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The sustainable transformation and management of dissolved organic matter
(DOM) are crucial for advancing organic waste treatment towards resource-
oriented processes. However, the intricate molecular complexity of DOM
poses significant challenges, impeding a comprehensive understanding of the
underlying biochemical processes. Here, we focus on the chemical “dark
matter” mining using ultra-high resolution mass spectrometry technologies to
elucidate the molecular diversity and transformation in anaerobic bioproces-
sing of food waste. We developed an analytical framework that reveals the
persistence of DOM in the final effluent is mainly determined by its molecular
properties, such as carbon chain length, aromaticity, unsaturation, and redox
states. Our in-depth characterization and quantitative analysis of key bio-
chemical reactions unveils the evolution of DOM composition, providing
valuable insights into the targeted conversion of persistent molecules toward
full utilization. Additionally, we establish a correlation between the redox state
and energy density of a broad range of DOM molecules, enabling us to com-

prehend and evaluate their biodegradability. These insights enhance the
mechanistic understanding of DOM transformation, guiding the rational
design and regulation of sustainable organic waste treatment strategies.

Recycling organic waste from households, agriculture, and industries
is essential for mitigating environmental impacts, maximizing
resource utilization, and protecting human health'. Annually,
approximately 1.5 billion tons of municipal organic waste®, 5.9 billion
tons of agricultural biomass®, and 380 billion cubic meters of munici-
pal wastewater®’ are produced worldwide, offering significant poten-
tial for renewable energy production. Anaerobic bioprocessing of
organic waste is highly effective for carbon recovery and greenhouse
gas (GHG) emission reduction®’, while also offering a promising
approach for recovering phosphorus and sulfur from wastewater'.

Despite its widespread application and varying degrees of success, the
persistent challenge remains to align cost-effectiveness, discharge
standards, and sustainability in treatment plants. For more than a
century, traditional treatment methods have relied on adjusting vari-
ables, such as organic loadings, pH and residence time within the
complex “black box” of biochemical processes. These methods, char-
acterized by their complexity and inefficiency, have often resulted in
losses due to an inadequate understanding of organic matter trans-
formation. This transformation primarily involves converting biosolids
into dissolved organic matter (DOM), followed by its further
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conversion for pollutant removal and resource recovery”. Conse-
quently, there is a critical need for in-depth exploration of DOM'’s
biochemical roles at the molecular scale to innovate the treatment
process.

The chemical complexity and variability of DOM, especially in
complex environmental systems, pose significant challenges for its
identification and analysis™. Ultra-resolution mass spectrometry, par-
ticularly Fourier Transform lon Cyclotron Resonance Mass Spectro-
metry (FT-ICR MS), emerges as a powerful tool for uncovering the
elusive aspects of DOM due to its superior accuracy and resolution.
Current research is largely centered on DOM in natural aquatic eco-
systems, such as lakes™ ™, groundwater'®”, rivers'® and seas”, with a
specific focus on its relationship with climatic and water properties.
The decomposition and stabilization of organic matter are key in
environmental studies, especially in engineered systems that demand
greater insights into DOM transformation processes rather than just
molecular composition analysis. However, most existing studies con-
ducted qualitative analyses of DOM composition based on the Van
Krevelen diagrams in lab settings, failing to capture detailed char-
acteristics and biochemical reactions of DOM in real-world waste
treatment systems'. Our understanding of DOM’s dynamic trans-
formation within biological waste treatment systems remains limited
due to a lack of innovative analytical approaches.

In this study, we explore the molecular complexities inherent in
anaerobic digestion (AD) from seven full-scale food waste treatment
plants (FWTPs) across China (Supplementary Fig. 1). To address the
biochemical black box challenge, we propose a DOM analysis frame-
work that allows us to evaluate DOM chemical diversity, analyze its
molecular characteristics, identify the core molecular community,
quantify key biochemical reactions, and correlate redox states with

understanding of DOM evolution beyond mere molecular composi-
tions. The knowledge obtained from DOM analysis in this study sheds
light on the molecular intricacies of organic matter metabolism, pav-
ing the way for refining and advancing anaerobic bioprocessing stra-
tegies and solutions.

Results
Sludge characteristics and DOM chemical diversity evaluation
Samples from typical seven two-stage AD systems were analyzed for
organic matter conversion. In primary digestion (PD), the organic
waste is hydrolyzed and fermented to volatile fatty acids (VFAs).
Subsequently, the VFAs and other residual organics are further fer-
mented to produce CH, in secondary digestion (SD). The pre-
hydrolysis and acidification of organic substrates in the PD not only
provide advantageous substrates for methanogens, but also help
prevent acidification-induced fermentation collapse in the SD through
the consumption of easily degradable fractions of substrates®. The
anaerobic acidogenesis with acetate as the main product resulted in a
pH drop to about 3.87, which is believed to limit the metabolic activ-
ities of most microbes. The SD, operated a pH of around 7.77, sig-
nificantly contributes to further substrate degradation and conversion,
with removal rates of 72.4% for total solids (TS), 85.4% for volatile
solids (VS), 87.2% for chemical oxygen demand (COD), and 82.0% for
total dissolved phosphorus (TDP) (Fig. 1a). In contrast, there is a
notable 27.1% increase in total dissolved nitrogen (TDN), likely driven
by the solubilization of solid nitrogenous compounds and therefore
elevating the nitrogen content of DOM?.

To explore the compositional diversity and molecular transfor-
mation process, DOM samples were analyzed by ESI (-) FT-ICR MS,
following an analytical workflow illustrated in Supplementary Fig. 2.
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Fig. 1| Characteristics of anaerobic sludge and chemical diversity of DOM in the
two-stage anaerobic digestion. a Physical-chemical properties of sludges in food
waste treatment plants (FTWPs). Each parameter represents the mean + standard
deviation (SD) from seven biologically independent replicates. Red dots indicate
sampling locations, and VFAs include C>-Cs fatty acids, as detailed in Supple-
mentary Table 2. b Comparative analysis of chemical diversity (molecular richness)

Molecular richness

Molecular richness

of DOM across various environments. More detailed information on molecular
characteristics is provided in Supplementary Table 1. Relationship between mole-
cular richness and abundance for (c¢) element combination and (d) compound
classes. Here, molecular richness refers to the number of unique formulae within a
defined molecular group, while molecular abundance represents the weighted
contribution of these formulae based on their relative intensity.
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>280,000 identified peaks observed across a broad mass range. We
used the software Formultitude (formerly known as Formularity*?) and
its Compound Identification Algorithm (CIA)* function to assign and
filter elemental formulae to a list of masses. The resulting data shows
that 45.5% of peaks identified in PD samples, and 45.0% of peaks in SD
samples, were successfully assigned with molecular formulae. Chemi-
cal diversity in anaerobic sludge DOM (46327 unique formulae) are
obviously higher than that in various aquatic environments' 518192433
(Fig. 1b and Supplementary Table 1). The molecular diversity of DOM
appears to increase as the sources transition from flowing water to
stagnant water, and eventually to closed systems. In contrast to natural
aquatic environments, the AD-based waste treatment plant is a well-
controlled closed system, where the diverse chemical composition of
DOM is largely shaped by the variety of Chinese dietary culture, spe-
cific food waste treatment processes, and sludge microbiomes (Sup-
plementary Notes 1-2 and Supplementary Figs. 3-4). The DOM in
anaerobic sludges features diverse molecular compositions, categor-
ized by elemental combinations (CHO, CHON, etc.) and classes (amino
sugar, carbohydrate, etc.)*. To quantify chemical diversity, we defined
the number of formulae as richness and intensity-weighted formulae
as abundance in a defined molecular group. A positive correlation
between richness and abundance across elemental and compound
categories suggests that molecular diversity correlates with abun-
dance of DOM molecular groups in the two-stage AD systems
(Fig. 1c, d). The molecular richness-abundance relationship offers a
more scientific criterion for assessing DOM chemical diversity, pro-
viding a comprehensive view of DOM complexity in various environ-
mental systems.

DOM molecular composition, distribution, and properties
To assess DOM chemical fingerprint in the PD-SD two-stage anaerobic
digestion, we calculated intensity-weighted elements (C, H, O, N, S, and
P), elemental combinations (CHO, CHON, CHONP, etc.), elemental
ratios (H/C, O/C, etc.) and compound classes (lipid, lignin, protein,
etc.). We observed a shift in molecular composition toward lower
carbon and higher hydrogen content from primary to secondary
digestion, indicating an increase in high H/C molecules, such as long-
chain fatty acids (LCFA). This shift is likely driven by the degradation of
CHONP, CHOP, and CHOSP molecules, leading to an increase in
hydrogen-rich CHO molecules and a significant reduction in phos-
phorus content (Fig. 2a and Supplementary Fig. 5). The removed
phosphorus is likely assimilated into microbial biomass or precipitated
as inorganic minerals, such as phosphate salts, under anaerobic con-
ditions. Lignin-, lipid-, and protein-like molecules are the dominant
compound classes in food waste sludge, which aligns well with prior
studies on DOM in sewage sludges®~*¢, and food waste”. This indicates
that the persistence of these more recalcitrant compounds may be a
common characteristic of AD systems. Molecular richness (number of
formulae) of lignin, which is over twice that of other classes, remained
largely unchanged from PD to SD (Supplementary Fig. 6). However, its
molecular abundance (intensity-weighted formulae) decreased from
48.4% to 34.9% (Fig. 2b). This implies that a specific subset of lignin
molecules was more susceptible to microbial degradation and con-
version, yet not completely mineralized or converted to FT-MS unde-
tectable DOM, such as molecules with masses <100 m/z. Lipid-like
molecules showed a significant increase in both richness and abun-
dance, primarily due to their inherent resistance to microbial
degradation®®. Additionally, biological hydrolysis and conversion
processes likely contributed to the further accumulation of soluble
lipid molecules®. In contrast, protein-like molecules remained largely
unchanged in both molecular richness and abundance during the SD
process (Fig. 2a and Supplementary Fig. 6).

Mass distribution analysis of DOM revealed a significant increase
in small-molecular-weight molecules (0-400 m/z), primarily due to
the buildup of lignin- and lipid-like compounds, while the increase

observed in the 500-800 m/z range was predominantly attributed to
lipid-like compounds. The degradation of large-molecular-weight
molecules, including lignin (600-1000 m/z), lipids (750-1000 m/z),
proteins (800-1000 m/z), and other compounds, contributed to the
significant drop in the 800-1000 m/z range of the overall DOM
molecular community (Fig. 2c-f and Supplementary Figs. 7-8). This
decrease is likely a result of the hydrolysis of dissolved organic poly-
mers, a process that occurs more readily than the further breakdown
of their monomeric components*’. During the SD process, lipids were
the only compound class to show a significant increase, with high-
molecular-weight molecules (400-800 m/z) exhibiting greater mole-
cular richness but lower intensities. In contrast, smaller molecules
(100-400 m/z) displayed a more modest increase in molecular rich-
ness, with their intensity distribution being more scattered than con-
centrated in specific regions (Fig. 2e and Supplementary Fig. 9). This
pattern suggests that the SD process not only enhances molecular
diversity but also leads to a higher prevalence of smaller, more recal-
citrant lipid molecules in the effluent.

The molecular compositional evolution of DOM during the AD
process is closely linked to its inherent structural features, such as
carbon chain length, degree of unsaturation, and aromaticity (Fig. 2g).
Notably, the distribution of C-C single bonds within the long carbon-
chain dominated molecular community likely plays a key role in the
biodegradation of various DOM compound classes (Fig. 2h and Sup-
plementary Figs. 10-11). For instance, lipids, characterized by a higher
proportion of C-C single bonds, accumulated significantly during the
SD process. In contrast, lignin, which contains fewer C-C single bonds,
was more readily degraded (Fig. 2b, h). However, lignin molecules that
contain more aromatic rings (higher Al;,,oq), tended to remain in the
final effluent (Fig. 2i). Similarly, the high C-C single bond content and
aromatic structures in proteins contributed to their limited degrada-
tion (Fig. 2h, j). Ammonia-induced inhibition, particularly at high
organic loadings, likely further hindered their breakdown. In sum-
mary, these findings highlight how the structural characteristics of
lignin, lipids, and proteins influence their degradation and persistence
in the AD process. This deeper understanding is crucial for developing
more effective strategies for the targeted removal and recycling of
persistent DOM compounds.

Core molecular communities of DOM

We further expanded the compositional analysis of DOM beyond indi-
vidual samples to a global view across seven two-stage digesters in China,
revealing common molecular patterns. The DOM molecular composition
between PD and SD is effectively distinguished using principal compo-
nent analysis (PCA) (Fig. 3a). Our analysis identified a core molecular
community, with 7.7% of molecular formulae shared among PD samples
and 5.1% shared among SD samples (Fig. 3b). In the core DOM commu-
nity, lignin-like compounds were predominant, accounting for 57.21% of
in PD and 56.20% in SD (Fig. 3c and Supplementary Fig. 12). Both lignin
and proteins, which together accounted for over 80% of the core mole-
cules, remained relatively stable in molecular richness from PD to SD,
suggesting their higher recalcitrance and persistence throughout AD.
Consistent with the individual sample results in Fig. 2, the proportion of
lipid-like compounds in the core community increased significantly from
7.67% in PD to 11.38% in SD. Most of these compounds were composed of
CHON and CHO elements. The redox states, indicated by the NOSC,
shifted to a more reduced state (Fig. 3c and Supplementary Fig. 13). This
shift was primarily driven by an increase in reduced compounds resulting
from anaerobic degradation, lacking a sufficient oxidation process
(Supplementary Notes 2-3).

In the SD stage, the distribution of DOM at larger molecular sizes
(450-600 m/z) showed a significant decrease (Fig. 3d). This pattern
was also visible in the distribution of homologous compounds
(Fig. 3e), suggesting that the breakdown of larger molecules into
smaller ones occurs within the same compound classes, such as lignin,
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proteins, and lipids (Supplementary Fig. 14). These core molecular
communities persist during anaerobic fermentation, largely due to
their structural characteristics, including the presence of single and
double carbon bonds, as well as their higher aromaticity (Fig. 3f-h).
These features are significantly more pronounced than those found in
smaller, more bioavailable molecules like cellobiose, glucose, and
acetate. The carbon chain length (mainly C-C single bonds) plays a

more critical role in the degradation of lipid compounds (Fig. 3f and
Supplementary Fig. 15), whereas double bonds (including C=C and
aromatic double bonds) have a higher influence on lignin and protein
molecules (Fig. 3g and Supplementary Fig. 16). The high aromatic ring
content in lignin may be one of the main reasons for its high richness
and abundance in the final effluent (Fig. 3h and Supplementary Fig. 16).
This observation highlights the challenge in degrading complex
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molecular structures in DOM of sludge and underscores the impor-
tance of the core molecular community as a target for future research
to better understand and utilize these molecules in resource recovery
and treatment processes.

Biochemical reaction prediction

A grand challenge in DOM research is to visualize the potential bio-
chemical processes that DOM undergoes throughout its lifetime. We
plotted all the assigned formulae in the van Krevelen diagram, categor-
izing them into (i) formulae unique to PD samples, (ii) formulae unique to
SD samples, and (iii) formulae common to both PD and SD samples. This
allows us to visualize the distribution of DOM molecules based on H/C
and O/C ratios, as well as the pathways of key chemical reactions*
(Fig. 4a). We found that 19.4% of total DOM molecules originated from

the PD were disappearing in the SD. Additionally, newly detected
molecules in the SD accounted for 48.5% of the total. The observed shift
towards higher hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C)
ratios in the SD stage suggests that both reduction and oxidation reac-
tions occur simultaneously during the digestion process (Fig. 4a and
Supplementary Fig. 17). However, considering the intensity of DOM
molecules, where those with lower O/C ratios exhibit higher intensity
(Supplementary Fig. 18 and Fig. 2a), it becomes evident that reduction
reactions predominate over oxidation reactions, in line with anaerobic
conditions of the digestion process (Supplementary Note 3). To quantify
these potential biochemical reactions, we calculated the functional
group difference in molecular formulae representing key reactions that
occur in AD process, such as demethylation/methylation, or decarbox-
ylation/carboxylation (Fig. 4b-g and Supplementary Fig. 19). Based on
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these calculations, we introduce demethylation index (DMI), decarbox-
ylation index (DCI), dehydration index (DHI), dehydrogenation index
(DHGI) and deamination index (DAI), together allowing to quantify each
reaction in the digestion of lipid, lignin, protein and other compound
classes.

Lipid degradation in AD exemplifies a demethylation-like process
(-CH3 + H), where long-chain fatty acids are shortened with a loss of two
carbons (-2CH,) by B-oxidation (Fig. 4b, h). The negative DMI suggests
that a greater number of long-chain compounds are generated than
consumed, which seems to be contrary to the fact that AD of organic
waste is a process of decomposing large molecules into small molecules.
In addition to accumulation of long-chain lipids, the estimated 64.4%
conversion rate of lignin to lipid-like compounds might partially account
for the negative DMI (Fig. 4b and Supplementary Table 3). Furthermore,
decarboxylation, another prevalent reaction, is associated with compo-
sitional shifts among lignin-, protein- and lipid-like molecules. Our ana-
lysis demonstrates a notable lignin-to-lipid transition with DCI
(ignin>lipid) = 26688, suggesting a likely shift from lignin-like to lipid-like
compounds (Fig. 4c and Supplementary Table 4). A closer view of
dehydration reactions revealed strong metabolic links between proteins
and both lignin (DHI (protein-lignin) = 41933) and ConHC molecules (DHI
(protein>Conto) = 13519) (Fig. 4d and Supplementary Table 5). Dehy-
drogenation reactions, which are essential for forming double bonds
and producing hydrogen, are particularly prominent in ConHC, lignin,
lipid, and protein compounds, as indicated by the high dehydrogenation
index (DHGI) (Fig. 4e and Supplementary Table 6). Oxidative deamina-
tion reactions are notably prominent in protein-like compounds (Fig. 4f
and Supplementary Table 7), leading to shifts in DOM composition
toward higher oxygen and lower hydrogen and nitrogen contents. For

example, activated CHON compounds, particularly those containing
only one nitrogen atom, undergo oxidative deamination, resulting in an
increase in CHO compounds (Fig. 2a).

The DOM transformation in AD involves distinct chemical reac-
tions specific to various compound classes. (Fig. 4g, h). Lignin depo-
lymerization showed a slight preference for decarboxylation reactions,
but no single pathway dominated, likely because of its diverse func-
tional groups and inherently hard-to-degrade nure®. In contrast, lipid
degradation was primarily driven by a demethylation-like pathway
through B-oxidation, followed by decarboxylation that removes car-
boxyl groups from long-chain fatty acids (LCFAs). Meanwhile, the
breakdown of large protein molecules into amino acids and other
bioavailable products typically involves dehydrogenation, dehydra-
tion, and deamination reactions*’. This quantitative analysis of reac-
tion types enhances our understanding of molecular metabolism in AD
and highlights the significant interplay between different compound
classes, contributing to DOM’s chemical diversity.

Redox features of DOM transformation

Redox conditions play a crucial role in DOM degradation, influenced
by DOM turnover processes, such as DOM inflow, solid solubilization,
as well as outflow and gas production. Here, we used the standard
molar combustion enthalpy (k) mol™! C) as an approximation for the
Gibbs free energy associated with the complete oxidation of a given
organic compound. This allowed us to assess the dependence of
molecular energy potential on nominal oxidation state of carbon
(NOSC)***. Notably, a strong linear relationship was observed
between the average combustion enthalpy (AH) and NOSC values of
each compound classes (R?=0.817) (Fig. 5a). This relationship was
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Fig. 5 | Dependence of energy density on NOSC values for compound classes
presented in the DOM of sludge samples. a The relationship between average
combustion enthalpy (AH) (k] mol™ C) and NOSC values of compound classes of
DOM in PD and SD with error bars indicating standard deviation (SD) for both AH
and NOSC (n =7 biologically independent replicates). b Linear relationship vali-
dated using known compounds in waste sludges, with the shaded area representing

spontaneously or require less energy input.

the 95% prediction interval of the fitted linear regression model. ¢ Intensity-
weighted AH-NOSC relationships, with relative intensity weights applied as the
accounting unit for each molecule. The calculation methods for AH-NOSC follow
the studies by LaRowe et al. (ref. 44) and Gunina et al. (ref. 45), which are detailed in
Methods section. All formulae in PD and SD were included in the AH-NOSC ana-
lyses, which are available in the Source Data file.
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validated using a range of known chemicals including all types of
compound classes (Fig. 5b and Supplementary Table 8). The linear
decrease in energy density of a broad range of organic substances by
91k mol™ C per NOSC unit upon DOM oxidation is supported by
experimental data from both PD and SD samples, which all show linear
AH-NOSC relationships within the prediction range of simulated data
(Supplementary Fig. 20).

Most compound classes showed a shift toward lower values both
for AH and NOSC from PD to SD (Fig. 5a), indicating that AD modifies
the thermodynamic and redox properties of DOM, leaving more
recalcitrant molecules in the final effluent. This observation is further
supported by the intensity-weighted AH-NOSC relationships, where
the relative intensity weight serves as the unit of account for each
molecule. Notably, the entire molecular community exhibits a pro-
nounced shift toward a more reducing state and higher energy
potential during the AD process (Fig. 5¢). Microorganisms in anaerobic
sludges preferentially utilize readily degradable substrates, such as low
molecular weight carbohydrates, carboxylic acids, and a portion of
proteins (NOSC > 0), which usually require less energy investment*>*°,
However, the primary DOM compounds in the sludges, including lig-
nin, lipid and unsaturated hydrocarbons pose greater thermodynamic
challenges for microbial breakdown due to their higher energy
demands and less favorable redox conditions.

Discussion
Understanding the biochemical process, especially at a molecular level
in anaerobic bioprocessing, is the key to develop innovative strategies
for organic waste treatment and resource recovery. However, the com-
plexity of these systems presents significant challenges. We address
these challenges by developing a comprehensive framework for ana-
lyzing the molecular diversity and transformation of DOM in AD system.
Unlike many studies that focused on samples from a single site or a
limited number of samples (typically two: pre- and post-fermentation) in
controlled laboratory settings, our study collected samples from widely
distributed FWTPs across diverse geographic regions. This approach
allowed us to identify more “global” trends and derive more reliable
common patterns based on average or core molecular data. Based on
this analysis, we revealed the compositional evolution of DOM from PD
to SD. We found that lignin-, lipid-, and protein-like compounds, domi-
nated the DOM community in the final effluent. This composition is a
result of multi-phase biochemical reactions, involving biological solu-
bilization of organic solids and water-insoluble liquids (e.g., lipid, etc.),
transformation between different forms of DOM, biogas production
(e.g., CHy4, CO,, etc.), and cell biosynthesis (Fig. 6a). Organic solids are a
primary source of DOM molecules, especially for high-solid AD. The
DOM pool experiences a smaller reduction compared to COD and SCOD
during the SD process (Fig. 1a and Fig. 2b), suggesting that the inflow of
DOM molecules from organic solid solubilization outweighs their
breakdown. Another possible reason is that FT-ICR MS-undetected
molecules are notably higher in PD than in SD, given that smaller
molecules such as VFAs are considerably more abundant in PD than in
SD (Fig. 1a and Supplementary Table 2). The molecules unique to SD
samples are more diverse than those of PD samples, as well as those
common to PD and SD samples (Fig. 4a). This indicates that persistent
DOM from biological solubilization is the main component of the final
effluent, which is evidenced by the increasing dominance of lipid-like
molecules and the persistence of lignin-like molecules (Fig. 2a and
Supplementary Figs. 21-22), despite the removal of large amounts of
DOM through the biogas production and cell growth. Another important
DOM source is the upstream DOM from PD. Nearly 20% of the DOM
molecules in PD are also detected in the SD effluents, most of which
belong to lignin and lipid molecules and become an important part of
the final effluent DOM (Fig. 4a and Supplementary Fig. 23).

Our research underscores the critical role of intrinsic molecular
characteristics, such as mass, carbon chain length, degree of

unsaturation, and redox properties, in shaping the molecular diversity
and compositional evolution in AD (Figs. 2-5 and Supplementary
Figs. 24-26). The persistence of more recalcitrant DOM is largely
governed by its structural properties. Carbon chain length and C-C
single bonds are particularly influential in determining molecular
composition, especially for molecules derived from the complete
hydrolysis of larger compounds. Additionally, higher aromaticity,
particularly in lignin and protein molecules, contributes to their
retention in the final effluent. These insights are essential for under-
standing the persistence of these molecules and identifying strategies
to convert them into more bioavailable forms. Specifically, lipid-like
compounds in the effluent, characterized by long-chain molecules
with high C-C single bonds, could be converted into acetyl-CoA
through B-oxidation”. Lignin-like compounds, rich in aromatic rings,
could be broken down through oxidative processes including
dioxygenases-catalyzed ring-opening*®*°, O-demethylation, hydro-
xylation, and decarboxylation*’, enhancing their bioavailability.

Unraveling the complexities of molecular transformations in
mixtures is crucial but challenging™. We propose an approach to dis-
sect biochemical reactions by quantifying functional group changes in
various compound classes. This methodology allows for a quantitative
evaluation of key reactions like demethylation, dehydrogenation, and
decarboxylation, which are fundamental to the metabolism of complex
organic matters (Fig. 4 and Supplementary Fig. 19). These chemical
interactions contribute significantly to the evolution of DOM compo-
sition and may provide insights into the persistence of more recalci-
trant molecules in different environments. Future efforts could be
directed to regulating these reactions to produce more oxidized, short-
chain, and bioavailable compounds, potentially through manipulating
the key enzymes and microorganisms® >, Sludge microbiota regulates
the balance of carbon and energy through key metabolic processes:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. These
microbial-driven reactions mediate shifts in DOM composition, with
community dynamics shaping the transformation of DOM compound
classes (e.g., amino sugars, carbohydrates, and lipids) and elemental
compositions (e.g., CHO and CHONS) (Supplementary Note 1 and
Supplementary Fig. 4). As a result, the chemical composition shifts
toward a more uniform redox state, with NOSC values transitioning
from a broad range to values concentrated near zero (Supplementary
Fig. 27). However, compounds under reduced states dominate the
DOM community in the final effluent, which has a higher energy con-
tent but lower energy availability for microbial acidogenesis. From a
DOM degradation kinetics perspective, acidogenesis of persistent
DOM is an efficiency-limiting process for anaerobic digestion, which in
turn affects the subsequent wastewater treatment.

In the current waste treatment paradigm, non-targeted removal
often leads to underutilized DOM, particularly for substances like lig-
nin and lipids. To enable effective microbial utilization of highly
reduced substrates, further upgrading is imperative to shift the
molecular compositions towards relatively high oxygen and low
hydrogen content, necessitating enhanced oxidation processes
(Fig. 6b). Reconstructing the microbial community is a feasible solu-
tion for the augmentation of biological oxidation, which could be
achieved through targeted enrichment and redesigning sludge
microbiomes by incorporating key bacteria responsible for the oxi-
dation of lignin** and long-chain fatty acids***’. Additionally, introdu-
cing easily metabolizable co-substrates for microbes targeting
persistent DOM, coupled with effluent liquid backflow processes,
could further promote microbial digestion and stimulate co-
metabolization. Moreover, combing chemical oxidation with anaero-
bic digestion could significantly improve the breakdown of fats, oils,
and grease through advanced oxidation, resulting in low-molecular-
weight substrates accessible for microbial treatment>~°. Techniques
such as oxidative depolymerization have shown promise in lignin
valorization”’, suggesting a potential role for tandem chemical and
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Fig. 6 | The global evolution of DOM metabolic flow and DOM transformation
regulation for innovative anaerobic bioprocessing systems. a The evolution of
DOM molecules during the AD. The solubilization here includes hydrolysis and

other biochemical processes to solubilize the solids. b Potential solutions for
overcoming the recalcitrance of core molecular community for targeted effluents
in the biological waste treatment.

biological processes. However, it is crucial to carefully balance che-
mical oxidation to prevent the inhibition of anaerobic microbes. Phy-
sical treatment is a supplementary way to increase the accessibility of
organic materials’®*’. The integration of anaerobic digestion with these
augmentation methods will be a promising strategy, facilitating the
deconstruction of poorly degradable compounds into small and oxi-
dized molecules accessible to microbial utilization.

In summary, our study comprehensively elucidated the molecular
complexity and transformation of DOM in AD. The framework we
developed here for DOM analysis offers a versatile tool for deciphering
biochemical processes in various complex organic systems. Through
this approach, we have unveiled intricate details about the composi-
tion and evolution of DOM, enhancing our understanding of biological
waste treatment processes. The identified persistent yet prevalent

compounds in the sludge, primarily long-chain, aromatic, and unsa-
turated molecules, present valuable opportunities for energy recov-
ery. Targeting these compounds for conversion into bioavailable
substrates could significantly improve energy efficiency and clean
water production, moving beyond the current paradigm of high-cost
treatment techniques. This approach holds potential for wide appli-
cation in diverse anaerobic bioprocessing systems, ranging from
municipal organic waste treatment, lignocellulosic biorefinery, and
biological plastics recycling.

Methods

Sludge sampling and characterization

Samples were collected from 7 representative full-scale, two-stage
digesters located in Beijing (BJ), Guangyuan (GY), Hangzhou (HZ),
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Liaocheng (LC), Quanzhou (QZ), Shenyang (SY), Shenzhen (SZ) across
China. The cities BJ, LC, and SY belong to North China, while GY, HZ,
QZ and SZ are in South China, regions traditionally distinguished by
their culture, diet, habits, and customs. These differences could
potentially influence the DOM molecular composition in AD process.
Additional details regarding sample geographical features are pro-
vided in Supplementary Table 9. These samples were collected from
the effluent of PD and SD at the end-stage of a feed cycle. At least
250 mL sample was taken from each digester and then shipped on dry
ice to the lab. Upon arrival, the samples were separated into aliquots,
specifically prepared for analysis of physicochemical parameters and
DOM. For liquid sample analysis, the samples were centrifuged at
7000 rpm (5752 rcf) for 10 min and the supernatant was filtered with
0.22 pm Millipore membrane. These samples were stored short-term
in fridge (<14 days). Owing to high organic contents in the DOM sam-
ples, all the DOM samples were diluted 10 times before filtering and
other treatment. The sludge properties such as total solid (TS), volatile
solid (VS), chemical oxygen demand (COD), total dissolved nitrogen
(TDN), total dissolved phosphorus (TDP) were analyzed using standard
methods as shown in Supplementary Table 10. The VFAs, including C2-
C8 fatty acids were determined by gas chromatograph (Model
6890NT, Agilent Inc., USA) equipped with a flame ionization detector
and a 30 mx0.25mmx 0.25 um fused-silica capillary column (DB-
FFAP), following the method described by Raposo et al. ¢°.

DOM sample preparation and FT-ICR MS experiment

Solid phase extraction (SPE) was performed using solid phase extrac-
tion columns (HyperSep™ retain PEP 60 mg, Thermo Scientific) with
balanced retention of polar and non-polar analytes. The detailed SPE
procedure is provided in Supplementary Method 1. The analysis of
DOM was conducted using a 7 T Bruker solariX FT-ICR MS in negative
ion mode with the ESI source and a krypton lamp, following a previous
protocol® with minor adjustments. The nebulizer gas (N,) was adjus-
ted to 2.0 bar and maintained at 400 °C to ensure complete vapor-
ization of the samples injected at a rate of 20 pL/h. The operating
capillary voltage was -1500 V, and the end plate voltage was -500 V. lon
accumulation and flight times to the analyzer were optimized to 0.02 s
and 0.8 s, respectively. We collected 200 coadded scans of broadband
spectra in the 54-20000 m/z range and the mass resolution set to
~320000 at 400 m/z. The sodium trifluoroacetate (NaTFA) was used as
a quality control sample within the mass range of 112-2968 m/z,
achieving a mass accuracy of < 0.5 ppm through calibration. The mass
spectra of the DOM of PD and SD samples from Shenzhen (SZ) were
provided to as an example to underline the differences between
samples and the resolution power (Supplementary Fig. 28).

FT-ICR MS data analysis

Raw spectra were converted to a list of m/z values using the Data
Analysis software (version 5.2, Bruker Daltonics, CA) with a signal-to-
noise (S/N) ratio >7. Internal calibration was performed to adjust
experimental mass measurements based on calibrants listed in Sup-
plementary Table 11 before formula assignment. Putative chemical
formulae were assigned using the Compound Identification Algorithm
(CIA)® with a user-friendly software Formularity”?. Assignments
adhered to a mass accuracy threshold of <0.5 ppm, within the mass
range of 100-1000 m/z. Our formula assignments followed the
“golden rules”®?, considering the elements C, H, O, N, S, and P under the
elemental constrains C;_..H; ..0;-Ng-3S0-2Po-1, 0/C<1.2 and 0.3 <H/
C < 3. Furthermore, we prioritized formulas with the fewest heteroa-
toms (N, S, P) and the lowest mass error, reducing the likelihood of
improbable assignments?*®’. These details and formular assignment
results are summarized in Supplementary Table 12. The assigned for-
mulae were categorized into eight elemental combinations (CHO,
CHON, CHONP, CHONS, CHONSP, CHOP, CHOS and CHOSP). Bio-
chemical compound classes including amino sugar (AminoSugar),

carbohydrate (Carb), condensed hydrocarbon (ConHC), lignin, lipid,
protein, tannin, unsaturated hydrocarbon (unsatHC) and all molecules
unassigned to the prior categories (“other”), are grouped based on
counts of C, H, and O in the assigned formulae with different defined
H:C and O:C ranges®**, which are summarized in Supplementary
Table 13. Notably, these classes are a priori assignments that do not
rely on any measured proof of identification (structure, e.g., by MS/
MS) but are solely used to categorize the data for easier interpretation.

As direct structural characterization of diverse and complex DOM
molecules is currently unfeasible (Supplementary Note 4), we utilized
well-established computational methods for structural elucidation.
Modified aromaticity index (Almoq)®* was used to quantify the number
of benzene rings with the equation: Al;,oq = (1+ C-0.5*0-S-0.5*(N +P +
H))/(C-0.5*O-N-S-P), where, C, H, O, N, S and P are the number of car-
bon, hydrogen, oxygen, nitrogen, sulfur, and phosphorus atoms in a
given molecular formula. This notation is consistent across all sub-
sequent equations. Double bond equivalent (DBE)* was used to
quantify the number of double bonds in the DOM molecules with the
equation: DBE=1+ C-0.5*H + 0.5*N + 0.5*P. To assess carbon-carbon
single bonding, we used the C-1-DBE index, which reflects the number
of C-C single bonds. Notably, the estimate may be lower than the
actual value, as non-C-C double bonds (e.g., C=0, C=N) cannot be
accurately distinguished in this calculation. The nominal oxidation
state of carbon (NOSC)** of each organic molecule was calculated
using the following equation: NOSC =-H/C +2*0/C+3*N/C + 2*S/C-
5*P/C. Gibbs free energy of a given organic compound can be com-
puted as the standard molar enthalpy of its complete combustion
(AH). AH values are calculated based on the Patel-Erickson
equation®*®’, where the standard molar enthalpy of combustion of
organic matter is proportional to the number of electrons that it
transfers to oxygen during combustion. This proportionality is
expressed through the equation®®: AH=-114.14*(4*C+ H-2*O-
O*N +5*P+6*S)/C. The quantitative analysis of chemical reactions
including demethylation/methylation, decarboxylation/carboxylation,
dehydration/hydration, dehydrogenation/hydrogenation, and deami-
nation/amination reactions are calculated based on the functional
group differences between the formulae of PD and SD samples. The
analysis of biochemical reactions is conducted through the Perl pro-
gramming language and the detailed calculation process is provided in
Supplementary Method 2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data underlying this study are available from the corresponding
author upon request. The data supporting the findings are provided in
the main text, Supplementary Information, and the Source Data file. Raw
mass spectrometry data are publicly available on Zenodo (https://doi.
0rg/10.5281/zenodo.15192562). Source data are provided with this paper.

Code availability

The code for biochemical reaction analysis is available on Github (https://
github.com/hzhengsh/DOM biochemical_reaction) and archived on
Zenodo (https://doi.org/10.5281/zenodo.15172534).
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