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Abstract 

Background Lignin, as the most abundant recalcitrant organic carbon in terrestrial ecosystems, plays a crucial role 
in the Earth’s carbon cycle. After lignin entering aquatic environments, portion of it tends to accumulate in sediments, 
forming a stable carbon relatively reservoir. However, the increasing temperature caused by human activities may 
impact microbial-mediated lignin decomposition, thereby affecting sedimentary carbon reservoirs. Therefore, reveal-
ing how temperature affects microbial-mediated lignin decomposition in river sediment, a topic that remains elusive, 
is essential for comprehending the feedbacks between river carbon reservoirs and climate. To address this, we con-
ducted stable isotope probing of river surface sediment using 13C-lignin and 13C-vanillin, and utilized a series of tech-
niques, including  CO2 production analysis, 16S rRNA gene amplicon sequencing, metagenomics, and metatranscrip-
tomics, to identify the lignin-decomposing microbes and the effects of temperature on microbial-mediated lignin 
decomposition.

Results We found that elevated temperatures not only increased the total sediment respiration (total  CO2) 
and the  CO2 emissions from lignin/vanillin decomposition, but also enhanced priming effects. The 13C-labled taxa, 
including Burkholderiales, Sphingomonadales, and Pseudomonadales, were identified as the main potential lignin/vanil-
lin decomposers, and their abundances and activity significantly increased as temperature increased. Furthermore, we 
observed that increasing temperature significantly increased the activity of lignin decomposing pathways, includ-
ing β-aryl ether fragments and 4,5-PDOG pathway. Additionally, as temperature increases, the transcriptional abun-
dances of other carbon cycling related genes, such as pulA (starch decomposition) and xyla (hemicellulose decom-
position), also exhibited increasing trends. Overall, our study elucidated the potential lignin-decomposing microbes 
and pathways in river sediment and their responses to temperature increasing.

Conclusions Our study demonstrated that the temperature increasing can increase the rate of lignin/vanillin decom-
position via affecting the activity of lignin-decomposing microbes. This finding indicates that the ongoing intensifi-
cation of global warming may enhance the decomposition of recalcitrant organic carbon in river sediment, thereby 
impacting global carbon cycling.
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Background
Rivers are important reservoirs of organic carbon on 
the earth [1–4]. Recent years, climate change is increas-
ing the global river water temperature, making the river 
carbon pool become vulnerable to microbial decomposi-
tion [5–7]. Compared with chemically labile carbon, the 
recalcitrant carbon is reported to be more vulnerable to 
the temperature changes [8]. Therefore, the chemically 
recalcitrant carbon in river sediment may serve as a note-
worthy source of greenhouse gases with the intensifica-
tion of global warming.

Lignin, derived from terrestrial plant cells, consti-
tutes the most abundant recalcitrant organic carbon 
on land [9]. Approximately 60% of the terrestrial lignin 
were transported into river, where it was decomposed 
into smaller components during being transported to 
ocean or buried in sediments [10]. In river ecosystems, 
the mineralization of lignin was mainly carried out by 
heterotrophic microorganisms [10, 11]. It was shown 
that various bacteria, fungi, and archaea (spanning over 
90 different genera) can decompose lignin and lignin-
derived aromatic compounds [12–15]. As bacteria are 
the dominant microorganisms in river sediment and can 
utilize diverse terminal electron receptors during the 
decomposition of refractory carbon [16, 17], they may 
play an important role in the decomposition of recalci-
trant organic carbon (e.g., lignin) in the river ecosystems. 
Previous studies have demonstrated that bacteria (e.g., 
Burkholderia) were the dominate lignin decomposers 
in tundra or forest soils and warming could significantly 
accelerated lignin decomposition [18, 19]. However, 
it is still elusive about how microbial-mediated lignin 
decomposition in river sediment responses to tempera-
ture changes, which is essential for comprehending the 
feedback between river carbon reservoirs and climate. 
Here, we hypothesized that increasing temperature 
would enhance the release of  CO2 derived from lignin via 
altering the abundances and metabolic activity of lignin 
decomposers and promoting specific lignin decomposi-
tion pathways in the river sediment.

Results
Increased temperature enhanced the sediment respiration, 
lignin/vanillin decomposition, and priming effect
To investigate the effects of temperature on lignin decom-
position, we conducted stable isotope probing (SIP) 
experiments using 13C-labeled lignin and 13C-labeled 
vanillin under three temperature conditions (23  °C, 
26 °C, and 29 °C) (Fig. 1a; Table S1; Table S2). 13C-lignin 
was utilized to signify the initial stages of HMW lignin 
decomposition, during which lignin macromolecular 
polymers are broken down into smaller aromatic com-
pounds. In contrast, 13C-vanillin was employed to denote 

the later stages of lignin decomposition, specifically the 
ring cleavage of these aromatic compounds. As tempera-
ture increased, the production rate of accumulated total 
 CO2 significantly increased from the last day among dif-
ferent treatment groups (Fig.  1c, g; one-way ANOVA, 
P < 0.05). Meanwhile, the cumulative 13CO2 derived from 
13C-labeled lignin/vanillin was also significantly higher 
during the incubation when temperature increased 
(Fig. 1b, f; one-way ANOVA, P < 0.05). Furthermore, we 
also found that the ratio of  CO2 coming from 13C-labeled 
lignin exhibited an increasing trend as temperature 
increased (Fig.  1d, h). These indicate that increasing 
temperature may have a stronger effect on lignin decom-
position than other organic carbons. Additionally, we 
observed a strong priming effect due to the addition of 
lignin or vanillin, and this priming effect could be sig-
nificantly enhanced by increasing temperature (Fig. 1e, i; 
one-way ANOVA, P < 0.05).

Increased temperature affected the abundance 
and activity of lignin/vanillin decomposers
To identify lignin decomposers and their responses 
to temperature increasing, SIP experiments were per-
formed. The peak of 13C-labeled DNA was detected 
around the fraction buoyant density of 1.736  g/mL 
(heavy fraction, Fig. S1 and S2), which presented only 
in 13C-lignin/13C-vanillin incubation samples, but not in 
12C- lignin/12C-vanillin incubation samples and no vanil-
lin/lignin samples. The peak concentration of 12C-labeled 
DNA was detected around the density of 1.702  g/mL 
(light fraction). The total abundance of 13C-lignin-labeled 
microbes significantly (Kruskal Wallis test, P < 0.05) 
increased from (1.06 ± 0.06) ×  107 copies/g sediment 
to (1.93 ± 0.20) ×  107 copies/g sediment as temperature 
increased from 23 to 29  ℃ (Fig.  2a). Temperature sig-
nificantly influenced both vanillin and lignin decompos-
ers; however, its impact on vanillin decomposers was 
notably more pronounced, particularly at 29 °C (Fig. 2b; 
Kruskal–Wallis test, P < 0.05). Additionally, we found that 
the community compositions of potential lignin/vanillin 
decomposers significantly changed as the temperature 
increased based on Bray–Curtis distance (Figs.  2cd, S3, 
and S4; PERMANOVA, P < 0.05).

We identified the potential lignin/vanillin decompos-
ers from the 13C-labeled DNA fraction and found that 
they could be grouped into four clusters (I, II, III, and IV) 
according to the phylogenetic tree of them (Fig. 3). These 
clusters included orders Burkholderiales, Pseudomon-
adales, Sphingomonadales, Anaerolineales, Gemmatimo-
nadales, Clostridiales, Actinomycetales, Myxococcales, 
Deinococcales, etc. Cluster I was exclusively consisted 
of Burkholderiales (β-Proteobacteria), and the rela-
tive abundance of five ASVs significantly increased 
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with the increasing temperature (Fig.  3; ALDEx2, 
P < 0.05). In 13C-lignin-labeled DNA, the absolute abun-
dance of Burkholderiales significantly increased from 
(0.82 ± 0.031) ×  106 copies/g, (1.06 ± 0.028) ×  106 copies/g 
to (1.23 ± 0.019) ×  106 copies/g as temperature increased 
from 23 °C, 26 °C to 29 °C (Fig. 2b; Kruskal–Wallis test, 
P < 0.05). Similarly, in 13C-vanillin-labeled DNA, the 
absolute abundances of Burkholderiales also significantly 
increased with increasing temperature (Fig. 2b; Kruskal–
Wallis test, P < 0.05). To further demonstrate their 
lignin-decomposing capability, we recovered 11 MAGs 
(Metagenome-Assembled Genomes) belonging to Bur-
kholderiales from the metagenomic data. Among them, 
nine MAGs encoded lignin peroxidases, which directly 
participate in the depolymerization of lignin (Table  S3 
and S4). Notably, the abundances of bin37(Pandoraea), 
bin47 (Cupriavidus) and bin48 (Cupriavidus) sig-
nificantly increased with the increasing temperature 
(Table S4 and S5; ALDEx2, P < 0.05).

Cluster II was primarily consisted of the order Pseu-
domonadales (Gammaproteobacteria). The relative 
abundance of Pseudomonas, including ASV12, ASV130, 
and ASV133, in the 13C-vanillin-labeled DNA signifi-
cantly decreased with increasing temperature (Fig.  3; 
ALDEx2, P < 0.05). The relative abundance of the Pseu-
domonadales order also exhibited a decreasing trend 
with increasing temperature (Fig. S4), while its absolute 
abundance increased from (0.67 ± 0.013) ×  106 copies/g 
and (0.047 ± 0.014) ×  106 copies/g to (1.41 ± 0.015) ×  106 
copies/g as temperature increased from 23  °C and 
26  °C to 29  °C (Fig.  2b). Additionally, we recovered 19 
Pseudomonadales MAGs from our metagenomic data 
(Table  S5), and these MAGs encoded genes involved in 
the intermediate metabolism of lignin decomposition. 
The abundance of bin23 (Pseudomonas) significantly 
increased with the increasing temperature; however, the 
abundances of bin19 (Pseudomonas) and bin33 (Pseu-
domonas) significantly decreased with increasing 

Fig. 1 The effect of temperature on lignin/vanillin decomposition. a The stable isotope probing experiment schematic diagram. The accumulated 
13CO2, accumulated total  CO2, ratio of accumulated 13CO2/accumulated total  CO2, and the priming effect during lignin incubation (b, c, d, e) 
and vanillin incubation (f, g, h, i). 23 ℃: green lines/bars; 26 ℃: blue lines/bars; 29 ℃: orange lines/bars. The differences of  CO2 and primed C 
amounts among different temperature treatments were determined by one-way ANOVA (n = 3; *P < 0.05). Data were shown as mean ± SD
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temperature (Table  S4; ALDEx2, P < 0.05). Furthermore, 
a strain of Pseudomonadales (Pseudomonas aeruginosa) 
was isolated from the Pearl River sediment with lignin as 
the sole carbon source (Table S6).

Cluster III was primarily consisted of the order Sphin-
gomonadales (Alphaproteobacteria). The relative abun-
dances of the two ASVs significantly increased with 
increasing temperature (Fig.  3; ALDEx2, P < 0.05). In 
the 13C-lignin-labeled DNA, the absolute abundance of 
Sphingomonadales increased from (0.19 ± 0.055) ×  106 
copies/g to (0.85 ± 0.043) ×  106 copies/g and 
(0.72 ± 0.079) ×  106 copies/g as temperature increased 
from 23  °C to 26  °C and 29  °C (Fig.  2b). Similarly, in 
the 13C-vanillin-labeled DNA, the absolute abundance 
of Sphingomonadales also significantly increased with 
increasing temperature (Fig. 2b). We recovered 12 MAGs 
belonging to the order Sphingomonadales from our 
metagenomic data (Table S4), and these MAGs encoded 
genes involved in the intermediate metabolism of lignin 

decomposition. In consistent with the ASV results, the 
abundances of bin7 (Sphingobium) and bin14 (Novo-
sphingobium) significantly increased with increasing tem-
perature (Table  S4; ALDEx2, P < 0.05). Additionally, we 
also isolated a strain belonging to the Sphingomonadales 
order (Aestuariisphingobium littorale) using a culture 
medium with lignin as the sole carbon source and found 
that its genome encoded ligninolytic genes, including 
the high-molecular-weight lignin-metabolizing enzymes 
β-etherase (ligEFG) and ring-cleaving enzymes (ligM, 
ligB, etc.) (Table S6), which provided further evidence for 
the lignin decomposing ability of Sphingomonadales.

Increased temperature changed the lignin decomposition 
pathways
Based on the literature pertaining to lignin decomposi-
tions, we constructed the potential pathways of lignin/
vanillin decomposition (Figs.  4 and 5; Fig. S5). Our 
results revealed that temperature could strongly affect 

Fig. 2 Responses of potential lignin/vanillin microbial decomposers to increasing temperature. a The changes in absolute abundances 
of 13C-labeled microbial communities along temperature gradient. qPCR was used to determine the absolute abundances of microbial 
communities in heavy fractions (13C-labeled) under different incubation treatments. b The responses of the abundances of 13C-labeled dominant 
orders to increasing temperature. NMDSs showed the composition changes of potential (13C-labeled) lignin (c) or vanillin (d) decomposers 
across different temperature treatments. The significances of differences were determined by Kruskal Wallis test and PERMANOVA (n = 3; *P < 0.05). 
Data were shown as mean ± SD
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Fig. 3 The maximum likelihood phylogenetic tree of the 13C-labeled potential lignin/vanillin decomposers. Relative abundances of the lignin/
vanillin decomposers (amplicon sequence variants, ASVs) were identified based on.13C-DNA (see the “ Methods” section for details)
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the expressions of functional genes involved in these 
pathways and the compositions of major decomposers 
that encoding these functional genes (Figs. 4 and 5). As 
for the decomposition of high molecular weight (HMW) 
lignin, we found that the activity of some decomposing 
pathways, including β-aryl ether fragments (Steps 
- ) (ALDEx2, P < 0.05), diarylpropane fragments 
(Steps   ), ferulic acid fragments (Steps - ), 
increased as the temperature increased, while the activ-
ity of decomposing pathways of biphenyl fragments 
(Steps  - ) and syringyl lignin fragments (Steps 
– ) decreased with the increasing temperature. As for 
the decomposition of low molecular weight (LMW) 
vanillin, we found that the activity of common pathway 
(Step  ) and 4,5-PDOG pathway (Steps  - ) signifi-
cantly increased as temperature increasing (ALDEx2, 
P < 0.05), while the transcriptional abundances of genes 
(except for pcaB in Step ) involved in 3,4-PDOG path-
way (Steps - ) significantly decreased with increasing 
temperature (ALDEx2, P < 0.05). Additionally, the tran-
scriptional abundances of several genes (Steps praA, 
Steps   praH, and Steps  praE) involved in 2,3-
PDOG pathway (Steps - ) were zero, indicating that 
this pathway may be not active in our study environment.

According to the taxonomy classification of functional 
genes involved in the decomposition of HMW lignin, 
we found that the main decomposers of each step were 
obviously different and diverse, and their relative con-
tributions (transcriptional abundances) changed as 
temperature increased (Fig. 4b). As for the LMW vanil-
lin decomposition pathway, the decomposers mainly 
distributed in Burkholderiales, Sphingomonadales, and 
Pseudomonadales, although their relative contributions 
changed across different steps and temperature condi-
tions (Fig. 5b).

Increased temperature caused the broad changes 
of carbon‑decomposing
Except for lignin decomposition, we also observed a 
significant increase in the expression levels of other 
C-decomposing genes (Fig. 6; Fig.S6). Notably, the tran-
scriptional abundances of genes associated with decom-
positions of starch (pulA-Pullulanase), hemicellulose 
(xyla- Xylose isomerase), terpene (limeh), and chitin 
(acetylglucosaminidase) exhibited a substantial increase 
(1.06 ~ 6.67-fold) in 13C-vanillin-labeled DNA when 
temperature increased 3 or 6 ℃ (Fig. 6). In contrast, the 
transcriptional abundances of several genes, including 

Fig. 4 The effects of temperature on lignin decomposition pathways and potential microbial decomposers. a Lignin decomposition pathways 
under different temperatures (see Fig. S5a). The changes of normalized gene abundances in total RNA across three treatments were showed 
by heatmap. ALDEx2 test was used to determine the significant difference of abundances among three temperature treatments (*P < 0.05). b 
Taxonomic compositions of lignin-decomposing genes. The reference genes of these steps were listed in Table S3
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endoglucanase, exhibited a significant decrease as the 
temperature increased (Fig. 6). These results suggest that 
increasing temperature could affect the decomposition of 
a wide range of organic carbon.

Discussion
In this study, we used two substrates (13C-lignin and 
13C-vanillin) for SIP incubation experiments with the 
following reasons. Lignin decomposition is commonly 
divided into two stages: (1) the decomposition of the 
macromolecular polymer of lignin into smaller aromatic 
compounds and (2) the subsequent ring cleavage pro-
cess of these aromatic compounds [13, 14, 20]. In natural 
environments, lignin exists in different forms including 
lignin macromolecules and LMW lignin (e.g., vanillin) 

with different degrees of oxidation [10, 21, 22]. The pres-
ences of ether and C–C linkages in lignin make it highly 
resistant to hydrolytic attack, rendering it difficult to 
break down [14]. Consequently, lignin decomposition in 
natural conditions is a time-consuming process. In addi-
tion, a significant portion of lignin was transported into 
rivers in the form of LMW lignin with different degrees 
of oxidation [21, 23]. Therefore, only using 13C-lignin 
macromolecules for incubation experiments may lead to 
a skewed understanding of effects of increasing tempera-
ture on microbial-mediated lignin decomposition. The 
key intermediate in the decomposition of LMW lignin 
is vanillin or vanillic acid, which is commonly used as 
model aromatic substance in previous studies to investi-
gate lignin decomposition processes [13, 24–26]. Thus, in 

Fig. 5 The effects of temperature on vanillin decomposition pathways and potential microbial decomposers. a Vanillin decomposition pathways 
under different temperatures (see Fig. S5a). The changes of normalized gene abundances in total RNA across three treatments were showed 
by heatmap. ALDEx2 test was used to determine the significant difference of abundances among three temperature treatments (*P < 0.05). b 
Taxonomic compositions of vanillin-decomposing genes. The reference genes of these steps were listed in Table S3
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this study, 13C-lignin was used to indicate the early stage 
of HMW lignin decomposition, while 13C-vanillin was 
used to indicate the decomposition of LMW lignin in the 
later stage.

According to the SIP experiments, we found that the 
production rate of total  CO2 significantly increased as the 
temperature increased, indicating that the respiration of 
organic carbon by the whole microbial community was 
augmented by the increasing temperature. The decompo-
sition of lignin/vanillin was also significantly enhanced by 
increasing temperature with the evidence that the cumu-
lative 13CO2 derived from 13C-labeled lignin/vanillin was 
greater in higher temperature conditions. Moreover, the 
lignin decomposition may be more vulnerable to tem-
perature increasing than other organic carbons, given 

that the ratio of  CO2 coming from 13C-labeled signifi-
cantly increased as the temperature increased. Consist-
ently, previous study also found that the decomposition 
of chemically recalcitrant carbon could be accelerated by 
21% when the temperature increased by 2 °C, while only 
a 10% rise was observed for chemically labile carbon in 
global soils [8]. Additionally, the priming effects of lignin/
vanillin addition were also significantly enhanced by 
increasing temperature, suggesting that as global warm-
ing intensified, the input lignin/vanillin from lands would 
more strongly stimulate the decomposition of organic 
carbon in river sediment (Fig. 7), which may release more 
greenhouse gases and boost climate change.

We further revealed the potential mechanisms underly-
ing this phenomenon. In line with previous studies [18, 

Fig. 6 The changes of normalized transcriptional abundances of key C-decomposing genes in.13C-labeled microbial communities (a lignin; 
b vanillin). From left to right, the potential substrates of the decomposing genes exhibit a gradual transition from easily degradable to more 
challenging to be decomposed. Differences in gene abundances were determined using Kruskal Wallis test (*P < 0.05)
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27–33], we found that the microbial community compo-
sitions were significantly altered by temperature change, 
and the abundances of total lignin/vanillin decomposers 
significantly increased as the temperature increased. The 
increasing abundance of decomposers could be respon-
sible for the enhanced decomposition of lignin/vanillin 

(higher cumulative  CO2 at greater temperature). In the 
13C-labeled DNA, we determined that Burkholderiales 
and Sphingomonadales were the potential key lignin/
vanillin decomposers. Additionally, we recovered 11 Bur-
kholderiales MAGs and 12 Sphingomonadales MAGs 
from metagenomic data. Utilizing genome analyses, we 

Fig. 7 Conceptual diagram showing the effects of temperature increasing on lignin decomposition and carbon cycling in river sediments. Human 
activities result in higher discharges of dissolved or particulate matter and organic carbon (including lignin) into the rivers, which could increase 
the carbon accumulation in the sediments. As temperature increased, the total microbial cells and the abundance of lignin decomposers increased, 
which enhanced the microbes-mediated decomposition of lignin,  CO2 production, and priming effect within the sediments. The dynamics 
in both high molecular weight (HMW) and low molecular weight (LMW) lignin decomposition indicate the high sensitivity of carbon cycling 
to increasing temperature. The plus ( +) symbol indicates an increasing effect, while the minus ( −) symbol indicates a decreasing effect. ALDEx2, 
*P < 0.05
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found that 9 Burkholderiales MAGs encoded lignin per-
oxidases, confirming their roles in the depolymerization 
of lignin. Meanwhile, all recovered Sphingomonadales 
MAGs encoded genes that are involved in the intermedi-
ate metabolism of lignin. Using lignin as the sole carbon 
source, we also isolated a strain (genus Aestuariisphin-
gobium) of the Sphingomonadales order and confirmed 
that this strain contained lignin-decomposing related 
genes, which further demonstrated that Sphingomon-
adales could decompose lignin. Consistent with our find-
ings, Novosphingobium (order Sphingomonadales) has 
also been identified as active lignin decomposers in for-
est soils across North America [19]. Furthermore, after 
42 days (13C-lignin) and 7 days (13C-vanillin) incubations, 
the absolute abundances of Burkholderiales, Sphingo-
monadales increased by 1.26 ~ 15 and 2.27 ~ 20.9 times 
respectively when temperature increased from 23  °C 
to 26  °C and 29  °C (Fig. 2), indicating that their activity 
was enhanced by increasing temperature. At the species 
level, we also found that the abundances of several MAGs 
belonging to Burkholderiales (Pandoraea: bin37; Cupria-
vidus: bin47, bin48) or Sphingomonadales (Sphingobium: 
bin7; Novosphingobium: bin14) significantly increased 
with increased temperature (Table  S4 and S5; ALDEx2, 
P < 0.05). Moreover, Betaproteobacteria (Burkholderi-
ales), Alphaproteobacteria (Sphingomonadales) were also 
reported as active lignin-decomposing taxa in perma-
frost [18, 34, 35]. Given the fact that Burkholderiales and 
Sphingomonadales were abundant in diverse ecosystems 
[24, 36–42], the intensified global warming might exert 
great threat on the recalcitrant organic carbon pool by 
enhancing the activity of these decomposers. Unlike pre-
vious studies [43, 44], we did not find any archaeal lignin 
decomposers at the ASV level based on the strict filter-
ing threshold in our study, although the relative abun-
dance of order Bathyarchaea ranged from 0.46 to 0.70% 
in the 13C-lignin-labeled DNA samples. Additionally, 
the lignin decomposers that were identified in this study 
were also different from those in thermophilic environ-
ments, where the lignin decomposers were affiliated to 
Hyphomicrobiales (Parvularculaceae) and Parvularcula-
les (Parvularculaceae) etc. [24, 25].

The HMW lignin, which is composed of phenylpro-
panoid units, could be decomposed into vanillin (LMW 
lignin) via different pathways, including β-aryl ether 
fragments, diarylpropane fragments, biphenyl fragments, 
ferulic acid fragments, Pinoresinol fragments, Phenyl-
coumarane fragments, Syringyl lignin fragments. Many 
bacteria were involved in the decomposition of HMW 
lignin [14, 45, 46]. These bacteria could produce several 
types of extracellular oxidative enzymes, such as laccases, 
high redox potential ligninolytic peroxidases (lignin 
peroxidase/A, B C type dye-decolorizing peroxidase, 

versatile peroxidase), β-etherase, and Cα-dehydrogenase 
[12, 13, 47, 48]. We found that the transcriptional abun-
dances of β-etherase (ligEFG) and Cα-dehydrogenase 
(ligD), which are key genes for β-aryl ether fragments 
decomposing, increased by 2.14 ~ 3.16-fold as tempera-
ture increased by 3 ~ 6  °C. Additionally, the activity of 
key genes for decomposing ferulic acid fragments and 
di-arylpropane fragments also increased as temperature 
increasing. However, the activity of biphenyl fragments 
and syringyl lignin fragments decomposing pathways was 
inhibited by increased temperature. In the later stage of 
lignin decomposition, vanillic acid/vanillin was further 
oxidated to protocatechuic acid by gene (ligM), whose 
activity was enhanced by increased temperature. Subse-
quently, the ring of protocatechuic acid could be clave 
via two main distinct pathways (4,5-PDOG pathway, 
3,4-PDOG pathway). The transcriptional abundances of 
key genes in 4,5-PDOG pathway significantly increased 
with increasing temperature (Fig.  5; ALDEx2, P < 0.05). 
This enhancement could increase the inputs of acetyl-
coenzyme or pyruvate for the tricarboxylic acid (TCA) 
cycle, consequently leading to higher carbon dioxide 
production. These findings demonstrated that increasing 
temperature could enhanced the decomposition of both 
HMW lignin and LMW intermediates (e.g., vanillin) via 
increasing the activity of specific decomposing pathways 
(Fig. 7).

Temperature significantly influenced lignin/vanil-
lin decomposers. The abundance of vanillin decom-
posers increased more than lignin decomposers under 
elevated temperature (Fig.  2b), likely due to its simpler 
chemical structure and straightforward metabolic path-
ways that allow for direct bacterial absorption or diffu-
sion into cells [49]. In contrast, lignin’s complex, highly 
cross-linked polymer structure necessitates extracellular 
enzyme secretion and a series of enzymatic reactions 
[50]. Previous studies indicated that substrate complexity 
dictated microbial efficiency’s sensitivity to temperature 
[51]. The metabolic pathway for vanillin decomposi-
tion was relatively straightforward, involving fewer taxa 
predominantly from orders like Burkholderiales, Pseu-
domonadales, and Sphingomonadales (Fig.  2b). Con-
versely, lignin decomposition involved a broader range 
of taxa, including Anaerolineales, Gemmatimonadales, 
and Actinomycetales, responding differently to tempera-
ture changes (Fig. 3). For example, Genus Pseudomonas 
showed enhanced decomposition efficiency at higher 
temperatures [52]. In communities dominated by fewer 
decomposing taxa, the temperature response of domi-
nant species significantly influences overall behavior. 
However, within more diverse decomposing communi-
ties, varied responses can offset each other, diminishing 
the temperature effect on decomposition rates.
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It should be noted that although lignin-decomposing 
enzymes have been identified and characterized using 
model substrates (i.e., vanillin, vanillic acid), the infor-
mation about how oxidized lignin fragments are broken 
down is incomplete, which is based upon pathways elu-
cidated in bacteria that could decompose certain lignin 
components [14, 50, 53]. Therefore, lots of works are 
still needed for more comprehensively understanding 
the effects of temperature on microbial-mediated lignin 
decomposition. Importantly, the lignin degraders we 
identified belong to taxa widely present in natural envi-
ronment [12, 18, 25, 48, 54], suggesting that the response 
to warming within these taxa may have environmental 
universality.

Lignin represents a highly promising resource for bio-
energy production [55]. Understanding the effects of 
temperature increases on lignin decomposition path-
ways and identifying effective lignin-degrading microbial 
communities provide theoretical support for optimizing 
the biological degradation and conversion processes of 
lignin in industrial applications. This optimization may 
improve the efficiency of converting biomass into biofu-
els such as ethanol and butanol [56]. Additionally, lignin 
is a major byproduct of the papermaking process [57]. By 
introducing efficient lignin-decomposing microorgan-
isms or enzymatic systems, the utilization rate of lignin 
can be increased, thereby reducing waste discharge. The 
promotion of lignin decomposing by elevated tempera-
tures offers new insights into optimizing pulping pro-
cesses. Moreover, specific microbial communities exhibit 
enhanced decomposition capabilities of small aromatic 
compounds derived from lignin under higher-tempera-
ture conditions [57, 58]. This finding provides novel per-
spectives for the bioremediation of aromatic pollutants.

Methods
Sediment collection and preparation
Surface (0–10  cm) sediment (~ 1  kg) was collected by a 
grab sampler from the Pearl River, upstream of the Pearl 
River Estuary, in China (23.1037°N, 113.3008°E) on 23th 
May 2021. The temperature, dissolved oxygen (DO), and 
conductivity of the sediment were measured on site using 
a HQD Field portable probes Kit (HACH 58258; Love-
land, Colorado, USA). In the laboratory, the pore-water 
was removed from the sediment by centrifuging. Then, 
the sediment was placed into the lightproof bottle for sta-
ble isotope probing (SIP) experiment.

The stable isotope probing experiments
Two 13C-labeled substrates (13C-lignin and 13C-vanillin) 
were selected for SIP incubation experiments. 13C-lignin 
was used to indicate the decomposition of HMW lignin 
in the early stages (lignin macromolecular polymer 

decomposed into smaller aromatic compounds), while 
13C-vanillin was used to indicate later stage of lignin 
decomposition (ring cleavage of aromatic compounds).

13C-lignin experiment: [U-13C]-Lignin (97 atom % 13C; 
ISOREAG®, Netherlands, Catalog No. IR-40024, Lot 
No.21B043-A3), which was used as the stable isotope 
probe substrate, was composed of coumarin (13C9H10O2), 
coniferol (13C10H12O3), and Sinerol (13C11H14O4). We also 
used [U-12C]-Lignin (ISOREAG®, Netherlands, CAS. 
9005–53-2, Catalog No. ZC-47020, Lot No.21J048-A1) 
as the control substrate. Three treatments were set: (I) 
20 mg [U-13C]-lignin was uniformly mixed with 4 g sedi-
ment; (II) 20  mg [U-12C]-lignin was mixed evenly with 
4 g sediment as isotope control; (III) 4 g sediment with no 
extra additions was used as background control.

13C-vanillin experiment: 13C-vanillin-(phenyl-13C6) (99 
atom% 13C; ISOREAG®, Netherlands, CAS. 201,595–58-
6, Catalog No. CLM-1515–0, Lot No. PR-29840) was 
used as the stable isotope probe substrate and 12C-van-
illin (ISOREAG®, Netherlands, CAS. 121–33-5, Catalog 
No. ZC-53277, Lot No. 21J048-A2) was used as a con-
trol substrate. Three treatments were set: (I) 0.5 mL 0.5% 
13C-vanillin dissolved in 4 g sediment (0.5 mg/g w/w) as 
isotope treatment; (II) 0.5 mL 0.5% 12C-vanillin dissolved 
in 4 g sediment as isotope control; (III) 0.5 mL water with 
4 g sediment was used as background control.

Three temperature conditions (23 °C, 26 °C, and 29 °C) 
were set for each treatment and three biological repli-
cates were set under each temperature condition. Each 
replicate was sealed in a 25  mL lightproof bottle and 
incubated for 42  days (13C-lignin experiment) or 6  days 
(13C-vanillin experiment) (Fig.  1a). We determined the 
experimental temperature according to the average tem-
perature (~ 23  °C) observed during the current summer 
(April to November) at the sampling site and the pro-
jected global warming (increasing ~ 3  °C to 6  °C) in the 
next hundred years, as indicated in the IPCC reports [59].

CO2 flux measurement
During the incubations, 10  mL of headspace gas from 
each bottle was daily collected using 10  mL aluminum 
mold vacuum gas sampling bags with valve. To balance 
the negative pressure relative to atmospheric pressure, 
one syringe was used to drain the gas from the bottle 
while another syringe was used to inject 10  mL helium 
into each bottle to equalize the pressure. Afterward, the 
bottles were opened and refreshed for 30 min.  CO2 flux 
in units of mole fraction (ppm) was measured using cav-
ity ring-down spectroscopy (CRDS, Picarro G2201-i) at 
a frequency of 1  Hz [60]. The measured concentrations 
of  CO2 and 13CO2 in ppm were transformed into the 
number of moles (n) using the ideal gas law equation 
PV = nRT, where P (pressure) was 101  kPa; V (volume) 
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was 25 mL multiplying the obtained  CO2 or 13CO2 con-
centration in parts per million; R (the gas constant) was 
8.314  J   K−1   mol−1, and T (temperature) was 298 K. The 
Pee Dee Belemnite (PDB), a Cretaceous marine fossil of 
Belemnitella americana from the Peedee Formation in 
South Carolina, served as the standard for 13CO2. The 
isotope data were reported as delta values relative to a 
standard, in units of “per mil” (parts per thousand). The 
delta notation (δ-notation) for the value of 13C is:

The percentage of the  CO2-C derived from lignin/van-
illin was calculated as:

where δC is the δ13C value of respired  CO2 from the sedi-
ment with no added lignin/vanillin, δT is the δ13C value of 
respired  CO2 from the sediment with 13C-lignin/13C-van-
illin, and δL is the δ13C value of 13C-lignin/13C-vanillin. 
Because vanillin was added to the sediment in the form 
of water solution, the amount of sediment organic mat-
ter C primed by vanillin was calculated as total sediment 
respiration after vanillin addition minus the amount of C 
respired from vanillin, and then minus the amount of C 
primed by water (C respired from the sediment with no 
added vanillin).

Extraction of sediment DNA and RNA
After incubation of 42 or 6  days for the stable iso-
tope probing experiment, total 54 samples (2 13C-sub-
strates × 3 treatments × 3 temperature conditions × 3 
replicates) were collected for DNA and RNA extraction. 
The total DNA and RNA was extracted by using the QIA-
GEN® Total RNA Isolation Kit (QIAGEN, Germany). 
RNA was eluted from the RNA capture column by RNe-
asy PowerSoil Total RNA Kit (QIAGEN®, Germany). We 
removed DNA contamination from the extracted RNA 
using the TURBO DNA-free™ Kit (Life Technologies, 
Austin, TX, USA). DNA was eluted from the RNA cap-
ture columns using the RNeasy PowerSoil DNA Elution 
Kit (QIAGEN®, Germany). The extracted DNA was sub-
sequently utilized for density gradient ultra-centrifuga-
tion and qPCR experiments.

13C‑DNA separation
According to previously established protocol [61], the 
extracted DNAs from 13C-lignin/vanillin and 12C-lignin/
vanillin added samples (total 36 = 4 treatments × 3 tem-
perature conditions × 3 replicates) were used for density 

δ13C =

13C
12C (Sample)

13C
12C (Reference)

− 1 ∗ 1000

%Csubstrate =
δC − δT

δC − δL
× 100%

gradient hypervelocity centrifugation [62]. For each sam-
ple, 2.5 μg DNA was mixed with a CsCl solution with an 
initial buoyant density of 1.4008 g/mL (25 ℃) in 4.9 mL 
OptiSeal polyallomer tubes (Beckman Coulter, PaloAlto, 
USA). The mixture was centrifuged at 408,500 g for 48 h 
at 20 °C in an Optima XPN-100 ultracentrifuge (Beckman 
Coulter) equipped with a VTi 90 vertical rotor (Beckman 
Coulter, USA) [63]. The DNA gradients were fraction-
ated into 24 equal volumes (~ 200 μL) utilizing a fraction 
recovery system (Beckman Coulter, USA). The buoyant 
density of each fraction was determined by measuring 
the refractive index with a digital refractometer (Palette, 
ATAGO, Japan). DNA was precipitated from CsCl using 
glycogen (6 μL; ZOMANBIO, China) in 30% ethanol and 
subsequently was eluted with 30  μL TE buffer (pH 8.0) 
[63].

Quantitative PCR (qPCR) was utilized to quantify 16S 
rRNA gene copy number in each density fraction. The 
V3 region of the 16S rRNA genes was targeted using uni-
versal primers 338F (5′-ACT CCT ACG GGA GGC AGC 
AG-3′) and 518R (5′-ATT ACC GCG GCT GCTGG-3′). 
qPCR was conducted in triplicate 25  μL reactions con-
taining 10  μL Universal SYBR® Green Supermix (Bio-
Rad, Hercules, CA, USA), 400 nM each primer and 2 μL 
DNA template. The thermal cycling program was car-
ried out on a CFX96 Real-time PCR Detection System 
(Bio-Rad, Hercules, CA, USA), consisting of a 15-min 
pre-denaturation step, followed by 40  cycles with the 
following settings: 95  °C for 30  s, 60  °C for 30  s, and 
72  °C for 30 s. Gene copy numbers were determined by 
a standard curve constructed with 16S rRNA gene seg-
ment of Escherichia coli competent cells and TA cloning 
vector (Promega, Madison, WI, USA). According to the 
buoyant density and the distribution of 16S rRNA gene 
copy number, the DNA in light fractions was identified as 
12C-labeled DNA, while the DNA in heavy fractions was 
identified as 13C-labeled DNA.

Amplicon sequencing and analyses
As for the amplification of 16S rRNA gene, we used both 
DNA and cDNA as templates. DNA templates included 
the 13C-labeld DNA from 13C-lignin/vanillin added treat-
ments (18 samples) and total DNA from all other treat-
ments (36 samples). Additionally, cDNA templates came 
from the reverse transcription of the extracted RNA from 
all (54) samples using an M-MLV first strand cDNA Syn-
thesis Kit (Omega BioTek, Doraville, GA, USA). Dur-
ing gel electrophoresis detection, no target bands were 
observed in all negative control samples. Following the 
previously described methods [64], 16S rRNA gene was 
amplified using the primer set: 515F-Y (5′‐GTG YCA 
GCMGCC GCG GTAA-3′) and 926R (5′‐CCG YCA 
ATTYMTTT RAG TTT-3′). The PCR products were 
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pooled in equal molar concentration and purified by the 
E.Z.N.A. gel extraction kit (Omega BioTek, Doraville, 
GA, USA). Amplicons were subsequently sequenced on 
the Illumina NovaSeq 6000 PE250 platform by MAGI-
GENE (Guangzhou, China).

The 16S rRNA gene amplicons sequencing data were 
processed as previously described [65]. Briefly, we merged 
pair-end reads using USEARCH v11 and removed prim-
ers using CUTADAPT v2.4 software (parameter “– no-
indels-e 0 –discard-unrimmed”) [66]. Then, low-quality 
reads (length < 350 bp or maximum expected error > 1.0) 
were further filtered out and the remained high-quality 
reads were clustered into amplicon sequence variants 
(ASVs) using unoise3 algorithm [67]. The taxonomy of 
ASVs were determined by Naïve Bayes Classifier [68] 
against SILVA 138 database in the QIIME2 platform [69]. 
After removing ASVs that were not classified into bacte-
ria or archaea, we obtained ASVs table by mapping prim-
ers-removed reads to the representative sequences of 
ASVs. The range of sequencing depths we obtained was 
from 38,956 reads to 163,751 reads. The ASVs table was 
rarefied to the lowest reads number (38,956) of all sam-
ples to correct the effect of different sequencing depths. 
The reads count of each ASV was divided by its 16S rRNA 
gene copy number, which was obtained by utilizing the 
rrnDB database (https:// rrndb. umms. med. umich. edu/). 
The 16S rRNA-gene-copy-number-corrected ASV count 
table was then converted into a relative abundance table. 
Finally, the absolute abundances of ASVs in each sample 
were computed by multiplying their relative abundances 
by the total 16S rRNA gene copy number of that sample, 
which was determined by qPCR technique. The potential 
lignin/vanillin decomposers were identified at ASV level 
from the 13C-labeled microbial communities with two 
criteria: (1) occurred in all replicates of the same treat-
ments; (2) the relative abundance greater than 0.1% in at 
least one replicate sample. A maximum likelihood phy-
logenetic tree was constructed based on the representa-
tive sequences of these identified potential lignin/vanillin 
decomposers using MEGA X software [70]. The visuali-
zation of the final tree was performed using iTOL [71].

Metagenomic and metatranscriptomic analyses
Total 9 13C-labeled DNA samples (1 13C-vanillian added 
treatment × 3 temperature conditions × 3 replicates) 
and 18 RNA samples (2 13C-lignin/vanillin added treat-
ments × 3 temperature conditions × 3 replicates) were 
sequenced on the Illumina NovaSeq 6000 PE150 plat-
form. The metagenomic sequencing data were processed 
as previously documented [72]. Briefly, we removed 
low-quality reads and adapters from raw metagenomic 
data using fastp v0.23.4 [73] and assembled high-quality 
reads into scaffolds using SPAdes v 3.15.2 [74]. Open 

reading frames (ORFs) were predicted from all scaffolds 
(> 500 bp) using Prodigal v2.6.3 [75]. All predicted ORFs 
were clustered into non-redundant gene catalogue using 
CD-HIT-EST v4.8.1 with parameters “-c 0.95 -aS 0.9.” As 
for metatranscriptomic data, we removed low-quality 
reads and adapters using fastp v0.23.4 and removed rRNA 
reads using RiboDetector [76] with parameter “-e rrna.” 
Then, the abundances and transcriptional abundances, 
which was calculated as RPKM (Reads per Kilobase 
per million mapped reads), of each ORF across samples 
were determined by mapping high-quality metagenomic 
and metatranscriptomic reads to non-redundant gene 
catalogue using Bowtie2 v2.5.1 [77] and CoverM v0.6.1 
(https:// github. com/ wwood/ CoverM) with parameters 
“–min-read-percent-identity 0.95 –min-read-aligned-
percent 0.80 –min-covered-fraction 0.60.” Additionally, 
the Metagenome-Assembled Genomes (MAGs) were 
recovered from metagenomic data and refined by using 
MetaWRAP software [78]. The qualities of MAGs were 
assessed using CheckM v.1.0.12 [79]. PROKKA v.1.12 
[80] was utilized to annotate all medium-to-high quality 
MAGs (completeness > 60% and contamination < 5%).

Construction of lignin and vanillin metabolic pathway
A comprehensive collection of enzyme protein sequences 
associated with lignin decomposition was curated 
from published articles (Table  S3). The non-redundant 
gene catalogue was then searched against these protein 
sequences using DIAMOND v0.9 with parameters “–id 
50–query-cover 80” [81]. The RPKMs of all ORFs that 
were annotated to the same functional (lignin/vanil-
lin decomposition) gene were summed to represent the 
abundance of this functional gene. The transcriptional 
abundances of these functional genes were employed to 
indicate the activity of the related lignin/vanillin decom-
position pathways. Additionally, we identified the MAGs 
that were potentially involved in lignin decomposition by 
searching the predicted ORFs of each MAG against the 
previously obtained lignin-decomposition-related pro-
tein sequences using DIAMOND v0.9. These MAGs were 
then assigned to the specific lignin decomposition path-
way based on the functional genes they contained.

To determine the taxonomy of lignin/vanillin decom-
position related functional genes, we searched them 
against the GTDB r95 protein database using DIA-
MOND v0.9 with the parameters “–evalue 0.00001-k 10.” 
The top 10 hits were used to determine the taxonomy 
of each functional gene according to the Last Common 
Ancestor (LCA) method. To ensure consistency between 
different databases, the GTDB taxonomy was converted 
into the NCBI taxonomy using the mapping file provided 
by GTDB.

https://rrndb.umms.med.umich.edu/
https://github.com/wwood/CoverM
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Furthermore, we searched the non-redundant gene cat-
alogue against the carbon decomposition genes database 
[18] to investigate the effects of temperature on the abun-
dances and transcriptional abundances of broad carbon 
decomposing genes.

Isolation and identification of lignin decomposers
After serial dilution of sediment, enrichment cultures 
were conducted using lignin as the sole carbon source, 
followed by plate isolation. The detailed processes are as 
follows: sediments (0.1 g each) were supplemented with 
4 mL BMM culture medium (sterile water), resulting in 
total 80  mL volume. After incubation on a shaker for 
2  h, gradient dilutions were performed by transferring 
1 mL sample to tube A  (10−1) with 9 mL modified BMM 
medium [35] (Table S7). Subsequently, 1 mL diluted sam-
ple from tube A was added to tube B  (10−2) with 9  mL 
BMM medium. Three replicate controls were set, and 
the culture solution was monitored for bacterial growth 
every 3  days, while the enriched solution was sampled 
every 15 days. After gradient dilutions, lignin was used as 
the sole carbon source, and the culture was carried out in 
a modified BMM medium. Lignin-decomposing strains 
were isolated by BMM medium plate purification after 
two weeks (Fig. S7).

The DNA of two isolated bacterial strains based on 
the previous methods [82] were then sequenced on the 
Illumina Nova PE150 platform. The low-quality reads 
were filtered out by fastp v0.23.2 [73] and the remained 
high-quality reads were assembled into draft genomes by 
SPAdes v3.15.2 [74]. Genomes’ qualities were evaluated 
by CheckM v1.2.2 [79] and genomes were annotated by 
PROKKA v1.12 [80] was employed. To identify whether 
these three isolated strains contained any known lignin-
decomposition-related genes, we searched the predicted 
ORFs from each genome to previously acquired lignin-
decomposition-related protein sequences using DIA-
MOND v0.9 [81].

Statistical analyses
The differences in bacterial copy number between the 
different treatments were assessed using the Kruskal–
Wallis test. To ensure accurate normalization across 
different taxonomic groups, information on 16S rRNA 
gene copy numbers for each ASV was adjusted from the 
rrnDB database (https:// rrndb. umms. med. umich. edu/) 
[83]. The ALDEx2 R package was used to determine the 
differences in the abundance of ASVs and MAGs among 
samples subjected to different temperature treatments. 
Multivariate statistical tests (PERMANOVA) and Non-
Metric Multidimensional Scaling (NMDS) based on 
“Bray–Curtis dissimilarity” were used to illustrate the 
similarity distributions of lignin/vanillin decomposers 

community. The one-way ANOVA test was used to 
determine the differences in  CO2 productions among 
samples with different temperature conditions. Mean 
values were reported as mean ± SD, unless otherwise 
specified, and significance was defined as P < 0.05. All 
the above analyses were conducted using R software 
(version 4.2.2).

Conclusion
In this study, we demonstrated that temperature had 
notable effects on microbial-mediated lignin/vanillin 
decomposition utilizing SIP experiments and multi-
omics techniques. As the temperature increased, micro-
bial respiration, lignin/vanillin decomposition, and 
priming effect were all enhanced. Meanwhile, the decom-
position of lignin/vanillin may be more sensitive to tem-
perature changes than other organic carbons. We also 
identified that Burkholderiales, Sphingomonadales, and 
Pseudomonadales were the main potential lignin/vanillin 
decomposers, and their abundances changed significantly 
as the temperature increased. Additionally, we found that 
the activity of several decomposing pathways, includ-
ing β-aryl ether and 4,5-PDOG pathway, significantly 
increased with increasing temperature. To our knowl-
edge, this study provided the first comprehensive report 
about the effects of temperature on microbial-mediated 
lignin/vanillin decomposition in river sediment. Our 
findings indicate that the ongoing intensification of global 
warming may accelerate the decomposition of recalci-
trant organic carbon via increasing microbial activity in 
river sediment, thereby impacting global carbon cycling.
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