 0.05 for both the 16S rRNA gene and 16S rRNA 256 

datasets) (Fig. 3B). Higher heterogeneity indicates lower reproducibility and predictability. Therefore, the IR 257 

consortia were reproducible and predictable at the order level, after which the reproducibility and predictability 258 

dramatically dropped. This finding occurred in both datasets of the 16S rRNA gene and 16S rRNA. The two 259 

datasets of the 16S rRNA gene and 16S rRNA could reveal present or potentially active microorganisms, 260 

respectively [38, 39]. Therefore, not only present but also potentially active microorganisms showed 261 

reproducibility and predictability in response to feedstock additions. This might be because feedstock additions 262 

caused selection on present microorganisms and triggered microbial activities. Unlike the IR consortia, the DR 263 

consortia across different responses were less reproducible and predictable. For example, the DR consortia 264 

specifically based on the 16S rRNA gene did not show a similar composition across different responses (Fig. 265 

3A). The heterogeneity of the DR consortia across different responses was higher (Wilcoxon test P = 0.002) than 266 

that of the IR consortia (Fig. 3B). Interestingly, the heterogeneity of both IR and DR consortia dramatically 267 

dropped after the order level (Wilcoxon test P < 0.05 for all) (Fig. 3B). This finding answered our hypotheses 268 

(Fig. 1) and revealed that the reproducibility and predictability did not gradually decrease with increasing 269 

taxonomic resolution but showed a n inflection point at the order level. 270 

The predictable microbial community assemblage has been found to be highly dependent on the single 271 

limiting resource [4], implying an effect of feedstock specificity on predictability. Swine manure, as a major 272 

livestock manure treated through AD, represents a common feedstock used in the AD process [16, 17]. Swine 273 

manure is not a mono-component but consists of complex and diverse components (Supplementary Table S1) 274 

[40], so it might not cause a high feedstock specificity to influence our findings. This study did not explore all 275 

the diverse feedstocks for AD, so the possible impact of feedstock specificity on our findings may not be entirely 276 

ruled out. Feedstock biodegradability is a crucial determinant of AD performance. To explore the effect of 277 

feedstock biodegradability on our findings, some swine manure was replaced with more easily degradable apple 278 

waste or fructose (Supplementary Fig. S2). The addition of more easily degradable  feedstocks revealed a 279 

similarly changing trend of the response consortia reproducibility and predictability along taxonomic resolution, 280 

and the reproducibility and predictability showed an inflection point at the order level, especially for the IR 281 

consortia (Supplementary Fig. S5). Therefore, the reproducibility and predictability of the microbial community 282 

response to feedstock addition was barely influenced by feedstock biodegradability. This is probably because the 283 

feedstock composition was not completely changed, despite the change in biodegradability. 284 
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The differences in the reproducibility and predictability between the IR and DR consortia are probably 285 

attributed to their life strategies. The IR and DR consortia could separately approximate the r-strategists and K-286 

strategists that usually show different response patterns to nutrient availability [36]. The IR consortia obviously 287 

differed from the DR consortia (see PCo1 in Supplementary Fig. S6), with less than 32% of common OTUs, 288 

further supporting that they could approximate distinct strategists. The r-strategists are more sensitive than K-289 

strategists to the shift of nutrient availability, and thus would respond more intensively, which is supported by 290 

the higher OTU number and cha nge-folds in the immediate responses than in the delayed responses (Fig. 2C). 291 

The higher response intensity might contribute to reproducibility and predictability. The nutrient availability and 292 

other environmental factors are immediately changed after feedstock addition, and subsequently, such changes 293 

gradually vanish, which probably causes an immediate increase and subsequent decrease in environmental 294 

selection. Therefore, the IR consortia were subjected to a higher level of environmental selection than the DR 295 

consortia, which reduced the randomness and thus increased the predictability. 296 

 297 

3.2. Function of response consortia is conserved at the order taxonomic level  298 

The IR consortia always corresponded to a peak of CH 4 production after feedstock addition (Fig. 2). A question 299 

arises: how did the reproducible and predictable IR consortia underlie the reproducible and predictable CH 4 300 

production? To reveal generic characteristics of IR consortia, two sets of 100 simulated communities were 301 

generated separately to generalize the features of the observed communities before and on the first day after 302 

feedstock addition, and then the two sets of simulated communities were compared. The comparison resulted in 303 

a similar result with that in Fig. 3A, that the IR consortia at the phylum level were dominated by Firmicutes, 304 

Bacteroidetes and Proteobacteria, the IR consortia at the class level were dominated by Clostridia, Bacteroidia 305 

and Gammaproteobacteria, and the IR consortia at the order level were dominated by Clostridiales and 306 

Bacteroidales (Fig. 4). This result further confirmed the reproducibility and predictability of the IR consortia at 307 

the order level, as well as the dominance of the orders Clostridiales and Bacteroidales. The reproducibility and 308 

predictability of the response consortia at the order level implied functional conservation at the order level, 309 

underlying predictable and reproducible CH4 production. Simple carbon resource utilization and organic 310 

phosphorus acquisition are supposed to be conserved at a  finer taxonomic resolution between the genus and 311 

species levels [8]. In our study, methane production from swine ma nure was through complex processes 312 

involving diverse microorganisms, so the functions of the response consortia were conserved at a  relatively 313 
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lower taxonomic resolution, namely, the order level. In the metatranscriptomic data, the expressed genes were 314 

taxonomically assigned to achieve microbial communities that expressed these genes. Across different feeding 315 

cycles during AD, the variations in the microbial community that expressed genes substantially increased from 316 

the order level to the family level, with a significantly higher increasing extent (Wilcoxon test P < 0.001) than 317 

those between other adjacent taxonomic levels (Fig. 5A). These results supported the inflection point of 318 

predictability and functional conservation at the order level. 319 

The functional conservation at the order level is also probably linked to dominance of the orders 320 

Clostridiales and Bacteroidales. The relative contributions of these two taxa to the top 10 metabolic pathways 321 

expressed during AD were revealed (Fig. 5B). Compared to the other orders, these two taxa contributed majorly 322 

to the expression of most of these pathways, such as amino acid metabolism, carbohydrate metabolism, 323 

nucleotide metabolism, metabolism of cofactors and vitamins, translation and membrane transport. This result 324 

revealed the critical functional roles of these two taxa in AD performance. As these metabolic pathways are 325 

critical to CH4 production in AD, the consistent dominance of these two taxa in the IR consortia underlies the 326 

reproducible peak of CH4 production after feedstock addition and contributes to the conservation of these critical 327 

functions at the order level. The top 5 orders in the IR consort ia (Fig. 3A and 4) were retrieved. The variations in 328 

gene expression across different feeding cycles during AD were significantly lower (Wilcoxon test P < 0.001 for 329 

all) within Clostridiales and Bacteroidales than within Synergistales, Lactobacillales and Pseudomonadales 330 

(Fig. 5C). This result indicated a high stability of the expressed functions within these two taxa during AD, 331 

which provided functional conservation and thus underlay the reproducible CH 4 production. Collectively, the 332 

consistent dominance of Clostridiales and Bacteroidales in the response consortia and their transcriptional 333 

profiles indicated their crucial roles in the alignment between the reproducible and predictable IR consortia and 334 

CH4 production. Clostridiales and Bacteroidales have been previously found in AD [41, 42], but their roles in 335 

AD remain elusive. This study provided novel experimental evidence to reveal their roles in underlying the 336 

predictable microbial community response and reproducible CH 4 production. In particular, the two taxa provided 337 

functional conservation, resulting in a predictability inflection point at the order level. Only a few methanogens 338 

(0-3 OTUs) were detected in each response consortium during AD (Fig. 3A), probably because the added 339 

feedstock could barely be utilized directly by methanogens. The expression of total methanogenic genes after 340 

feedstock addition was abundant (6%-9%) in total transcripts and did not significantly change (Wilcoxon test 341 

P > 0.05 for all) across the AD process, with the dominance of acetoclastic and hydrogenotrophic 342 

methanogenesis compared to methylotrophic methanogenesis (Supplementary Fig. S7). Therefore, despite only a 343 
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few response methanogens, the abundant and relatively stable expression of methanogenic genes a lso 344 

contributed to the reproducible peak of CH4 production after feedstock addition. 345 

 346 

3.3. High OTU variability of the response consortia promotes biodiversity maintenance and functional 347 

redundancy 348 

The reproducibility and predictability of the response consortia substantially decreased at a  finer taxonomic 349 

resolution because of the high OTU variability. For the delayed response, there were no common OTUs across 350 

all responses; for the immediate response, less than 4.4% of the total response OTUs were common across all 351 

responses (Fig. 6A). This result was in line with a prior study in which laboratory incubations of diverse-sourced 352 

microbial communities under a single limiting resource resulted in a highly variable community assemblage at 353 

the species level, despite a predictable community assemblage at the family level [4]. Under functional 354 

conservation, high species variability is also observed in natural microbial community assemblages [43]. 355 

However, no specific reasons for such high species variability have been found yet. Feedstock addition caused a 356 

substantial increase in nutrient availability. High nutrient availability could generate strong environmental 357 

selection [44], so the high species variability in the response consortia is unlikely  to be attributed to random 358 

effects. The identical feedstock (i.e., swine manure) was added in the same way across different feeding cycles in 359 

the control treatment during AD, and a similar and reproducible CH 4 production was detected after feedstock 360 

addition, so there was unlikely to be a batch effect. The storage effect tells that no species would be the best 361 

consistently in a fluctuating environment [45], which is one of the important theories explaining diverse species 362 

coexistence. One of the mechanisms underlying the storage effect is intraspecific competition that occurs among 363 

individuals within a population, is usually triggered as the population expands, and could in turn constrain 364 

species population expansion to maintain the coexistence of diverse species. In this study, the response species 365 

were identified if their abundances significantly increased after feedstock addition. The increased population 366 

(i.e., abundance) of a species would intensify intraspecific competition, especially in resource-rich environments 367 

[46]. Therefore, in the resource-rich AD system, especially after feedstock addition, increased intraspecific 368 

competition is likely to reduce the fitness of the species, which could result in the species not responding to the 369 

following feedstock addition or their response extent becoming too weak to be detected. This might explain why 370 

few species consistently responded to feedstock addition in all feeding cycles during AD, namely , the high 371 

species variability. 372 
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Despite the high species variability in the response consortia, 92%-96% of all the response OTUs were 373 

present (revealed by DNA data) and active (revealed by RNA data) at no less than 10 time points of the 13 time 374 

points throughout the AD (Fig. 6B), reflecting a high extent of coexistence of diverse species. This result 375 

indicated that the high species va riability facilitated the maintenance of species diversity in AD. In a laboratory 376 

incubation of synthetic microbial communities, a  similar result has also been found that  the 377 

fluctuation/variability of microbial communities reinforces community diversity [5]. Microbial diversity has 378 

been supposed to drive multifunctionality in ecosystems [47]. In AD, CH4 production from swine manure 379 

necessitates multifunctionality (i.e., hydrolysis, acidogenesis, acetogenesis and methanogenesis), so microbial 380 

diversity is the guarantee of AD functioning. Therefore, the high species variability in the response consortia 381 

facilitated AD functioning by maintaining biodiversity. 382 

Species variability within functional groups has been found to facilitate functional redundancy in 383 

natural microbial communities [43]. The response consortia played crucial roles in the degradation and 384 

transformation of the added feedstock. However, it is unknown whether the high species variability of the 385 

response consortia facilitates functional redundancy. To address this question, we revealed  the metabolic 386 

functions of each response OTU using a previously established approach [43]. The AD process primarily 387 

depends on the microbial functions of chemoheterotrophy and fermentat ion, and we found that most of response 388 

OTUs could perform the two functions (Fig. 6C). This result indicated a high functional redundancy of the two 389 

functions. In addition to the two functions, multiple OTUs were also involved in aromatic compound 390 

degradation, cellulolysis and the metabolism of other compounds (Fig. 6C), further implying high functional 391 

redundancy. Therefore, the high species variability in the response consortia provided high functional 392 

redundancy. Under high functional redundancy, AD functioning will be maintained and stable, even if some 393 

species are lost due to disturbances. Feedstock addition in AD usually causes environmental disturbances by 394 

shifting nutrient availability and other environmental characteristics. This study found a high  functional 395 

redundancy in the response consortia, which provided another mechanism (in addition to functional conservation 396 

at the order level) underlying the stable and reproducible CH 4 production after feedstock addition. 397 

Environmental alterations or fluctuations are ubiquitous, and microbial community responses to such 398 

alterations or fluctuations are usually linked to shifts in microorganism-driven functions and provide clues to 399 

understand the subsequent and stabilized assemblage of communities. Based on the constant feedstock in 400 

microorganism-driven AD, this study reveals the reproducibility and predictability of the response 401 

microorganisms and AD performance to feedstock addition. The reproducibility and predictability did not 402 
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change gradually along the taxonomic resolution but showed an inflection point at the order level. Importantly, 403 

we provide a mechanistic understanding that despite substantial species variability, the expressed functions of 404 

the response consortia are conserved, underlying the stable and reproducible AD performances. These findings 405 

provide novel evidence for the predictability and reproducibility of microbial responses, which contribute to the 406 

understanding of the mechanisms underlying microbial community assembly and facilitate performance 407 

prediction in microorganism-driven systems. These findings could be utilized as a stepping stone toward 408 

developing a quantitative theory to engineer microbial communities and system functions. 409 
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Figure legend 562 

Fig. 1 The shift process of microbial community under environmental change (A). The shift process of microbial 563 

community usually includes microbial responses and subsequent stabilization. At the beginning when microbial 564 

community face to environmental change, they show responses (changes in community composition and 565 

structure) in hours or days, which usually shifts microorganism -driven system performance/functions (e.g., 566 

nutrient degradation and transformation). Whereafter, it might take weeks, months or years for microbial 567 

community to be stabilized. If microbial community response pattern is predictable, two scenario s are 568 

hypothesized (B): (I) the predictability decreases as the increase of taxonomic resolution (the blue line), because 569 

community structure at a  higher taxonomic resolution has a higher taxa diversity to be predicted; (II) the 570 

predictability shows an inflection point at specific taxonomic level, underlying function conservation (the orange 571 

line), because of stoichiometric and thermodynamic constraints. 572 

Fig. 2 Experimental design to explore microbial community response (A) to feedstock a ddition (i.e., swine 573 

manure), by comparing microbial communities before and after feedstock addition. In total, four responses (i.e., 574 

Res1, Res2, Res3 and Res4) across multiple feeding cycles (FC) throughout anaerobic digestion are studied. The 575 

response of AD performance to feedstock addition is represented by CH 4 production in triplicate digesters (B). 576 

The immediate response (IR) and delayed response (DR) OTUs in DNA (16S rRNA gene) and RNA (cDNA 577 

from 16S rRNA) datasets are shown by points that are sized by OTUs average relative abundances (C).  578 

Fig. 3 The composition and structure of response consortia (the assemblages of response microorganisms) at 579 

different taxonomic levels (A). The Y-axis shows the number of response OTUs affiliated to specific taxonomic 580 

taxa. At each taxonomic level, only the top 10 taxa are shown. The heterogeneity (B) of the response consortia 581 

across Res1, Res2, Res3 and Res4 is shown at different taxonomic levels. DNA:16S rRNA gene; RNA: cDNA 582 

from 16S rRNA. 583 

Fig. 4 The generic characteristics of immediate response consortia (the assemblages o f immediate response 584 

microorganisms) at different taxonomic levels, based on the comparison between 100 simulated communities 585 

generalizing community features before feedstock addition, and 100 simulated communities generalizing 586 

community features on the first day after feedstock addition. The Y-axis shows the number of response OTUs 587 

affiliated to specific taxonomic taxa. At each taxonomic level, only the top 10 taxa are shown. DNA:16S rRNA 588 

gene; RNA: cDNA from 16S rRNA. 589 
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Fig. 5 Variations of gene expressions throughout anaerobic digestion at different taxonomic levels (A). The sub-590 

figure on the top-left shows the variation ratio between two neighboring taxonomic levels. The gene expression 591 

abundances of the top 10 metabolic pathways (KEGG level 2) and the relative abundances of Clostridiales, 592 

Bacteroidales and other orders within these expressed pathways are shown (B). A point represents an order. 593 

Within the top 5 response orders (shown in the Fig. 3A), the variations of their gene expressions throughout 594 

anaerobic digestion are shown (C). Mean ± SD are shown. 595 

Fig. 6 The percentage (A) of common OTUs that are present in all Res1, Res2, Res3 and Res4, among all the 596 

response OTUs. The frequency (B) of each response OTU present in 13 time points (shown in Fig. 2A) during 597 

AD. Functional profiles (C) of the response OTUs. Some OTUs are involved in more than one functions. Only 598 

top ten functions are shown. 599 
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