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Abstract 

Background  Clean energy hydrogen (H2) produced from abundant lignocellulose is an alternative to fossil energy. 
As an essential influencing factor, there is a lack of comparison between constant temperatures (35, 55 and 65 °C) 
and gradient heating temperature (35 to 65 °C) on the H2 production regulation potential from lignocellulose-rich 
straw via high-solid anaerobic digestion (HS-AD). More importantly, the microbial mechanism of temperature regulat-
ing H2 accumulation needs to be investigated.

Results  Constant 65 °C led to the lowest lignin residue (1.93%) and the maximum release of cellulose and hemicel-
lulose, and the highest H2 production (26.01 mL/g VS). H2 production at 35 and 55 °C was only 14.56 and 24.13 mL/g 
VS, respectively. In order to further explore the potential of ultra-high temperature (65 °C), HS-AD was performed 
by gradient heating conditions (35 to 65 °C). However, compared to constant 65 °C, gradient heating conditions led 
to higher lignin residue (2.49%) and lower H2 production (13.53 mL/g VS) than gradient heating conditions (47.98%). 
In addition, metagenomic analysis showed the cellulose/hemicellulose hydrolyzing bacteria and genes (mainly Ther-
moclostridium, and xynA, xynB, abfA, bglB and xynD), H2-producing bacteria and related genes (mainly Thermoclostrid-
ium, and nifD, nifH and nifK), and microbial movement and metabolic functions were enriched at 65 °C. However, 
the enrichment of two-component systems under gradient heating conditions resulted in a lack of highly-enriched 
ultra-high-temperature cellulose/hemicellulose hydrolyzing genera and related genes but rather enriched H2 con-
sumption genera and genes (mainly Acetivibrio, and hyaB and hyaA) resulting in a weaker H2 production.

Conclusions  The lignin degradation process does not directly determine H2 accumulation, which was actually 
regulated by bacteria/genes contributing to H2 production/consumption. In addition, it is temperature that enhances 
the hydrolysis process of lignin rather than lignin-degrading enzymes, bacteria and genes by promoting microbial 
material transfer and metabolism. In terms of temperature, one of the key parameters of HS-AD for H2 production, we 
developed an important regulatory strategy, enriched the theoretical basis of temperature regulation for H2 produc-
tion to further expanded the research horizon in this field.
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Background
With the increasing use of fossil fuels, the world is facing 
increasingly severe energy depletion and environmental 
pollution, so the use and promotion of renewable energy 
are particularly important [1]. In recent years, biomass 
resources rich in lignocellulose have attracted wide atten-
tion due to their abundant reserves, wide application 
scope and renewable characteristics [2]. Global ligno-
cellulose biomass production is about 200 Gt annually, 
mainly from the agricultural field, including wheat straw, 
rice straw, rice husk, wheat straw (WS), cotton seeds, 
maize straw, maize leaves, garden waste, pine and maple 
[3]. In 2015, China’s crop straw accounted for more than 
3‰ of the global total, and this proportion has been 
increasing annually, is one of the most abundant biomass 
resources in the world [4]. Biomass can be converted 
into clean energy with high heat energy by anaerobic 
digestion (AD), such as for hydrogen (H2) production. 
H2 has clean combustion products and a high calorific 
value (142  kJ/g), which not only avoids the pollution of 
the environment but also does not emit greenhouse gases 
[5]. Therefore, H2 production from WS via AD is a clean 
energy production approach with broad prospects.

According to the total solid (TS) concentration, AD can 
be divided into liquid-state anaerobic digestion (LS-AD) 
and high-solid anaerobic digestion (HS-AD) [6]. Com-
pared to LS-AD, the higher heat produced in HS-AD can 
promote the biological reaction process, and higher TS 
concentration leads to higher gas production [7]. More 
importantly, HS-AD cannot only save water resources, 
but also avoid high costs caused by postprocessing the 
large discharge of biogas slurry, which is more suitable 
for application in water shortage areas [8]. Therefore, 
HS-AD is a potential and important resource utilization 
way in arid and semiarid areas. However, the lignocel-
lulose composed of cellulose, hemicellulose and lignin 
can significantly affect the hydrolysis process, which is 
the rate-limiting factor of AD [9]. In order to promote 
the degradation of agricultural straws, some physi-
cal, chemical and biological methods have been taken 
by researchers, such as adding activated carbon [10], 
formic acid dehydrogenation treatment [11], adding 
hydrolysis enzymes [12] and construction of synthetic 
microbial consortia [13]. Temperature is a key factor 
affecting microbial activity and biological reaction pro-
cesses. Previous studies have shown that temperature 
affects the microbial community composition and the 
conversion efficiency of the substrate to H2, and tempera-
ture regulation is more economical than other methods 
[14]. High temperature (55  °C) can reduce the viscos-
ity of the HS-AD system and improve the mass transfer 
efficiency than medium temperature (35  °C), resulting 
in a faster hydrolysis rate and higher H2 production [15]. 

Some studies even confirmed that ultra-high tempera-
ture (65  °C) can promote the hydrolysis and acidogenic 
process better than 55  °C [16]. In addition, the inability 
of methanogenic archaea to survive under ultra-high-
temperature conditions leads to lower H2 consumption, 
which makes more H2 production [17]. However, there 
are few comprehensive studies on the effects of various 
constant temperatures (35, 55 and 65 °C) on H2 produc-
tion from lignocellulosic materials, not to mention in the 
HS-AD system. More importantly, the effect of gradient 
heating conditions on H2 production from lignocellulosic 
materials is still unknown. Theoretically, gradient heat-
ing from 35 to 65 °C can promote the activity of cellulase 
and hemicellulase and inhibit the process of methano-
genic process, which has more potential for H2 produc-
tion than under constant temperature. In addition, the 
domestication of microbial communities by gradient 
heating conditions might also lead to more hydrolyzing 
bacteria being completely retained and highly enriched 
with the increase in temperature, which will promote the 
hydrolysis process. However, this speculation remains to 
be verified.

Based on the above, this study used WS as a repre-
sentative of lignocellulosic substrate for H2 production 
by HS-AD. The H2 production performance under dif-
ferent constant temperatures (35, 55 and 65  °C) was 
evaluated. The H2 production potential under an optimal 
condition obtained from the three constant temperature 
condition was further compared to that under gradient 
heating conditions. Also, the lignocellulose degradation 
characteristics under different temperatures were stud-
ied by crystallinity calculation, functional group analysis 
and enzyme activity determination, and the key factor 
for strongly promoting H2 production was identified. In 
addition, metagenomic analysis was used to reveal the 
mechanism of the key factors regulating the metabolism 
of the functional microorganisms involved in H2 produc-
tion. This study has potential to provide new insights for 
efficient H2 production from lignocellulosic materials via 
HS-AD by regulating temperature.

Materials and methods
Waste activated sludge and straw
The waste activated sludge (WAS) was obtained from a 
wastewater treatment plant in Yangling District, Shaanxi 
Province. Tap water was added to adjust the TS and vola-
tile solid (VS) to 4.30% and 2.30%, respectively. The total 
carbon (TC) and total nitrogen (TN) of the dried WAS 
were determined to be 23.13% and 3.11%, respectively. 
The TS and VS of WS were 89.36% and 77.05%, respec-
tively. The TC and TN of dried WS were determined to 
be 37.20% and 0.72%, respectively. The pH of WAS was 
8.80.
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Experimental procedure
The 500-mL fermenter was used for HS-AD. The TS of 
AD system used for WS and WAS was about 11%, with 
an initial operating volume of 350 mL. WAS was used as 
an inoculum because its rich microorganisms that can 
adapt to different temperatures (including 35 and 65 °C) 
[18, 19]. Fermenters were placed in four temperatures 
(constant 35, 55 and 65  °C, and a gradient from 35 to 
65  °C), and each temperature condition was applied to 
three parallel groups. The constant 35  °C medium-tem-
perature, 55  °C high-temperature, and 65  °C ultra-high-
temperature groups are designated as MG, HG and UG 
for the purpose of this report. The 35 to 65  °C gradient 
groups (designated GG) were heated from 35 to 65  °C 
increasing by 5  °C increments every 12  h, before being 
maintained at a constant 65 °C. Samples were taken from 
all fermenters every 2 days to measure NH4

+-N, chemical 
oxygen demand (COD), methane (CH4), electric conduc-
tivity (EC) and volatile fatty acid (VFA) with pH adjusted 
to about 10 by addition of 6 mol/L NaOH.

Enzyme activity assessment in AD systems
The activity of lignin degradation process was evaluated 
by measuring lignin esterase (LE) activity [20], respec-
tively. Given that protease is the key enzyme in pro-
tein hydrolysis, and acetate kinase (AK) [21] and [FeFe] 
hydrogenase (Hase) [22] in acetogenic and H2 produc-
tion, respectively, their activity was also assayed. For all 
groups, enzyme activities were determined before and 
after HS-AD.

DNA extraction, metagenome sequencing and annotations
The biofilms collected in MG, HG, UG, GG are named 
as MG, HG, UG, and GG, respectively. The unfermented 
initial sample is named the original sample (OS). Total 
DNA was extracted and metagenomic analyses were 
performed by Majorbio Bio-Pharm Technology Co., 
Ltd. (Shanghai, China). All the measurements were per-
formed in triplicate. Total genomic DNA was extracted 
from these samples using the Mag-Bind® Soil DNA 
Kit (Omega Bio-tek, Norcross, GA, USA). Concentra-
tion and purity of extracted DNA was determined using 
TBS-380 and NanoDrop2000, respectively. To construct 
paired-end libraries, the DNA extract was fragmented to 
an average size of approximately 400 bp using the Cova-
ris M220. The NEXTFLEX Rapid DNA-Seq kit (Bioo 
Scientific, Austin, TX, USA) was used for the library con-
struction. Adapters containing the necessary sequencing 
primer hybridization sites were ligated to the blunt ends 
of the DNA fragments. Paired-end sequencing was per-
formed on Illumina NovaSeq (Illumina Inc., San Diego, 
CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd. 

using NovaSeq 6000 S4 Reagent Kit v1.5 (300 cycles). 
Representative sequences of non-redundant gene cata-
log were aligned to NR database with an e-value cutoff 
of 1e-5 using Diamond (http://​www.​diamo​ndsea​rch.​org, 
version 0.8.35) for taxonomic annotations. Functional 
annotation of metagenomes was performed using a 
BLASTP search against the KEGG database (http://​www.​
genome.​jp/​kegg) with an E-value cutoff of ≤ 10 to 5.

Analytical methods
The COD and NH4

+-N were determined by the stand-
ard method [23]. TC and TN were measured by the 
elemental analyzer (Elementar vario MACRO cube, Ger-
many). The TS and VS were measured by the weight loss 
method [24]. pH is measured with a pH meter (PHS-3C, 
China). Determination of VFA and CH4 was as previously 
described, and total VFA was calculated as the values 
for acetic, propionic, n-butyric, isobutyric, n-valeric and 
isovaleric acids [25]. The concentration of LE, protease, 
AK, and Hase were analyzed with a kit from Shanghai 
Enzyme-linked Biotechnology Co., Ltd (Shanghai, China) 
according to the manufacture’s instructions. Lignin, cel-
lulose and hemicellulose were measured according to 
published methods [26]. EC was measured by a con-
ductivity meter (Youke conductivity DDS-11A, China). 
Crystallinity, expressed as crystallinity index (CrI), was 
determined using a powder X-ray diffractometer (XRD) 
(Bruker D8 Advance A25, Germany) with Cu radiation at 
40 kV and 40 mA. Samples were scanned in the 2θ range 
of 5° to 50°. The CrI was calculated as:

where I002 is the maximum crystalline diffraction inten-
sity of cellulose I at 22° to 23° (for cellulose II, 2θ is 18° 
to 22°) and Iam is the crystalline diffraction intensity of 
cellulose I at 2θ of 18° to 19° (for cellulose II, 2θ is 13° 
to 15°). Fourier transform infrared spectroscopy (FT-IR) 
(Vertex70, Germany) was used to investigate organic 
functional groups and structural changes in fermenters. 
Spectra were recorded between 4000 and 500 cm−1.

Results and discussion
HS‑AD performance
In order to compare the effects of HS-AD temperatures 
on H2 production performance, the performance of 
each stage involved in the process was evaluated. COD 
is an important indicator representing hydrolytic perfor-
mance. As shown in Fig.  1a, the initial COD was about 
14,707.69 mg/L, and the COD in MG, HG, UG and GG 
increased gradually from the first to sixth day, reach-
ing the highest values of 31,443.59, 31,705.13, 29,141.03 
and 27,666.67 mg/L on the sixth day, respectively. How-
ever, the subsequent COD did not continue to increase, 

(1)CrI = [(I002 − Iam)/I002]/100,

http://www.diamondsearch.org
http://www.genome.jp/kegg
http://www.genome.jp/kegg


Page 4 of 18Wu et al. Microbiome          (2024) 12:170 

and they were only 30,969.23, 27,180.77, 30,246.15 and 
23,230.77  mg/L on eighth day, respectively. This could 
be due to the large of COD during the peak period of 
hydrolysis, while the continuous consumption of organic 
matter leads to a decrease in COD when the hydroly-
sis slows down or almost ends. The hydrolytic perfor-
mance of HG was similar to MG, but HG consumes more 
organic matter. Compared to MG, and HG, the COD of 
UG kept increasing, indicating that the hydrolytic perfor-
mance at 65 °C was superior and more stable. Compared 
to UG, the COD of GG was consistently lower, indicating 
that GG conditions resulted in a lower hydrolytic perfor-
mance. Therefore, the HS-AD hydrolytic performance of 
UG was better than that of GG.

Some soluble salts were gradually released as the 
hydrolysis proceeded. The measured EC indicates the 
soluble salt concentration released during the hydrolysis 
process, and an appropriate concentration can maintain 
stable osmotic pressure and assist the metabolic process 
of microorganisms [27]. As shown in Fig. 1c, the EC of the 

OS was 1349.75 μS/cm, and on the eighth day of HS-AD, 
the EC in MG, HG, UG and GG increased to 3460.00, 
3326.67, 2993.33, and 3706.67 μS/cm on the eighth day, 
respectively. Of the constant temperature conditions, UG 
was lower than MG and HG on the eighth day, indicat-
ing that microorganisms in UG had more stable osmotic 
pressure. A higher EC in GG was also detected than in 
UG, indicating that microbial stability in GG was inferior. 
Also, the NH4

+-N concentration mostly fluctuates due to 
the decomposition of protein and other organic matter. 
As shown in Fig.  1b, the initial NH4

+-N concentration 
was 864.64 mg/L, then the NH4

+-N concentration in MG 
and HG gradually decreased to 520.54 and 719.40 mg/L, 
respectively, while in UG it rose to 1077.99 mg/L. Simi-
lar to the trend of UG, the NH4

+-N concentration in GG 
rose to 887.33 mg/L. Although GG also detected a con-
tinuous increase in NH4

+-N concentration, it was lower 
than that of UG, indicating that UG had superior hydro-
lytic performance. This confirms the conclusion evident 
in Fig. 1a.

Fig. 1  AD performance under different temperature conditions during HS-AD. a COD concentration, b NH4
+-N concentration, c Electrical 

conductivity, d VFAs concentration, e Daily H2 production, f Cumulative H2 production, g Protease activity, h AK activity, and i Hase activity
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Subsequently, the acidogenic performance was ana-
lyzed in Fig. 1d. The VFA of OS was 364.63 mg/L. As the 
AD progressed, the VFA concentrations in MG, HG, UG, 
and GG gradually increased to 2228.47, 2224.16, 2429.03, 
and 2427.81  mg/L on the eighth day, respectively. The 
continued increase in VFA concentration indicated that 
the acidogenic process was proceeding smoothly. In 
addition, the composition of VFA showed that the pro-
portion of acetic acid produced by MG decreased from 
67.21% on the second day to 51.55% on the eighth day, 
while the proportion of acetic acid under the conditions 
of HG, UG and GG increased from 48.23%, 48.33% and 
69.72% on the second day to 68.63%, 70.79%, and 79.48% 
on the eighth day, respectively. Although the VFA con-
centrations of MG and HG were higher in the first 4 days, 
UG gave superior acidogenic performance in the next 
four days, and a higher acetic acid production ratio also 
indicated that UG had superior acetogenic performance. 
Among the constant temperature conditions, the aci-
dogenic performance was in the order, UG > HG > MG. 
Compared to UG, GG had similarly high acidogenic and 
acetogenic performance. During HS-AD, superior aci-
dogenic and acetogenic performance was achieved with 
both UG and GG.

Further, the H2 production performance was ana-
lyzed (Fig. 1e). On the second day of AD, H2 production 
peaked in MG, HG, UG, and GG at 11.215, 20.23, 13.439, 
and 5.08 mL/g VS, respectively. As shown in Fig. 1f, after 
8 days, the cumulative H2 production were 14.56, 24.13, 
26.01, and 13.53  mL/g VS, respectively. The order of 
cumulative H2 production was consistent with the trend 
in acidogenic performance, that is, UG > HG > MG. Com-
pared to UG, the daily H2 production and cumulative H2 
production of GG were lower. Therefore, the hydrolysis, 
acidogenic and H2 production of HS-AD under con-
stant temperature increase with temperature. However, 
it is surprising that although Fig. 1d shows that the aci-
dogenic process under GG has advantages, Fig. 1a and e 
show that its hydrolysis and H2 production performance 
were inferior to UG. Thus, hydrolysis must have a deci-
sive role in the processes leading to H2 production.

What are the reasons for the phenomenon? The 
hydrolysis, acidogenic and H2 production processes were 
directly regulated by functional enzymes, so the activi-
ties of protease, AK and Hase were evaluated. The sludge 
as an inoculum contains proteins, and the activity of the 
sludge hydrolysis process could be evaluated by measur-
ing protease activities. As shown in Fig. 1g, the protease 
activity in OS was 482.74 U/L, and it changed to 485.30, 
456.00, 509.62 and 509.48 U/L after HS-AD, respectively. 
UG had higher protease activity than MG and HG, indi-
cating that 65 °C was more conducive to protein hydroly-
sis. Although GG had similarly high protease activity, 

the low hydrolytic performance indicated that protein 
hydrolysis might not be the main factor determining the 
hydrolytic performance instead of lignocellulose deg-
radation. The hydrolysis is followed by an acidogenic 
process. As shown in Fig. 1h, the AK activity in OS was 
166.18 U/L, and the AK in MG, HG, UG and GG reached 
168.30, 160.51, 160.47 and 163.78 U/L after HS-AD, 
respectively. Notably, the trends for AK activity and ace-
togenic performance are opposite. The AK activity in UG 
was lower than in HG and MG, indicating that its high 
yield of acetic acid could be attributed to high hydrolytic 
performance and the efficient biochemical reaction pro-
cess caused by ultra-high temperature. The AK activity in 
GG was similar to that in UG, but high acetic acid was 
obtained with low hydrolytic performance. The reason 
could be that to the acidogenic pathway is enriched under 
gradient heating conditions. Hase is the key enzyme pro-
ducing H2, as shown in Fig.  1i, Hase activity in OS was 
86.15 U/L, and Hase activity in MG, HG, UG and GG 
reached 92.76, 91.43, 88.92 and 86.61 U/L during HS-AD, 
respectively. Among constant temperature conditions, 
Hase activity was opposite to H2 production, which indi-
cates that H2 production might be determined by hydro-
lytic performance. The low hydrolytic performance of 
GG confirmed this conclusion. Although the acidogenic 
performance was superior, limited organic matter was 
hydrolyzed to produce less H2.

Therefore, under constant temperature, the hydrolysis, 
acidogenic and H2 production performance of UG was 
better than for MG and HG. Due to the higher hydrolytic 
performance, UG also had higher H2 production than 
GG. The restrictive factor of the hydrolysis stage was lig-
nocellulose degradation.

Lignocellulose degradation
In order to further analyze constraints to the hydroly-
sis process under constant temperature and gradient 
heating conditions, the main components (cellulose, 
hemicellulose and lignin) of WS after AD were ana-
lyzed. Lignin is the key component to limiting WS 
degradation [28]. As shown in Fig.  2a, the proportion 
of lignin, hemicellulose and cellulose in the OS sam-
ples were 5.16%, 17.99%, and 27.17%, respectively. 
After HS-AD, the lignin contents of MG, HG, UG, and 
GG were 2.31%, 2.14%, 1.93% and 2.49%, respectively. 
It was worth noting that the degradation efficiency of 
lignin was consistent with the trend in hydrolytic per-
formance, namely, UG > HG > MG. Also, the lignin deg-
radation efficiency of GG was also lower than that of 
UG. Hemicellulose is an amorphous component that 
is easily hydrolyzed subsequently. Hemicellulose is 
closely bound to lignin by hydrogen bond and van der 
Waals forces, and is resistant to degradation. As lignin 
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degradation, hemicellulose is degraded. The proportion 
of hemicellulose in MG, HG, UG and GG were 11.91%, 
10.39%, 8.72% and 10.55%, respectively. Under constant 
temperature, the degradation rate of hemicellulose was 
consistent with that of lignin, and UG had the highest 
degradation performance. Compared to UG, the lignin 
degradation in GG was less, which indicates that the 
lignin degradation was positively correlated to subse-
quent hemicellulose degradation. The crystalline cel-
lulose and hemicellulose are intertwined and degrade 
together. The cellulose contents of MG, HG, UG and 
GG were 23.86%, 26.83%, 26.05%, and 26.20%, respec-
tively. The cellulose degradation performance of UG 
was better than that of HG, but not MG. In addition, 
compared to UG, GG has lower performance. This 
indicated that cellulose degradation might not be the 
main process determining hydrolytic performance, but 
rather it would be lignin degradation. The low cellulose 
degradation rate in all samples could be seen as consist-
ent with this conclusion.

In order to analyze the limiting components of degra-
dation process of cellulose, the crystallinity of cellulose 
was analyzed to evaluate the degradation characteristics 
of crystalline and the non-crystalline cellulose regions. 
As shown in Fig. 2b, the XRD patterns of OS, MG, HG, 
UG and GG were analyzed, and the crystallinity of cel-
lulose I of each sample was calculated using Eq.  1 as 
34.58%, 39.50%, 43.95%, 44.07% and 37.42%, respectively. 
The crystallinity of all samples increased during HS-AD, 
which was due to the high degradation effect of the non-
crystalline region and the relatively lower degradation 
effect of crystallinity. The crystallinity of UG was higher 
than that of MG and HG, indicating that 65 °C was more 
conducive to the degradation of the non-crystalline 
region. The crystallinity of GG was lower than that of 
UG, indicating that not only lignin and hemicellulose but 
also the degradation performance of both non-crystalline 
region and crystalline region were lower under gradient 
heating conditions. Conversion of cellulose I to II could 
also lead to changes in crystallinity. In order to verify the 

Fig. 2  Degradation characteristics of lignocellulose under different temperature conditions. a Lignocellulose degradation efficiency, b XRD of WS, c 
FT-IR of WS, and d LE activity
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conclusions, the crystallinity of cellulose II was calculated 
using Eq.  1. The crystallinity of cellulose II of OS, MG, 
HG, UG and GG were 50.48%, 44.43%, 41.58%, 40.37%, 
and 37.42%, respectively, indicating that cellulose II was 
also degraded during AD, and there was no new cellu-
lose II being converted from cellulose I. During AD, the 
non-crystalline region of cellulose was mainly degraded. 
Therefore, the lignin degradation process is the main 
factor leading to the hydrolytic performance differences 
between UG and GG, followed by cellulose and hemicel-
lulose. The H2 production performance of UG was better 
than that of MG and HG, which was also due to the high 
lignin degradation performance.

How is lignocellulose efficiently degraded at 65 °C? The 
degradation metabolite characteristic of lignin at different 
temperatures was revealed. The functional groups of the 
products in HS-AD were analyzed by FTIR spectroscopy 
in Fig. 2c. The presence of a broad peak near 3328 cm−1 
due to the stretching vibration of -OH, and the absorp-
tion intensity in MG, HG, UG and GG was lower than 
in OS, indicating that the hydrogen bonds of lignin had 
been destroyed. Among the constant temperature condi-
tions, the peaks of HG and MG were larger than those of 
UG, which confirmed that UG had superior degradation 
performance. Compared to UG, the peak of GG is more 
obvious, indicating that the degradation performance of 
GG was weaker than UG. The ultra-high temperature of 
UG was more conducive to splitting lignin and hemicel-
lulose linked by hydrogen bonds, thereby releasing hemi-
cellulose. The peak at 1666 cm−1 represents the carbonyl 
C = O stretching vibration between hemicellulose and 
lignin, and exists in carboxyl, aldehyde, ketone and ester 
groups. The peak at 1666 cm−1 after HS-AD was smaller 
than in OS, indicating that the lignin side chain had been 
broken. Compared to HG and MG, the change in the UG 
peak was the most obvious, indicating that the degrada-
tion performance of carboxyl, aldehyde, ketone and ester 
groups was the best at 65  °C. The peak of GG was also 
higher than that of UG, indicating that the degradation 
performance of these functional groups was poor under 
gradient heating conditions. In addition, the peak near 
2919  cm−1 was attributed to CH2 stretching vibration, 
and the low peak after HS-AD indicated that the methyl 
and methylene groups of cellulose were released and 
degraded. However, there was no substantive difference 
in the peaks of each sample, which confirmed the low cel-
lulose degradation performance of HS-AD. The peak at 
1384  cm−1 was contributed to -CH stretching vibration 
in cellulose and hemicellulose. The peak became larger 
after HS-AD, which could be due to the higher propor-
tion of residual cellulose in these samples.

Why the best lignin degradation performance was 
obtained at 65  °C? The degradation of lignocellulose is 

directly regulated by functional enzymes. Therefore, the 
activity of functional enzymes under different tempera-
ture conditions was evaluated. As shown in Fig.  2d, LE 
is the key functional enzyme for lignin degradation. LE 
activity in OS was 73.73 U/L. After HS-AD, the LE activi-
ties in OS, MG, HG, UG and GG were 96.64, 82.27, 73.75 
and 63.69 U/L, respectively. The higher the temperature, 
the lower the LE activity under constant temperature, 
with UG having the lowest LE activity. LE activity was 
not consistent with hydrolytic performance, which indi-
cated that LE activity was not the main determinant of 
hydrolytic performance. Compared to UG, the lower LE 
activity of GG confirmed that gradient heating condi-
tions were not conducive to lignin hydrolysis. Therefore, 
the low LE activity at 65 °C was also not the main reason 
for the high lignin degradation efficiency.

Therefore, the constant 65  °C promoted the decon-
struction of the hydrogen bond, carboxyl, aldehyde, 
ketone and ester groups of lignin, so that hemicellulose 
and cellulose wrapped by lignin could be released, and 
then efficient utilized. However, the LE activity was not 
the key factor limiting lignin hydrolysis, which needed to 
be further explained by functional bacteria.

Microbial community structure
Temperature variations will affect the microbial com-
munity structure, and continuous heating even can 
directly drive the reconstruction of microbial com-
munity structure. The change of microbial community 
structure is closely related to the degradation rate of 
lignocellulose. In order to reveal the key mechanisms 
determining lignocellulose hydrolysis, we focused on 
the dynamic changes of the hydrolytic microbial com-
munities, and undertook detailed identification of hydro-
lytic bacteria based on metagenomic sequencing to 
genus level where possible. Also, in order to fully reveal 
the limiting factors of H2 production, H2-producing/
consuming bacteria were also identified. As shown in 
Fig.  3, the bacteria with lignin, cellulose and hemicel-
lulose degradation genes were identified. The domi-
nant microbial genus in OS was denitrifying bacteria. 
For example, the abundance of Rhodococcus [29] was as 
high as 11.60%. In addition, subdominant bacteria were 
identified as cellulose degrading taxa [Mycolicibacte-
rium (4.46%), Mycobacterium (4.20%), Bradyrhizobium 
(2.45%), unclassified_Acidobacteria (1.04%) and Pseu-
doxanthomonas (1.26%)], and a hemicellulose degrad-
ing genus Amaricoccus (1.70%). There were also a lignin/
cellulose-degrading taxon identified as unclassified_Can-
didatus Hydrogenedentes (2.14%) and cellulose/hemi-
cellulose-degrading taxa [Hyphomicrobium (1.65%), 
Mesorhizobium (1.51%), Thiobacillus (1.02%), Rhodovu-
lum (0.96%) and unclassified_Proteobacteria (0.94%)], 
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Fig. 3  The abundance of bacteria with lignocellulose degradation genes and genes involved in H2 production and consumption processes 
at different temperatures
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and lignocellulose-degrading taxa [unclassified_Chloro-
flexi (2.66%), unclassified_Planctomycetes (1.81%) and 
unclassified_Bacteroidetes (0.98%)]. Although these taxa 
carry hydrolysis genes, they have also been reported as 
acidogenic, such as unclassified_Acidimicrobiia [30], 
unclassified_Candidatus_Hydrogenedentes [31] and 
unclassified_Bacteroidetes [32]. However, almost all the 
dominant genera in OS had H2 consumption-related 
genes, including Rhodococcus, Mycolicibacterium, Myco-
bacterium and unclassified_Acidobacteria. Therefore, the 
main function of the microbial communities was denitri-
fication and H2 consumption, followed by hydrolysis and 
acid production.

The microbial community structure in MG changed 
significantly. The key dominant genus Rhodococcus was 
replaced by the lignin/cellulose-degrading genus Pseu-
domonas (27.00%). The subdominant bacteria were cellu-
lose/hemicellulose-degrading taxa [Geofilum (10.106%), 
Clostridium (4.78%), unclassified_Lachnospiraceae (1.26%) 
and Parabacteroides (0.66%)], hemicellulose-degrad-
ing genera [Lachnoclostridium (2.70%) and Citrobacter 
(0.94%)] and lignocellulose-degrading taxa [Bacteroides 
(2.37%), unclassified_Bacteroidetes (1.76%), Proteiniphi-
lum (0.96%), unclassified_Porphyromonadaceae (0.89%) 
and Paenibacillus (0.67%)]. Lachnoclostridium [33], 
Bacteroides [34], Proteiniphilum [35] and Natronin-
cola (2.05%) [36] have been reported as acid-producing 
genera. However, only Thiopseudomonas (1.82%), that 
does not carry hydrolysis genes, has been detected as 
high abundance genus involved in denitrification [37]. 
This indicated that the enrichment of hydrolytic and 
acidogenic genera in MG had occurred, and the genera 
involved in denitrification were secondary. Also, the taxa 
with H2 production-related genes in MG were detected, 
including Clostridium, Bacteroides and unclassified_Bac-
teroidetes. However, the key dominant genera almost 
all had H2 consumption-related genes, including Pseu-
domonas, Geofilum and Lachnoclostridium. This explains 
why the high abundance of Pseudomonas in MG resulted 
in low H2 production.

The microbial community in HG was dominated by 
hydrolytic and H2-producing bacteria. The main dominant 
bacteria were in the hemicellulose-degrading genus Herbi-
nix (25.10%). The subdominant bacteria were in hemicellu-
lose-degrading taxa [Acetivibrio (6.78%), Bacillus (4.24%), 
unclassified_Eubacteriales (1.07%), Thermoanaerobacterium 
(0.50%) and unclassified_Oscillospiraceae (0.50%)], cellulose/
hemicellulose-degrading genera [Thermoclostridium (7.70%) 
and Clostridium (5.50%)], a lignin/hemicellulose-degrading 
genus Pseudoclostridium (0.91%) and lignocellulose-degrad-
ing taxa [Paenibacillus (1.24%) and unclassified_Firmicutes 
(1.22%)]. Among these, Paenibacillus [38], Pseudoclostrid-
ium [39] and unclassified_Peptococcaceae (1.77%), [40] and 

Tepidimicrobium (1.24%) [41] without hydrolysis genes, 
have been reported as acidogenic taxa. Although the func-
tion of the microbial community is mainly hydrolysis, acid 
production and H2 production, the structure changed sig-
nificantly. All the hydrolytic bacteria given above were con-
sidered to be the dominant genera, which belonging to the 
phylum Firmicutes with high or ultra-high-temperature 
resistance [42]. These genera were not highly enriched in 
OS and MG, but were in HG, indicating that the genera suit-
able to 35 °C were gradually replaced by genera with higher 
temperature resistance. In addition, it was worth noting that 
most of these dominant genera carried cellulose and hemi-
cellulose degradation genes, rather than lignin degradation 
genes, indicating that the abundance of lignin-degrading 
bacteria, decreased during temperature-driven community 
reconstruction. The trend to enrichment of lignin-degrading 
bacteria was obviously not consistent with hydrolytic per-
formance, which indicated that the hydrolytic performance 
might not be mainly determined by the lignin-degrading 
bacteria. In addition, the abundance of bacteria with H2 
production-related genes in HG was higher than that in MG, 
including Herbinix and Thermoclostridium. These were the 
key dominant genera occurring at high abundance. There 
were only subdominant bacteria that had H2 consumption-
related genes, including Acetivibrio, Clostridium and Bacil-
lus. This explains why HG had higher H2 production than 
MG. Compared with the low abundance of lignin-degrading 
bacteria, the enrichment of H2-producing bacteria could be 
the main reason for H2 accumulation.

The main dominant bacterial genera of UG were also in 
the Firmicutes. The microbial community was dominated 
by cellulose/hemicellulose degrading genus Thermo-
clostridium (11.89%). The genera with lignin degradation 
genes were also replaced by other genera. The subdomi-
nant bacteria were hemicellulose degrading genera 
[Bacillus (7.66%), Acetivibrio (4.09%), Herbinix (2.51%), 
Caldicoprobacter (1.88%) and Geobacillus (1.11%)], cel-
lulose degrading taxa [unclassified_Halanaerobiaceae 
(1.24%), unclassified_Bacillaceae (0.82%) and unclassi-
fied_Tenericutes (0.79%)], the cellulose/hemicellulose 
degrading genus Clostridium (3.06%), the lignin/hemi-
cellulose degrading genus Pseudoclostridium (0.76%), 
and cellulose degrading taxa [Paenibacillus (2.14%) and 
unclassified_Firmicutes (1.03%)]. Of these, Thermo-
clostridium [43], Paenibacillus [38] and Caldicoprobacter 
[39] have been reported as acidogenic genera. Tepidimi-
crobium (1.52%), unclassified_Peptococcaceae (1.14%), 
Halothermothrix (1.20%) and Orenia (1.10%) were also 
considered to be important in acidogenic process. The 
high abundance of acidogenic bacteria confirms the supe-
rior acid-producing performance evident in Fig. 1. With 
the increase of temperature, the characteristics of com-
munity composition driven by high temperature become 
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more obvious. Thermoclostridium further replaced 
Herbinix, and similarly Bacillus and Paenibacillus 
increased. Ultra-high-temperature as the selection pres-
sure of the environment selected specific bacteria in the 
Firmicutes, indicating that Thermoclostridium was the 
main ultra-high-temperature resistant hydrolytic genus. 
The low abundance of lignin-degrading bacteria con-
firmed that the superior hydrolytic performance of UG 
might not be mainly regulated by bacterial abundance, 
but rather by the ultra-high-temperature. However, the 
decrease in the abundance of hydrolytic bacteria did not 
mean that the abundance of hydrolytic genes decreased, 
so this needs to be explained along with gene abundance. 
Also, H2-producing bacteria were more enriched in UG. 
The key dominant genus Thermoclostridium was found to 
have H2 production-related genes, along with Clostrid-
ium and Herbinix. Only low abundance of H2 consump-
tion genus (such as Acetivibrio) was detected. Therefore, 
high abundance of H2-producing bacteria and low abun-
dance of H2-consuming bacteria could be the main cause 
of H2 accumulation in UG.

The microbial community in GG was different from 
that in UG. The GG microbial community was domi-
nated by hemicellulolytic genus Acetivibrio (18.91%) of 
the Firmicutes. The subdominant bacteria are cellulose/
hemicellulose degrading genera [Thermoclostridium 
(9.45%) and Clostridium (3.65%)], hemicellulose degrad-
ing taxa [Herbinix (5.08%), Bacillus (4.48%) and unclas-
sified Eubacteriales ( 0.85%)], cellulose-degrading taxa 
[unclassified_Halanaerobiaceae (1.07%) and unclassi-
fied_Tenericutes (0.92%)] and lignocellulose-degrading 
taxa [Paenibacillus (2.68%) and unclassified_Firmicutes 
(1.20%)]. Thermoclostridium, Paenibacillus, Pseudo-
clostridium, unclassified_Peptococcaceae (2.22%), Tepi-
dimicrobium (1.44%), Halothermothrix (1.09%) [44] have 
been reported as acidogenic genera. The genera with 
lignin-degrading genes were still low in abundance. It was 
worth noting that, under gradient heating conditions, the 
abundance of the dominant genera Thermoclostridium 
and Bacillus found in UG decreased, while the abun-
dance of Acetivibrio and Herbinix found in HG increased, 
indicating that the low environmental selection pressure 
in GG resulted in the enrichment of non-thermotolerant 
bacteria, which led to the reduction of the abundance of 
ultra-high-temperature tolerant hydrolytic bacteria. This 
was the main reason for the low hydrolytic performance 
of GG at 65  °C. Also, Acetivibrio, the key H2-producing 
bacteria in GG, has also been confirmed to carry H2 con-
sumption-related genes, as well as Bacillus, Paenibacillus 
and Clostridium. In addition, only a low abundance of 
H2-producing bacteria was detected, including Thermo-
clostridium, Herbinix, whose abundance was reduced. 
This indicates that the low accumulation of H2 in GG 

could be caused by the enrichment of non-thermotoler-
ant bacteria.

Therefore, under constant temperature, with the 
increase in temperature, H2 production and ultra-
high-temperature hydrolyzing bacteria were enriched, 
resulting in the highest hydrolytic performance and H2 
accumulation in UG. Compared to UG, gradient heating 
conditions of GG led to the enrichment of H2-consuming 
bacteria and non-ultra-high-temperature hydrolyzing 
bacteria, resulting in a lower hydrolytic performance and 
decreased H2 production. However, there are some ques-
tions that need to be explained and confirmed. 1) The 
enrichment of hydrolytic bacteria might not be the main 
factor determining the hydrolytic performance, with 
this conclusion needing to be confirmed through gene 
abundance. Also, it needs to be confirmed whether the 
temperature was the main factor affecting lignin hydroly-
sis. 2) Although it appeared that H2-producing bacteria 
were the main factor affecting H2 accumulation, it there 
is a need to further reveal gene abundance to confirm 
the effects of hydrolysis and H2 production/consump-
tion processes on H2 accumulation. 3) In addition, what 
causes the low environmental selection pressure to func-
tional bacteria in GG needs to be further understood.

Hydrolysis pathway and genes under different 
temperatures
Gene abundance is a key factor that directly affects 
microbial activity. To verify the effect of lignocellulose 
hydrolysis genes on hydrolytic performance and H2 accu-
mulation, we analyzed the lignin, cellulose, and hemicel-
lulose degradation genes (Fig.  4). The gene GE encodes 
for lignin esterase and was enriched after HS-AD. The 
abundances of GE in OS, MG, HG, UG and GG were 
0.20‰, 0.59‰, 0.05‰, 0.02‰ and 0.14‰, respectively. 
At constant temperature, with the increase in tem-
perature, GE abundance decreased, which was consist-
ent with the characteristics of its activity. Compared to 
GG, the GE abundance in UG was also lower. MG had 
the highest abundance of GE and the highest LE activ-
ity, which indicated that enzyme activity and gene abun-
dance are not key limiting factors. Hemicellulose is also 
degraded with the deconstructed of lignin. Hydrolysis of 
the xylan backbone via the gene xynA encoding an endo-
xylanase produces short chains. The xynA abundances 
in OS, MG, HG, UG and GG were 0.141‰, 1.846‰, 
2.207‰, 2.892‰ and 2.981‰, respectively. Further, xynB 
and xylA, encoding β-xylosidase that hydrolyzes short 
chains to produce xylose, reached the maximum abun-
dance in UG at 1.234‰ and 0.002‰, respectively. The 
degradation of the xylan side chain also requires abfA, 
xynD, abf1, which encodes α-L-arabinofuranosidase that 
degrades the side chain through breaking the α-1,2, α-1,3 
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and α-1,5 bonds attached to the arabinose residue of the 
backbone. The abundance of abf1 was lower after HS-AD 
than in OS, confirming that it was not a major functional 
gene. The abundances of abfA in GG and xynD in UG 
were the highest after HS-AD, at 1.111‰ and 2.192‰, 
respectively. These functional genes increased in abun-
dance with increasing temperature, indicating that 65 °C 
was more likely to enrich functional genes involved in 
hemicellulose degradation, while the enrichment of these 
in GG was lower than that in UG. In general, cellulose is 
synergistically degraded with hemicellulose and lignin. 
The hydrolysis process first acts on the interior of cel-
lulose through bcsZ, degrades long-chain cellulose into 
short chains and provides a reaction condition for cello-
biohydrolase. The abundances of bcsZ in OS, MG, HG, 
UG and GG were 0.517‰, 1.996‰, 3.625‰, 3.040‰ and 
3.838‰, respectively, indicating that it was enriched dur-
ing AD, especially in GG. However, the activity of the 
encoded endoglucanase was low. Subsequently, cellobi-
ose or cellotetraose was cleaved from the cellulose mole-
cule to release cellodextrin and cellobiose. CBH2 code for 
the enzyme responsible for the hydrolysis of (1- > 4)-β-D-
glycosidic bonds in cellulose and cellotetraose, releas-
ing cellobiose from the non-reducing end of the chain, 
and the abundance of CBH2 in UG was the highest at 
0.063‰. Finally, β-glucosidase further hydrolyzes cellobi-
ose to produce glucose. The total abundance of bglX and 
bglB, which encode β-glucosidase, was the highest in MG 
and GG at 3.329‰ and 0.673‰, respectively. The highest 
abundance of celS, which coded for the enzyme respon-
sible for the hydrolysis of cellulose 1,4-β-cellobiose, was 
0.025‰ in HG. The genes involved in the initial cellu-
lose cleavage were mainly enriched in UG and GG, while 

the genes involved in the subsequent degradation were 
enriched in MG and HG.

Therefore, the functional genes involved in cellulose/
hemicellulose degradation were mainly enriched in UG 
and GG, followed by HG and MG, but the functional 
genes involved in lignin degradation were only enriched 
in MG. This conclusion addressed the questions 1) and 
2) in Fig. 3, showing that the functional genus and genes 
involved in lignin degradation were not the main deter-
minants of lignin hydrolysis and H2 accumulation, but 
temperature and H2 production/consumption-related 
genes were, respectively.

H2 production pathways and genes under different 
temperatures
In order to verify the effect of H2 consumption/produc-
tion-related genes on H2 accumulation, we calculated 
the abundance of each gene involved. As shown in Fig. 5, 
nine reactions involving H2 production and consumption 
in HS-AD system were detected. Figure  5a, b, c and d 
shows the process of H2 and NADP+ reaction to generate 
NADPH, the process of catalytic H2 to produce reduced 
receptors, the process of the reduced ferredoxin oxidized 
by H+ to H2, and the reduction of H+ to H2 by reduced 
ferredoxin catalyzed by coenzymes M and B, respectively. 
The genes involved in these reactions were detected in 
Rhodococcus, Terrisporobacter, Ureibacillus and Bac-
teroides. However, these genes were not enriched after 
HS-AD and were therefore not considered to be the main 
pathway regulating H2 production and consumption. 
In addition, some major H2 production pathways were 
detected as evident in Fig.  5e, f and g. Figure  5e shows 
the process of reducing H+ to produce H2. Only mvhA, 

Fig. 4  The degradation mechanism diagram of lignocellulose. a Lignocellulose degradation steps and intermediate products, and b Abundance 
of genes involved in lignocellulose degradation
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mvhG, mbh and mbhK were enriched during HS-AD, 
and these are considered to be main genes for H2 produc-
tion. Figure 5f shows that the three main genes involved 
in reducing H+ to H2 with ATP addition were nifD, 
nifH and nifK. Under constant temperature, the enrich-
ment of nifD and nifK in MG was higher at 0.1600‰ and 

0.1490‰, respectively, whereas in HG the nifH, mvhA 
and mvhG were more enriched at 0.1053‰, 0.0277‰ and 
0.0295‰, respectively. The greater abundance of mbhL 
and mbhK in UG were 0.0495‰ and 0.0284‰, respec-
tively. Therefore, the main H2 production pathway of MG 
is likely to be the reaction given in Fig. 5e. Similarly, the 

Fig. 5  The genes involved in reactions of the H2 production and consumption process. a H2 + NADP+  = H+  + NADPH, b H2 + acceptor = reduced 
acceptor, c 12 reduced ferredoxin + 12 H+  + N2 + 40 ATP + 40 H2O = 12 oxidized ferredoxin + 3 H2 + 2 NH3 + 40 ADP + 40 phosphate, d coenzyme 
B + coenzyme M + 2 reduced ferredoxin + 2 H+  = coenzyme M 7-mercaptoheptanoylthreonine-phosphate heterodisulfide + 2 oxidized ferredoxin + 2 
H2, e 2 reduced ferredoxin + 2 H+  = H2 + 2 oxidized ferredoxin, f 8 reduced ferredoxin + 8 H+  + N2 + 16 ATP + 16 H2O = 8 oxidized ferredoxin + H2 + 2 
NH3 + 16 ADP + 16 phosphate, g 5 H+  + NADH + 2 reduced ferredoxin = 2 H2 + NAD+  + 2 oxidized ferredoxin, h H2 + oxidized coenzyme 
F420 = reduced coenzyme F420, and i CO2 + H2 = formate
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main H2 production pathway for HG and UG were con-
sidered to be the reactions given in Fig.  5f. The genes 
frhA, frhB, frhD and frhG in Fig. 5g were involved in the 
formation of NADH, which is a H2 production reac-
tion. The total abundances of H2 production-related 
genes in MG, HG and UG were 0.4105‰, 0.4672‰ and 
0.4900‰, respectively, confirming the optimal H2 pro-
duction performance of UG. However, compared to con-
stant temperature AD, the abundances of nifD, nifH, nifK, 
mvhA and mvhG of GG were higher, reaching 0.1849‰, 
0.1467‰, 0.1519‰, 0.0405‰ and 0.0414‰, respectively. 
The reactions given in Fig.  5e and f both contributed 
the main H2 production in GG. It is worth noting that 
the total abundance of H2 production gene in GG was 
0.6048‰, higher than that in UG, which was obviously 
inconsistent with the conclusion of H2 production shown 
in Fig.  1. Perhaps these H2 consumption-related genes 
were operating as regulators.

Two pathways and genes involved in H2 consump-
tion were also detected. Figure  5h shows the formation 
of reduced coenzyme F420 by the reduction of oxidized 
coenzyme F420 by H2, and the enrichment of hydC. In 
Fig. 5i, three genes fdhF, hydA2 and hycB were detected 
in the process of formate production from CO2 and H2. 
Compared to MG and UG, HG had a higher abundance 
of H2 consumption gene (0.2494‰), and the total abun-
dance of MG and UG was only 0.0605‰ and 0.1049‰. 
This indicates that the abundance order of H2 con-
sumption-related genes was HG > UG > MG. Although 
the abundance of H2 consumption-related genes in HG 
and UG was higher than in MG, the H2 accumulation in 
HG and UG was still more than in MG, indicating that 
hydrolysis and H2 production-related genes together con-
tribute to the high hydrogen production in UG. However, 
compared to UG, the total abundance of H2 consump-
tion-related genes detected in GG reached 0.2944‰, 
which was higher than in UG. The genes frhA, frhB, frhD 
and frhG, which were the most abundant genes, were 
regarded as the main H2 consumption-related genes. 
Although GG had a high abundance of H2 production-
related genes, a high abundance of H2 consumption-
related genes led to more H2 consumption, resulting in 
lower H2 accumulation than UG. This supports the con-
clusion that HG produces more H2 as evident in Fig. 1. It 
also confirmed the speculation in Fig. 3, that is, the high 
abundance of H2-consuming bacteria and related genes 
led to the lowest H2 accumulation.

As the above, although the abundance of H2 produc-
tion functional genes was dominant in gradient heating 
conditions (GG), the high enrichment of H2 consump-
tion-related genes (about 2.81 times higher than in UG) 
led to less actual H2 production. The functional genes 
for H2 production were mainly enriched in UG at 65 °C. 

Therefore, the H2 accumulation was mainly affected by 
the enrichment of H2-producing/consuming bacteria and 
related genes, which further addressed the question 2) in 
Fig. 3.

Significantly enriched functions in microbial systems
To explain why ultra-high temperature promotes lignin 
hydrolysis, we analyzed the significantly enriched func-
tions of microbial communities. Linear discriminant 
analysis (LDA) scores can be used to assess key fac-
tors that contribute to sample differences due to high 
abundance [45]. Linear discriminant analysis effect size 
(LEfSe) analysis can also reveal the key pathways and 
modules under different temperature conditions by cal-
culating LDA scores. The pathways and modules leading 
to sample differences with higher LDA scores are shown 
in Fig. 6, The enriched abundance of microbial metabo-
lism in diverse environments, carbon metabolism, valine, 
leucine and isoleucine degradation, glyoxylate and dicar-
boxylate metabolism and fatty acid degradation was the 
reason for the difference in OS, indicating that the sig-
nificant difference between OS and other samples was 
enriched, more diverse and active organic metabolic 
pathways. The biosynthesis of cofactors in MG was 
detected as the pathway with the highest contribution 
to the difference. The differences in HG were caused by 
ABC transporters, peptidoglycan biosynthesis and ami-
noacyl-tRNA, which indicated that the material trans-
port and cell proliferation of microorganisms were more 
active at 55 °C. The differences in UG were the biosynthe-
sis of secondary metabolites, flagella assembly, homolo-
gous recombination, pyridine metabolism and mismatch 
repair indicating that microbial movement, cell pro-
liferation and microbial metabolism were more active 
under this condition. With the increase in temperature, 
the function of microbial movement, material transport 
and microbial metabolism under constant temperature 
is strengthened and considered the main reason for the 
difference, which confirms the speculation in Figs.  1d 
and 3 that the microbial reaction efficiency under ultra-
high temperature is strengthened, which can promote 
the hydrolysis, acidogenic and H2 production in UG. The 
main contribution to the difference in GG was attributed 
to the biosynthesis of amino acids, bacterial chemot-
axis, amino sugar and nucleotide sugar metabolism, and 
starch and sucrose metabolism. Therefore, the advantage 
of UG at the pathway level was a more efficient microbial 
reaction and cellular processes promotion process, but 
this was not the case in GG. This is considered to be the 
main reason for the superior hydrolytic performance in 
UG, which addressed the question 1) in Fig. 3.
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Figure  6b shows that the OS enriched modules that 
contributed to the significant difference were NADH: 
quinone oxidoreductase (M00144), ethylmalonyl path-
way (M00373), leucine degradation (M00036) in OS, 
which confirmed stong organic matter metabolic activity 
in OS. The enrichment of MG that caused the difference 
was multidrug resistance (M00718). Therefore, it was 
speculated the difference of the biosynthesis of cofac-
tors of MG was mainly reflected in the drug resistance. 
The V/A-type ATPase (M00159), shikimate pathway 
(M00022) and three pathways involved in lysine synthe-
sis (M00016, M00527 and M00525) were enriched in HG. 
The enriched pathways that contribute to the significant 
difference in UG were M00526 (lysine biosynthesis) and 
M00017 (methionine biosynthesis). Lysine and methio-
nine are indispensable key amino acids in the metabolism 
of microorganisms, and the enrichment of their synthetic 
pathways indicates that the activity of microorganisms 
was enhanced [46]. The similarities between 55 and 65 °C 
were lysine enrichment, which was also different from the 
samples under other conditions. The enriched pathways 
in GG were glycolysis (M00001 and M00002), histidine 

biosynthesis (M00026), gluconeogenesis (M00003) and 
tryptophan biosynthesis (M00023), which together con-
tributed to the significant difference. The enrichment of 
the glycolytic module confirmed was consistent with its 
superior acidogenic properties evident in Fig.  1d. The 
key histidine protein kinases for histidine biosynthesis is 
involved in a component of the two-component system 
[47], and GG can regulate adaptability of microorganisms 
to temperature through the enrichment of the two-com-
ponent system, with the enrichment of organic mat-
ter metabolic modules. Compared to UG (24.26‰), the 
function of the two-component system enriched in GG 
(26.06‰) also confirms the enhancement of adaptive reg-
ulation. Enrichment of two-component system affected 
microbial metabolic processes, thus affecting community 
structure, which was considered to be one of the reasons 
for low environmental selection pressure in GG. There-
fore, the higher the temperature was at constant temper-
ature, the more lysine synthesis modules were enriched 
to improve the metabolic process. The two-component 
system regulated the microbial community to adapt 
to the condition of gradient heating, resulting in the 

Fig. 6  Different levels of metabolic function cause differences between samples from different temperature conditions during HS-AD. a Top 20 
pathways according to LDA scores, and b Top 20 modules according to LDA scores
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environmental selection pressure of GG being less than 
UG. Specifically, 65  °C promotes hydrolysis, acidogenic 
and H2 production by enriching the functions involved in 
cellular processes and microbial metabolism. Under gra-
dient heating conditions, community composition and 
function were regulated by an enriched two-component 
system, thus leading to less environmental selection pres-
sure and lower enrichment in functional bacteria. There-
fore, the main reason for the low environmental selection 
pressure in GG is the adaptive regulation contributed by 
the two-component system, which addressed the ques-
tion 3) in Fig. 3.

According to the discussion, the mechanism of tem-
perature regulating H2 production can be summarized 
as follows. In the process of HS-AD producing H2 from 
lignocellulose, temperature can regulate H2 production 
by affecting lignin hydrolysis and H2 accumulation (H2 

production/consumption-related genes), with the lat-
ter the limiting pathway. Under constant temperature in 
UG, in particular, the main reason for the higher hydro-
lytic performance was that the enhancement of micro-
bial movement and cellular processes promoting lignin 
degradation. The enrichment of cellulose/hemicellulose 
degrading bacteria and related genes was another impor-
tant reason. Also, the superior H2 production in UG was 
mainly due to the inhibition of H2-consuming bacteria 
and related genes at 65 °C and the enrichment of H2 pro-
duction-related genes. Notably, the H2 production under 
gradient heating conditions, which we expected to have a 
higher potential, was lower than that under the constant 
65  °C. As shown in Fig.  7, the difference of H2 produc-
tion mechanism between constant 65  °C and the gradi-
ent temperature conditions were clear. We found that the 
material transfer/transport was not enhanced under the 

Fig. 7  Schematic comparison of H2 accumulation regulation mechanisms under different temperature conditions. a Regulation of H2 production 
under constant 65 °C, and b regulation of H2 production under gradient heating conditions
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gradient heating conditions in GG, and the regulation of 
two-component systems resulted in low environmental 
selection pressure and failed to enrich the ultra-high-
temperature hydrolyzing bacteria, so that the lignocel-
lulose hydrolytic performance was low. In addition, the 
H2-consuming bacteria and related genes in GG were not 
inhibited, leading to lower H2 accumulation.

Conclusions
We found that bacteria/genes contributing to H2 pro-
duction/consumption are the main contributors to H2 
accumulation, not the lignin degradation process. Also, 
the enrichment of functional pathway showed that the 
temperature enhanced the hydrolysis and H2 production 
processes by promoting microbial material transfer and 
metabolic processes. In HS-AD of WS, under constant 
temperature (35, 55 and 65 °C), due to the enrichment of 
microbial movement and microbial metabolism at 65 °C, 
the high abundance of cellulose/hemicellulose hydrolysis 
bacteria/genes, the enrichment of H2-producing bacteria 
and related genes, and the inhibition of H2-producing/
consuming bacteria and related genes, lignocellulose 
was easily deconstructed and degraded, and H2 could be 
highly accumulated. Unexpectedly, the low abundance 
of ultra-high-temperature tolerant cellulose/hemicel-
lulose hydrolytic bacteria/genes and enrichment of H2 
consumption-related genes led to decreased hydrolysis 
and H2 production under gradient heating conditions (35 
to 65 °C). This phenomenon was due to the regulation of 
two-component systems leading to weaker environmen-
tal selection pressure, resulting in microbial communities 
with reduced functionality compared to the communities 
at constant 65  °C. This work provides new insights into 
the mechanisms by which temperature can modulate H2 
production in HS-AD.
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