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Abstract

Soils are major reservoirs of antimicrobial resistance genes. Understanding how remediation strategies
influence the specific bacteria responsible for antibiotic degradation remains both critical and
challenging. Here, we use DNA stable-isotope probing to identify the active sulfadiazine-degrading
microbiome and show that a biochar-biofilm composite carrying Arthrobacter D2 modulates resistance
dynamics. In a less fertile Ultisol, the composite accelerated the removal of extractable sulfadiazine
from bulk soil and reduced the total abundance of antimicrobial resistance genes and virulence factors.
The more fertile Mollisol showed overall community resilience; however, targeted analysis of active
sulfadiazine degraders revealed reduced diversity of resistance determinants in both soils. Importantly,
distinguishing active sulfadiazine degraders from the total community uncovered resistance dynamics
that bulk soil analyses failed to detect. These findings demonstrate that biochar-biofilm strategies can
suppress resistance potential among key antibiotic-degrading bacteria, thereby potentially enhancing

ecosystem safety in low-fertility soils.



Introduction

In recent years, the use of antibiotics in human medicine and livestock production has increased
substantially '. However, a large fraction of administered antibiotics is not fully metabolized and is
excreted via urine and feces into the environment 2, particularly into soils 3. Once in soil, these
compounds can promote the emergence and spread of antimicrobial resistance genes (ARGs) *°, which
represent a major global health concern ®7. Importantly, antibiotics differ markedly in their ability to
exert selection pressure in soils. While some antibiotics, such as -lactams, degrade within hours and

8 others, such as

therefore have limited long-term effects on soil microbial communities
fluoroquinolones, are more persistent but bind strongly to soil constituents, resulting in low
bioavailability and reduced biological activity °. In contrast, antibiotics with moderate binding affinity
and environmental persistence, including sulfonamides, have been consistently associated with the
emergence and spread of ARGs %12,

Sulfonamides are widely used in both human and veterinary medicine and are frequently detected in

livestock manures and manure-amended soils at environmentally relevant concentrations (up to 1,060

ug kg') 3. Among them, sulfadiazine is a representative compound. It exhibits moderate

14,15 16,17

environmental persistence ">, is commonly detected in manure and soils , and is known to exert
selective pressure on microbial communities, thereby promoting the enrichment of ARGs and mobile
genetic elements (MGEs) '®. Promoting sulfadiazine dissipation may reduce antibiotic exposure and,
consequently, selection pressure. However, such selection is expected primarily when sulfadiazine
dissipation is driven by microbial metabolism that confers a fitness advantage to sulfadiazine degraders
and/or is genetically linked to ARGs and MGEs '°. In contrast, if sulfadiazine dissipation is dominated
by sequestration processes (e.g., sequestration into non-bioavailable solid-phase matrices), the
enrichment of sulfadiazine degraders and their associated ARGs may be attenuated, as bioavailable
sulfadiazine concentrations would decline. These active sulfadiazine degraders can be specifically
identified using '*C-labeled sulfadiazine, as the incorporation of the labeled carbon into microbial
DNA enables their detection through DNA stable isotope probing (DNA-SIP) 2°.

One approach to reduce the concentration of bioavailable sulfadiazine is the use of biochar, which has

a high adsorption capacity, a porous structure, and surface properties that facilitate sulfadiazine



sequestration while providing a suitable matrix for microbial colonization and biofilm formation 2'.
Here, we inoculated biochar with Arthrobacter strain D2, a biofilm-forming bacterium known to
enhance pollutant biodegradation 2 and with the potential to degrade antibiotics such as sulfadiazine.
However, research on biochar-biofilm composites for antibiotic degradation remains limited, and their
effects on the soil resistome and pathobiome are largely unknown.

This study aimed to determine whether promoting sulfadiazine degradation could serve as a strategy
to mitigate the spread of ARGs. We hypothesized that biochar-biofilm composites harboring
Arthrobacter sp. D2 would accelerate degradation and alleviate selective pressure, thereby reducing
the dissemination potential of ARGs within the active microbiome. We selected an Ultisol and a
Mollisol as contrasting agricultural soils that differ significantly in fertility, organic matter content, and
microbial biomass, factors known to influence antibiotic sorption, partitioning, and biodegradation 2>,
By applying '’C-labeled sulfadiazine to these soils and employing DNA-SIP coupled with
metagenomics, we demonstrate that the biochar composite significantly enhances degradation and
reduces the proliferation of ARGs and potential pathogens in the less fertile Ultisol. In contrast, the
more fertile Mollisol exhibits intrinsic ecosystem resilience, with comparatively limited responses to
the treatment. These findings highlight that biochar-biofilm composites can mitigate resistance risks,

particularly in soils with lower native fertility.

Results and Discussion

Fate of *C-labeled sulfadiazine, mass balance, and the sorptive sink effect

In the Mollisol, sulfadiazine dissipation was rapid, with ~9% and ~5% of the initially applied
extractable '*C-sulfadiazine remaining after 7 and 14 days, respectively. In contrast, dissipation was
slower and more variable in the Ultisol, with ~55% remaining after 7 days and 4-24% after 14 days
(Fig. 1A, D). Consequently, the less fertile Ultisol retained a larger extractable fraction after one week,
indicating a longer potential exposure window.

Due to the rapid dissipation of sulfadiazine in the Mollisol, amendment with the biochar-biofilm
composite did not further accelerate the depletion of bulk-soil extractable parent sulfadiazine; instead,

sulfadiazine dissipation decreased by ~17% on average. In the Ultisol, the composite increased



sulfadiazine dissipation by 31 + 6.3%, with the strongest effect observed at day 7, when bulk-soil
extractable sulfadiazine declined to ~24% of the applied amount (Fig. 1A, D). After 21 days, residual
sulfadiazine was < 6% of the initial level across all treatments (Fig. 1D). This counter-intuitive pattern
likely arises from a preferential sulfadiazine sequestration by the composite (Fig. 1E), which reduced
the remaining extractable and thus potentially bioavailable fraction of sulfadiazine in the Ultisol, where
other sulfadiazine degraders were less abundant.

Compartment-level quantification of extractable parent '*C-sulfadiazine in bulk soil and the recovered
biofilm fraction (obtained by manual sorting) demonstrated strong partitioning into the biochar-biofilm
composite (Fig. ID-E). The biofilm-associated parent pool declined from day 14 to day 21 (Fig. 1D),
indicating that this partitioned pool is dynamic rather than permanently immobilized. Consistently,
extractable parent sulfadiazine concentrations were substantially higher in the recovered biofilm
fraction than in bulk soil (Fig. 1E): 132-fold (day 14) and 106-fold (day 21) in the Ultisol, and 50-fold
(day 14) and 46-fold (day 21) in the Mollisol. Because these values represent compartment-specific
concentration enrichments (mg kg™), they primarily reflect preferential sorption and partitioning into
the biochar—biofilm composite. Although transient accumulation within the biofilm microenvironment
prior to transformation cannot be completely be excluded, we thus interpret this enrichment as
evidence of a ‘sorptive sink or partitioned pool’ of extractable parent sulfadiazine rather than of a
biological '*C-enrichment in potential sulfadiazine degraders.

To track the redistribution and fate of *C-sulfadiazine, we established a compartment-level *C mass
balance of the initially spiked '*C-sulfadiazine (Fig. 1D), partitioning the tracer into (i) bulk-soil
extractable parent sulfadiazine, (ii) extractable parent sulfadiazine in the recovered biofilm fraction
(biofilm-associated parent sulfadiazine), (iii) cumulative *COz2 (a lower-bound estimate of complete
mineralization), and (iv) unrecovered "*C, calculated by difference and potentially comprising
transformation products, bound residues, and biomass incorporation. Because the unrecovered *C pool
is operationally defined by difference, it may reflect both physical sequestration/non-extractable
residue formation and biotic transformation or biomass incorporation; accordingly, the present mass-
balance approach cannot distinguish among these pathways. In biofilm-amended treatments, biofilm-

associated parent sulfadiazine accounted for 11.9-15.4% of the initial spike on day 14, decreasing to



3.8-5.6% by day 21 (Fig. 1D). Relative to bulk-soil depletion, this corresponds to ~12—-16% (day 14)
and ~4-6% (day 21), whereas cumulative *COz remained < 2% of the initial spike. Most of the *C
was assigned to the unrecovered pool, indicating substantial retention in non-CO: forms beyond
reversible partitioning and complete mineralization, although the relative contributions of physical
sequestration and biotic transformation could not be resolved (Fig. 1D). Therefore, the apparent
acceleration of sulfadiazine dissipation with the biochar composite amendment in the Ultisol primarily
reflects enhanced depletion of the bulk-soil extractable parent sulfadiazine pool via redistribution and
partitioning into the extractable biofilm-associated parent sulfadiazine fraction and/or unrecovered *C
pools, rather than merely reversible sorption at biochar surfaces or extensive mineralization. Because
non-extractable residues can be effectively irreversible and are often poorly bioavailable, as suggested
by modelling for sulfadiazine %> and supported experimentally for difloxacin °, it seems reasonable to
infer that the biochar composite reduced the effective availability of the remaining sulfadiazine in the
Ultisol, although the exact identity, stability, and remobilization potential of the unrecovered *C pools
remain unresolved.

Consistently, the fraction of CO: efflux derived from *C-sulfadiazine increased from week 1 to week
3 in Mollisol (3.1%0 to 5.6%0) but declined in Ultisol following composite amendment (3.39%o to
1.13%o; Fig. 1F). Nevertheless, cumulative *C-sulfadiazine mineralization remained < 2% in both soils
(Fig. 1G), indicating that >98% of the added "*C persisted as non-CO: pools (parent, transformation
products, and/or bound residues) consistent with the mass balance (Fig. 1D). Hence, the observed loss
of bulk-soil extractable parent sulfadiazine was mainly due to its recovery as extractable parent
sulfadiazine in the recovered biofilm fraction and/or its transfer into unrecovered *C pools, which may
reflect a combination of transformation, biomass incorporation, bound-residue formation and/or
physical sequestration, with only a minor contribution from mineralization.

Building on these mass balance results, the enhanced depletion of extractable parent sulfadiazine in
the Ultisol is most consistent with a reduction in potentially bioavailable antibiotic exposure and
associated selection pressure within the sulfadiazine degraders fraction. This pattern is consistent with
a combination of (i) partial transformation of parent sulfadiazine within biofilms, including co-

metabolic conversion stimulated by biochar-biofilm-derived carbon and the activity of specific



sulfadiazine degraders (e.g., Arthrobacter D2; 2426)  with only a minor contribution from
mineralization (Fig. 1G), and (ii) physicochemical sequestration of extractable parent sulfadiazine in
the high-BET-area biochar-biofilm composite (Supplementary, Table 6; Fig. 1D 27), although the
present mass-balance data do not quantify the relative contribution of these pathways. This dual
mechanism effectively removes parent sulfadiazine from the bulk-soil compartment, shortening the
effective exposure window and lowering concentration-dependent filtering. Consistent with this soil-
dependent response, Ultisol differs from Mollisol in several mechanistically relevant properties (e.g.,
lower pH and SOM or DOC, lower CEC and nutrient availability, and a higher clay fraction;
Supplementary Table 1), which can constrain intrinsic dissipation capacity while modulating
sulfadiazine speciation and sorption or partitioning, thereby prolonging the exposure or selection
window and increasing the marginal benefit of carrier-associated partitioning and biofilm
microhabitats. The lower organic matter content and less abundant indigenous microbial community
in the Ultisol compared with the Mollisol likely provided biofilm-associated sulfadiazine degraders
(including Arthrobacter sp. strain D2) with more ecological space for growth and proliferation
(Supplementary, Fig. 9), thereby potentially facilitating sulfadiazine biodegradation 2*-°, However, the
specific quantitative contribution of the inoculated strain D2 relative to indigenous sulfadiazine
degraders cannot be resolved from the current dataset.

In line with less efficient microbial degradation, final sulfadiazine concentrations within the biochar-
biofilm composite were higher in the Ultisol than in the Mollisol. After the removal of the biochar-
biofilm composite, the Ultisol retained less sulfadiazine than the Mollisol from which the biochar-
biofilm composite had been removed. Taken together, these patterns suggest that the biochar-amended
biofilm might act primarily as a sorptive sink 3!, sequestering or partitioning extractable parent
sulfadiazine into the biochar—biofilm matrix and thereby reducing its bulk-soil bioavailability, rather
than consistently stimulating additional biodegradation in the bulk soil. Therefore, under the
incubation timescale studied here, the dominant outcome is best viewed as short-term depletion of the
extractable parent sulfadiazine pool through sequestration and/or transfer into unresolved unrecovered
BC pools, potentially including non-extractable residues, rather than evidence for permanent

destruction of sulfadiazine. Consequently, while our data robustly quantify this short-term depletion,



the molecular identity, stability, and potential remobilization of these unrecovered pools are likely
condition-dependent and warrant longer-term aging, desorption, and product-resolved assessments.
Accordingly, biochar-biofilm composite applications are likely to be most beneficial in soils with
limited native degradative capacity. Based on these dissipation dynamics, a 14-day incubation was

selected for subsequent DNA-SIP-based community analyses.

Formation of 13C-DNA, bacterial community dynamics, and the role of strain D2

The more fertile Mollisol contained a significantly higher absolute abundance of 16S rRNA genes per
gram of DNA than the less fertile Ultisol (Supplementary Fig. 3). Across treatments, 16S rRNA gene
abundances were primarily detected at buoyant densities between 1.70 ¢ mL™! and 1.73 g mL"!
(Supplementary Fig. 4). Here, ‘density’ refers to the buoyant density of DNA in the CsCl gradient (g
mL™); incorporation of '*C into DNA increases buoyant density, allowing labeled heavy DNA to be
separated from unlabeled light DNA 32, The distribution of heavy DNA differed between the two soils.
In the Ultisol, the densest fractions were strongly enriched, with maximum relative abundances ranging
from 35.2% to 73.4% while in the Mollisol, the heavy DNA peak shifted toward lighter fractions, with
the proportion of heavy DNA decreasing from 34.1-36.4% to 24.4-32.2% (Supplementary Table 10),
i.e., the faster dissipation of sulfadiazine in the Mollisol did not correlate with larger uptake of the *C
into bacterial biomass.

Procrustes analysis aligns the ordination of community composition with that of resistome composition;
the low M? values and significant permutation tests indicate that shifts in bacterial taxa covary with
shifts in ARG profiles, i.e., the resistome is more tightly coupled to the bacterial community than to
archaea or eukaryotes in our SIP-resolved datasets. The results indicated that bacterial communities
were the primary drivers of the antibiotic resistome (M? = 0.07), followed by eukaryotes and archaea
(M2 = 0.16 and 0.20, respectively; Fig. 2A). Among bacterial phyla, Actinobacteria showed the
strongest concordance with the resistome (M? = 0.075; Supplementary, Table 11), with significant
alignment in the Ultisol (p = 0.004) but not in the Mollisol (Fig. 2B). sulfadiazine concentrations were
most strongly correlated with sulfonamide resistance genes. Among environmental variables, carbon-

to-nitrogen ratios (C/N) showed a significant positive correlation with only three genera within the



Actinobacteria phylum (Supplementary Fig. 5A). These results indicate that, in the soils analyzed here,
bacteria, rather than eukaryotes (e.g., fungi) or archaea, represent the primary carriers of sulfadiazine
resistance determinants (Fig. 2). While fungi and archaea may participate in biotransformation or

3335 viruses detected in the '*C-DNA metagenomic

experience sulfadiazine-induced inhibition
datasets are most likely bacteriophages infecting sulfadiazine-degrading bacteria, rather than entities
directly involved in sulfadiazine degradation processes >°.

Arthrobacter spp., including strain D2, were detected in the heavy-fraction DNA from all soil samples
but at low relative abundances (ranging from 3.5x10° to 3.4x107'%) (Supplementary Fig. 7).
Arthrobacter ranked 50™ in relative abundance and was not significantly enriched among '3C-
sulfadiazine-degrading bacteria compared with other taxa (Fig. 5A). Notably, strain D2 became
enriched following removal of the biochar-biofilm composite, accounting for 7.7 £ 1.8% of the
biochar-biofilm bacterial community, whereas it remained close to the detection limit in the Ultisol
(Fig. 5B, C). Arthrobacter species have been isolated from diverse habitats, such as wastewater,
activated sludge, and soils, indicating strong adaptability and colonization potential in soil
environments 7%, It is therefore plausible that Arthrobacter strain D2 migrated from the biochar
carrier into the surrounding soil. However, in our experiment, the exogenous Arthrobacter strain D2
did not exert a lasting impact on the relative abundance of Arthrobacter in the soil, suggesting that
native members of this genus remained dominant. Under low sulfadiazine concentrations, sulfadiazine-

degrading Arthrobacter populations (including strain D2) likely relied on additional carbon sources

other than sulfadiazine for growth, which is consistent with their broad metabolic versatility.

Divergent resistome responses and environmental risks

A clear separation between the community profiles of sulfadiazine degraders and sulfadiazine non-
degraders was observed in the Ultisol but not in the Mollisol, which is consistent with differences in
sulfadiazine persistence between soils. In the Ultisol, slower sulfadiazine dissipation likely extended
the exposure window and imposed stronger selection, thereby promoting divergence between
sulfadiazine degraders and sulfadiazine non-degrader assemblages, and promoting the above-

mentioned uptake of sulfadiazine-derived '*C-lable into bacterial DNA. In contrast, in the Mollisol,



faster sulfadiazine decline and higher overall microbial activity or competition likely reduced the
duration and strength of selection, limiting detectable divergence.

This selective effect of sulfadiazine is consistent with previous studies showing that sulfadiazine
addition alters bacterial community structure 394, The higher relative abundance of sul/ in non-
degrading bacteria suggests a greater reliance on resistance mechanisms to persist under increased
sulfadiazine stress, which exhibits bacteriostatic properties *'. In addition to sulfadiazine, we detected
measurable soil concentrations of ten other antibiotics (Supplementary, Fig. 8), which may have
contributed to the higher prevalence of resistance observed in non-degrading communities. Moreover,
Ultisols are generally characterized by lower availability of organic matter and nutrients than Mollisols,
a condition that likely intensifies microbial competition and increases selective pressure for ARGs #2.
This constraint on microbial activity is supported by the significantly lower 16S rRNA gene copy
numbers per gram of soil observed in the Ultisol compared to the Mollisol (Supplementary Fig. 3).
Consequently, microbial communities in the Ultisol appear to be more adapted to sustained antibiotic
loads but less capable of degrading sulfadiazine efficiently (Fig. 1C, E; Supplementary Fig. 1). In
contrast, in the Mollisol, faster sulfadiazine decline combined with higher overall microbial activity
and competitive interactions likely reduced the duration and strength of selection, thereby limiting
detectable divergence at the community level.

Across all treatments, 54 ARGs and 13 MGEs were detected (Fig. 3A). PCoA indicated that soil type
was the primary determinant of ARG composition (PCoA1 = 46.8%), while biochar-biofilm composite
addition and sulfadiazine degraders status explained additional variation along the second axis (PCoA2
= 24.8%; Fig. 4A). These effects were supported by PERMANOVA based on Bray—Curtis
dissimilarities (Supplementary, Table 12), including analyses with permutations restricted within soil
strata as well as tests conducted separately within each soil. Because dispersion differences can
influence ordination patterns, we additionally assessed homogeneity of multivariate dispersions
(PERMDISP and betadisper; Supplementary Table 13). These robust ordination patterns suggest that
selection on ARGs is closely linked to sulfadiazine-degrading dynamics at the community level under
the combined effects of treatment and sulfadiazine degraders status, rather than being attributed to the

presence and activity of a single inoculated taxon (e.g., Arthrobacter strain D2) based on ordination



alone. Importantly, resistome responses differed between SIP-resolved fractions. In Ultisol
sulfadiazine degraders (*C-DNA), biochar-biofilm composite amendment reduced both ARG richness
and absolute abundance, whereas in the Mollisol the sulfadiazine-non-degrader fraction and the whole-
community fraction ARG richness declined but the total absolute abundance (i.e., operational load)
increased (Figs. 3B, C; Supplementary Table 14). Effect-size summaries based on the detected ARG
table used in Fig. 4A showed that ARG_sum increased from 0.311 to 0.859 in Mollisol 2C-DNA (A
= +0.548; 95% ClI: 0.317-0.840), whereas it decreased from 2.14 to 1.46 in Ultisol *C-DNA (A =
—0.681; 95% CI: —0.805 to —0.557) (Supplementary, Table 14). Consistent with these patterns, in the
Ultisol, the biochar-biofilm composite decreased multiple ARG classes, including aminoglycoside,
chloramphenicol, MLSB, multidrug, sulfonamide, tetracycline, and trimethoprim, as well as three
MGEs (transposase, insertion sequence, and integrase). In contrast, in the Mollisol, biochar-biofilm
composite addition increased several ARG classes, including aminoglycoside, chloramphenicol,
MLSB, multidrug, sulfonamide, and tetracycline, along with two MGEs (transposase and insertion
sequence) (Fig. 3B and Supplementary Fig. 6). The main ARG features contributing to the Mollisol
increase are summarized in Supplementary Table 14.

Crucially, these fraction-resolved results also clarify net risk interpretation: reductions observed within
the SIP-defined sulfadiazine degraders fraction do not necessarily imply a net decrease of the whole-
community resistome. In Mollisol, composite addition increased the operational whole-community
(2C-DNA) ARG load (Supplementary Table 14) and coincided with increases in multiple ARG classes
and MGEs (Fig. 3B and Supplementary Fig. 6), suggesting a potential trade-off in more fertile soils,
which aligns with recent evidence showing that nutrient enrichment (e.g., organic matter) can
significantly elevate MGE and ARG abundances even without direct antibiotic selection . Consistent
with this pattern, the concentrations of the other ten background antibiotics in the more fertile Mollisol
were all reduced on day 14 (Supplementary Fig. 8), potentially lowering selection for the
corresponding ARGs in sulfadiazine-degrading bacteria by other antibiotics. Hence, high microbial
activity alone could already potentially mitigate the ecological impact of antibiotic loads by enhancing
degradation processes **; thereby rendering the additional mitigation by the biochar-biofilm composite

largely redundant in this soil.



Targeted quantification of six sulfonamide resistance genes (sul/l, sul2, sul3, strB, sulA/folP, and folA)
showed that su/2, sul3, and fol4 were absent from sulfadiazine degraders communities in both soils *.
Among the detected genes, su/l/ dominated the sulfonamide resistome, accounting for 4.8-28% of
relative abundance (Fig. 4C). In the Ultisol, su// was more abundant in sulfadiazine non-degraders
than in sulfadiazine degraders and showed positive correlations with tnpA 2 and strB (Fig. 4E). Within
the Ultisol sulfadiazine-degrader fraction (**C-DNA), amendment with the biochar-biofilm composite
reduced sull abundance by 22 + 6.7% relative to the control (mean = SD, n = 3 microcosms). In
contrast, no reduction of sull was observed in the Mollisol. Instead, biochar-biofilm composite
addition increased the relative abundance of strB by 1.6- to 2.2-fold and suld/folP by 4.6-fold in
Mollisol degraders, whereas suld/folP was not detected in the Ultisol (Fig. 4C). In preliminary
experiments in which Arthrobacter strain D2 was incubated with sulfadiazine as the sole carbon source,
sulA/folP was detected in strain D2, whereas strB was not (Fig. 4D). This observation suggests that
strB did not originate from Arthrobacter strain D2 and that the addition of the biochar-biofilm
composite may have promoted the growth or proliferation of other s#rB-hosting bacteria. Here,
suld/folP was detected in sulfadiazine-degrading bacteria in both biochar-biofilm composite
treatments and control soils, indicating that su/4/folP was either already present in, or potentially
transferred to, indigenous sulfadiazine-degrading bacteria. Similar patterns have been reported
previously **7. Thus, in the Mollisol, the biochar-biofilm composite appeared to amplify suld/folP in
sulfadiazine-degrading bacteria rather than introducing these genes de novo.

Sulfadiazine-degrading Proteobacteria were strongly and positively correlated with plasmid
replication gene abundance and carried high MGE loads (Supplementary, Fig. 5B), indicating that they
are likely major hosts mediating plasmid-borne ARG transfer in soil. Because Proteobacteria are well
known to transfer DNA across phyla via conjugation *3, their enrichment within the sulfadiazine-
degrading fraction points to an elevated potential for horizontal ARG dissemination and, consequently,
AMR. Consistent with this Proteobacteria-centered mechanism, the most enriched pathogenic genus
among sulfadiazine degraders was Bartonella, a member of Proteobacteria, which has been reported
to exchange genes with human intestinal bacteria *°. Moreover, 16 pathogenic genera were more

abundant in the sulfadiazine degraders than in the sulfadiazine non-degraders (Fig. 5F). Notably, these



risks were soil-type dependent: in the Mollisol, most sulfadiazine-degrading pathogens established
poorly (accumulation factor < 0.5 for 90% of pathogenic taxa), likely reflecting stronger competitive
exclusion by the native microbiota. Taken together, these results indicate that sulfadiazine-degrading
communities dominated by Proteobacteria might increase opportunities for plasmid-borne ARG
transfer, while soil-specific microbial interactions potentially modulate the establishment and
persistence of potential pathogenic sulfadiazine degraders.

An exploratory correlation-based network analysis of ARGs, MGEs, and bacterial genera in
sulfadiazine-degrading bacteria showed that key ARG and MGE nodes differed between Ultisol and
Mollisol (Fig. 4E), suggesting soil-dependent co-occurrence patterns under sulfadiazine stress. Given
the limited sample size used for network inference (n = 6 per soil), these associations should be
interpreted as hypothesis-generating and do not by themselves demonstrate horizontal transfer or
causal interactions. In Ultisol, a strong correlation was observed between sul/l and tnpA_ 2 (p = 0.96,
n=6, p = 0.034), which is consistent with previous research 4’°°. Bacterial metabolism of sulfadiazine
under high sulfadiazine concentrations might simultaneously promote the co-selection or co-
mobilization of sul/l and tnpA 2. A contig-based analysis revealed the composite ARG sull-tnpA,
while Antarctic soil-derived ARB exhibited simultaneously high abundances of sul// and tnpA 2,
suggesting that tnpA might generally contribute to the horizontal transfer of su/l *’>!. While a direct
and significant correlation between su/l and tnpA 2 was not observed in Mollisol, both exhibited
strong associations with ISSm2 Xanthob, consistent with the potential co-occurrence of su/l with
MGEs during sulfadiazine degradation. Under high sulfadiazine stress in both Ultisol and Mollisol,
sull was strongly correlated with some MGEs, suggesting that ARG-MGE co-occurrence may remain
elevated while sulfadiazine persists, and motivating future validation with higher replication and/or

contig-resolved evidence.

Mitigation of virulence factors and pathogenic bacteria
Following the addition of the biochar-biofilm composite, the total relative abundance of pathogenic
bacteria and VFs decreased in both sulfadiazine-degrading and non-sulfadiazine-degrading

communities (Fig. 5D, E). In the Ultisol, the most pronounced reductions were observed for VF



categories associated with stress response and iron uptake systems (Fig. SE). In contrast, in the more
fertile Mollisol, VF categories showed a more uniform decrease across most functional mechanisms.
Regardless of biochar-biofilm composite addition, the total relative abundance of pathogenic bacteria
remained lower in the Mollisol than in the Ultisol. As a biochar-biofilm composite carrier, biochar
retains a substantial number of persistent surface free radicals, which can potentially disrupt the
membranes of pathogenic bacteria >2. The iron-rich composition of the Ultisol ** could further promote
the generation of such persistent surface free radicals *°°. These molecular features may have
implications not only for ion adsorption but also for the expression of proteins associated with VFs %,
potentially modulating mechanisms related to stress proteins and the iron uptake system within VFs.

The accumulation factor for 16 pathogenic taxa in the Ultisol control soil was greater than 1, indicating
preferential enrichment among sulfadiazine degraders relative to sulfadiazine non-degraders (Fig. 5F).
Among these pathogenic bacteria, Bartonella showed particularly strong enrichment, with a 1.96-fold
higher relative abundance among sulfadiazine degraders than among sulfadiazine non-degraders.
However, the addition of the biochar-biofilm composite reduced the abundance of these pathogenic
taxa. This reduction in VF abundance effectively mitigates the specific enrichment of pathogenic

sulfadiazine degraders, particularly in the Ultisol.

Conclusions and environmental implications

To improve process-level resolution, future studies should integrate SIP with metatranscriptomics (or
RT-gPCR targeting sulfadiazine-catabolic genes) and pathway-level functional profiling to better
quantify the contribution of inoculated degraders and link resistome shifts to metabolic adaptation in
situ. From an applied perspective, field-scale validation under manure-amended conditions is needed
to test efficacy under heterogeneous and repeated-input scenarios and to determine whether the
observed reduction in bioavailable sulfadiazine reflects durable remediation or primarily temporary
sequestration. Such studies should also assess the long-term stability and potential remobilization of
sequestered and unrecovered pools, as well as practical deployment strategies and cost-effective scale-
up of the biochar-biofilm composite.

In conclusion, this study demonstrates that biochar-biofilm composite can enhance the depletion of



bulk-soil extractable parent sulfadiazine (i.e., operational ‘removal’ of the parent compound) in less
fertile Ultisol, a soil type prevalent in subtropical and tropical agroecosystems. Given that cumulative
13CO. mineralization remained < 2% of the initial *C spike, and that the majority of the '3C-
sulfadiazine ended in the non-extractable pool, the fast dissipation of sulfadiazine and its ‘removal’
from the bioavailable fraction should be interpreted primarily as sequestration into the biochar
composite, or microbially mediated bound-residue formation rather than to complete mineralization.
Accordingly, the dominant benefit over the incubation timescale studied here is best viewed as
short-term risk mitigation via reduced bioavailable exposure, while the long-term stability and
potential remobilization of sequestered and unrecovered pools remain to be validated. These effects
are most consistently explained by the redistribution of antibiotic residues, mitigation of microbial
stress, and suppression of ARG proliferation within antibiotic-degrading communities. Notably, the
reduced abundance of pathogenic bacteria observed in amended Ultisols suggests a potential dual
benefit for soil health and food safety. In contrast, Mollisols, temperate grassland-derived soils
characterized by higher organic matter content and microbial diversity, did not exhibit comparable
responses. This difference likely reflects the greater intrinsic resilience of Mollisol microbial
communities to antibiotic perturbations and is consistent with previous observations that biochar
amendments often confer limited benefits in already fertile soils °’. More broadly, these results suggest
that under comparable manure-derived antibiotic inputs, biochar-biofilm composites are most effective
in low-fertility or disturbed soils characterized by lower SOM or DOC and lower nutrient or CEC
levels (Supplementary, Tables 1 and 2), where intrinsic antibiotic dissipation is limited, and exposure

windows are longer.

Methods

Soil, manure, antibiotics, and biochar-biofilm composite

Soil samples were collected as composites from an Ultisol and Mollisol in Yingtan and Changchun,
China, respectively (for soil properties, Supplementary, Table 1). Ultisols are known for their low
fertility due to their inherently acidic nature and high phosphorus-fixing capacity, whereas Mollisols
are among the most fertile soils globally, rich in organic matter and nutrients. Pig manure was obtained

from a medium-intensive farm in Yingtan, China, after a 2-month composting process. The soil and



manure were air-dried, gently ground, and passed through a 0.85-mm sieve before use.

To simulate the dominant route by which veterinary antibiotics enter agricultural soils and to compare
soil-type effects under a common exposure scenario, all soil samples were amended with 4% (w/w)
pig manure collected from a local farm after two months of composting and were then homogenized
by air-drying and sieving through a 0.85-mm mesh. The amended soils were pre-incubated at 25 °C
for two weeks at 28% water-holding capacity to re-equilibrate the microbial communities. Moisture
was replenished every two days during the pre-incubation. Subsequently, soils were amended with 20
mg kg of *Ce-sulfadiazine (99%; Cambridge Isotope Laboratories) and incubated for an additional
21 days. To quantify excess '°C attributable to sulfadiazine degradation, a parallel set of non-labeled
soils received unlabeled sulfadiazine at the same concentration. Sulfadiazine stock solutions were

prepared in methanol and added to achieve the target concentration.

A portion of the soil samples was subjected to biofilm treatment using the Arthrobacter strain D2 grown
on biochar carriers. The bacterial load was approximately 1.0x10'! colony-forming units g'!. Bamboo
biochar (0.6-0.85 mm) was used as the carrier material. prepared from bamboo biomass by oxygen-
limited pyrolysis at 500 °C, was used as the carrier material. For biochar preparation, bamboo biomass
was washed with deionized water and oven-dried for 12 h, placed in lidded ceramic crucibles, heated
to 500 °C at 10 °C min ™, held for 2 h, and allowed to cool naturally in the closed furnace. The resulting
biochar was gently ground and sieved to 0.60-0.85 mm for subsequent experiments. Scanning electron
micrographs analyses confirmed that biofilms formed only on biochar, whereas no comparable
structures were observed on montmorillonite, kaolin, or goethite (Supplementary Fig. 2), supporting
the selection of biochar as the sole carrier. The physicochemical properties of the carrier, bamboo
biochar, are documented in Supplementary Table 2. The biochar-biofilm composite was added in an

amount of 40 g kg* soil.

Arthrobacter strain D2 was obtained from the laboratory of Professor Tong Zhang at The University
of Hong Kong and cultivated in Luria-Bertani medium at 37 °C. After 24 h of incubation, cells were
harvested, washed twice with sterile phosphate-buffered saline (PBS), resuspended in mineral salts
medium, and adjusted to an optical density of 1 at 600 nm (ODsoo). The mineral salts medium contained
(per litre) 1.0 g (NH4)2SO4, 0.2 g MgSO4-7H20, 0.1 g CaCl, 1.0 g K:HPOs, and 0.5 g KH2POu; after
sterilization and cooling to approximately 60 °C, 2 mL L' of Coleman Lab MSM metals solution was
aseptically added. The metals solution contained (per litre) 6.37 g Na.EDTA-2H-0, 1.0 g ZnSO4-7H-0,
0.5 g CaCl>-2H20, 2.5 g FeSO4-7H20, 0.1 g NaMoO4-2H:0, 0.1 g CuSO4-5H-0, 0.2 g CoClz:6H-0,



0.52 g MnSOa4-H-0, and 60.0 g MgSOa4-7H20. The carrier biochar-based biofilm culture system was
established by combining 8 mL of bacterial suspension (ODsoo = 1), 32 mL of Luria-Bertani medium,
and 4 g of biochar in a total volume of 40 mL. After natural sedimentation, the biochar-biofilm
composite was washed twice with PBS and freeze-dried under vacuum at -80 °C. Biofilm biomass on
biochar was calibrated by combining dry-weight measurements of lyophilized culture aliquots with

colony-forming unit counts obtained by serial dilution plating.

Microcosm incubation, sampling, and chemical analyses

All treatments were conducted in triplicate. Soil and CO2 gas samples were collected on days 0, 7, 14,
and 21 of incubation using airtight incubation bottles equipped with gas-sampling ports. At each time
point, headspace gas (20 mL) was withdrawn using a gas-tight syringe for CO. and *CO: analysis,
while soil subsamples were taken to determine *C-sulfadiazine concentrations. We then assessed the
CO2 concentration from soil respiration as well as the '*C-sulfadiazine concentration in soil, together
with the bulk 8'*C in soil, CO2, and biochar-biofilm composite. In addition, DNA was extracted on
day 14 before the remaining antibiotics were fully degraded (Supplementary, Fig. 1). Extractable
parent *C- and *C-sulfadiazine were quantified separately for bulk soil and, where applicable, for the
recovered biofilm fraction by liquid chromatography-triple quadrupole mass spectrometry (LCMS-
8050, Shimadzu, Tokyo, Japan). The *C content of respired CO. was determined from headspace
analyses using a gas chromatograph (Agilent 7890B, Agilent Technologies, Santa Clara, CA, USA)
coupled to a MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).

Ambient air was periodically introduced into the bottles to maintain adequate oxygen levels.

In biofilm-amended microcosms, the recovered material was analyzed as a separate compartment
(‘recovered biofilm fraction’). For the recovery procedure, freeze-dried soils were first gently
disaggregated and passed through a 0.6-mm sieve to remove the fine soil fraction; biochar particles
(0.60-0.85 mm) carrying attached biofilms were then manually sorted from the retained fraction.
Loosely attached soil particles were removed using a soft brush to minimize soil carryover while
avoiding damage to the biofilm matrix. The reported sulfadiazine concentrations for this fraction
therefore represent extractable parent sulfadiazine recovered by solvent extraction and operationally

reflect the extractable pool rather than total sorbed or intracellular sulfadiazine.

Extraction of '3C-sulfadiazine from soil and the biochar-biofilm composite was performed using a
modified QuUEChERS method 2*%8. To assess background contamination, extracts were additionally

screened for other antibiotics using liquid chromatography-triple quadrupole mass spectrometry



(LCMS-8050, Shimadzu, Tokyo, Japan), given that agricultural soils and manures may contain pre-
existing antibiotic residues. In total, ten additional antibiotics were detected in the original soil.
Analytical conditions and measured concentrations are provided in Supplementary Tables 4 and 5.
Briefly, freeze-dried samples were ground to pass a 0.25-mm sieve and 1.5 g of homogenized material
was amended with 2.0 mL Na:EDTA solution (150 mg L") in 50-mL polypropylene centrifuge tubes
containing two ceramic homogenizers. After vortexing for 1 min, 5 mL acetonitrile:methanol (65:35,
v/v) was added, followed by 2.0 g anhydrous Na.SO4 and 0.5 g NaCl. Samples were vortexed,
centrifuged at 6000 g for 10 min, and 1.3 mL of supernatant was subjected to dispersive solid-phase
extraction using C18 (12.5 mg), primary secondary amine (PSA; 12.5 mg), and Na>SO4 (225 mg).
After mixing and centrifugation at 10000 g for 5 min, 1.0 mL of the supernatant was transferred to
brown glass vials for LC-MS/MS analysis. The same extraction protocol was applied to biochar-
biofilm composite and manure samples to assess background residues. Sulfadiazine spike-recovery
tests were conducted in soil, manure, and biochar-biofilm matrices, and recoveries ranged from 76.0

+2.7% t0 97.6 + 0.4% across the tested matrices (Supplementary Table 3).

Visualization and composition analysis of biochar-biofilm composite

After fixing the biofilms with 2.5% glutaraldehyde, the microbes in the biofilm were added to the soil
on day 0, and the biochar-biofilm composite recovered on day 14 was examined under a scanning
electron microscope (HITACHI SU8010). In a carrier-screening experiment, scanning electron
microscopy after 24 h showed bacterial attachment to montmorillonite and kaolin but no distinct
biochar-biofilm composite structures, while little attachment was observed on goethite; in contrast,
clear biofilms were observed on biochar. After 14 d of soil incubation, recovered biochar-biofilm
composites still harboured different bacterial morphotypes and extracellular polymeric substances,
supporting the use of biochar as the sole carrier material. Soil pH was measured in a 1:2.5 (w/v)
soil:water suspension using a Mettler Toledo FE28-CN pH meter. Elemental C, H, N, and S were
determined by dry combustion using an Elementar Vario EL Cube elemental analyser. The Brunauer-
Emmett-and Teller surface areas of soils, biochar, and biochar-biofilm composite are summarized in

Supplementary Table 6.

Microbiome Processing: Molecular and metagenomic analyses



DNA was extracted from soil using the FastDNA Spin Kit (MP Biomedicals, CA, USA), whereas DNA
from Arthrobacter strain D2 was extracted using the OMEGA Bacterial DNA Kit D3350. Extracted
DNA was quantified with a Qubit 3.0 fluorometer (Thermo Fisher Scientific, USA) and stored at -
80 °C. *C-labeled DNA was isolated through cesium chloride (CsCl) ultracentrifugation (45,000 rpm,
45 h, 20 °C) *°. The heavy DNA layer was identified based on 16S rRNA gene abundance, representing
13C-enriched sulfadiazine degraders °. For buoyant-density fractionation, 16S rRNA gene copy
numbers in individual gradients were quantified on a qTower 3G real-time PCR system (Analytik Jena,
Germany) using TB Green Premix Ex Taq with primers 515F (5'-GTGCCAGCMGCCGCGG-3") and
907R (5'-CCGTCAATTCMTTTRAGTTT-3"). Heavy and light DNA layers of each sample were
subsequently pooled separately and stored at -80 °C. Additional qPCR conditions are summarized in
Supplementary Tables 7 and 8.

High-throughput qPCR was conducted using the Takara SmartChip Real-time PCR system (100 nL
per reaction) with automated dispensing via the Multisample Nanodispenser **°!. A total of 384 primer
pairs were used to quantify ARGs, MGEs, and 16S rRNA genes in DNA from soil, manure, and
Arthrobacter D2, including 96 primer pairs specific to heavy-layer DNA from labeled and non-labeled
treatments (Supplementary Table 9). Genes detected in at least two of three replicates (Ct < 30) were
considered valid 4162, Heavy-layer DNA from '2C- and 'C-sulfadiazine-treated soils was used for
metagenomic sequencing (Illumina NovaSeq, Majorbio) to identify antibiotic-degrading microbes and
virulence factors (VFs). For biochar-biofilm composite samples, full-length 16S rRNA gene
sequencing (PacBio) was performed to resolve species-level taxonomy. Metagenomic libraries (~400

bp) were prepared using the NEXTFLEX Rapid DNA-Seq kit, and annotations were conducted against

the NR and VFDB databases using DIAMOND and BLASTP (e < 107%).

Calculation of isotope metabolism and abundance of ARGs and microbes

The non-labeled treatments served as natural-abundance controls to calculate A3"*C with Eq. (1),
convert 8"*C to atom-% with Eq. (2), and partitioning of CO: into sulfadiazine-derived and soil-derived
sources using a two-pool isotope-mixing model as Eq. (3). The relative abundance of '*C in soil and
CO2 was expressed as the difference between the labeled and non-labeled treatments, yielding A§'*C
(%o0) as follows: Eq. (1):

13 o/ 513 <13
Ao C(%’O)_a Clabeled treatment 0 Cnon*labeledtreatment (1)



The 8"C values were converted to atom-% using the VPDB standard ratio (R _standard = 0.0111802):
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The CO2 efflux from '*C-sulfadiazine soil was partitioned into '*C-sulfadiazine-derived and soil-
derived components with the two-pool isotope-mixing model Eq. (2) **. This model partitions the total
CO: efflux from soil with *C-sulfadiazine into sulfadiazine-derived and soil-derived components

based on *C atom-% mass balance.

atom% 13COZ’,Dmratom% 13C02,Sg,-1 (3)
atom% 13CO, gyifadiazine~atom% 13COx 401

Where COz, 3C-sulfadiazine-derived, CO2, soit, and CO2, otal refer to the *C-sulfadiazine-derived CO2-

COZ, sulfadiazine—derived:COZ,total X

C, soil-derived CO2-C, and total CO2-C from soil with '*C-sulfadiazine, respectively. Atom-% *COs,
sulfadiazine-derived, atom-% 3CO2, soil, and atom-% *CO2 total are the '3C atom-% values of the CO2, derived
from '*C-sulfadiazine, non-labeled soil, and '*C-sulfadiazine soil, respectively.

Calculation of mineralized '*C-sulfadiazine in soil via *CO2 is shown in Supplementary Eq. (4).

1 1 O6Xmexns o
Mineralized *Cs-SDZ=CO; sp7_derived X ——————2% (4)
Mco,

In Eq.(5), CO2, spz-derived represents the mass of sulfadiazine-derived CO:-C (mass of carbon), mc is

the molar mass of carbon, m13C6-SDZ is the molar mass of fully '*Cs-labeled sulfadiazine, and “6” is

the number of labeled carbons per molecule.
The relative gene copy number of ARG was calculated using Eq. (5) > with a cycle-threshold (Ct)

detection limit of 30.

30-Ct
Relative gene copy number = 10 33333 (5)

The relative abundance of ARGs was then normalized to the 16S rRNA gene copy number using Eq.

(6). following a previous report .

relative gene copy number

RAarG (%) =

x 100 (6)

relative gene copy numberigs rRNA gene
For metagenomic datasets, the relative abundance of VFs and pathogenic taxa were normalized to the

16S rRNA gene copy number, Supplementary Egs. (7, 8).



. read counts (VFs,
normalized RA vrs (%) =

x100 (7)

relative gene copy number (16s rRNA gene)

reads number (pathogenic bacteria)

normalized RA pathogenic bacteria (%) = x100 (8)

relative gene copy number (i6s A gene)
In Egs. (7) and (8), read counts refer to quality-filtered mapped reads assigned to the VF catalogue or
to the target pathogenic taxon, respectively, and relative gene copy number 16S denotes the sample-
specific 16S rRNA gene copy number.

The accumulation factor was used to evaluate the enrichment of pathogenic bacteria in *C-labeled
sulfadiazine degraders relative to sulfadiazine non-degraders, Eq. (9):

RACCuuiudiine) ©)

accumulation factor =—
RA("Csulfadiazine)

Here, accumulation factor > 1 indicates a higher relative abundance of pathogenic bacteria in
sulfadiazine-degrading bacteria (RA ('°C sulfadiazine)) than in non-degrading ones (RA

(12C_sulfadiazine)), whereas an accumulation factor < 1 indicates the opposite.
For compartment-level '*C mass balance, the initially applied *C-SDZ spike was partitioned into bulk-
soil extractable parent SDZ (f soil), recovered-biofilm-fraction extractable parent SDZ (f biofilm),
mineralized SDZ calculated from '*CO: production (f mineralized; Eq. (4)), and an unrecovered *C
pool calculated by difference:

f unrecovered (%) = 100 — f soil — f biofilm — f mineralized. (10)
The unrecovered pool represents *C in transformation products, bound residues, and/or biomass

incorporation that was not quantified as extractable parent SDZ or mineralized *CO-

Data analysis

Initial data processing was performed in R (version 4.2.3). Because all microcosm treatments
were conducted in triplicate (n = 3), we emphasize effect sizes (e.g., PERMANOVA R?) and provide
effect-size-based summaries with confidence intervals for key resistome metrics (Supplementary Table
14), while treating correlation-based network patterns as exploratory. One-way analysis of variance
(ANOVA) was used to compare ARGs, community composition, and their relative abundances across
treatments, and results were visualized as heatmaps using the packages ‘plyr’, ‘ggplot2’, and ‘stringr’.
Histograms and line graphs were created in OriginPro 2023 (Learning Version). Multivariate

differences in ARG (or community) profiles were assessed using Bray—Curtis dissimilarities and tested



by PERMANOVA (adonis2, vegan), including permutations restricted within soil strata where
applicable (Supplementary Table 12). Homogeneity of multivariate dispersions was evaluated using
PERMDISP/betadisper (Supplementary Table 13). Spearman’s rank correlations among ARGs, MGEs,
and bacterial genera were computed in R using the ‘psych’ package. Significant correlations (p > 0.7
and p < 0.05) were visualized through correlation networks in Gephi 0.10.1 and Cytoscape 3.9.1 to

illustrate pairwise relationships 4°.
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Figure Captions

Fig. 1 | Distribution and transformation of C-sulfadiazine in Ultisol and Mollisol
with or without biochar—biofilm amendment.

A, Degradation of sulfadiazine (SDZ) in the soils at different incubation times. B, First-
order kinetics fitting for sulfadiazine degradation in different treated soils. C,
Percentage distribution of extractable parent SDZ between bulk soil and the recovered
biofilm fraction (biochar carrier plus attached biofilm, separated from soil) at day 14
and day 21. D, Compartment-level *C mass balance of the initially applied *C-SDZ
into bulk-soil extractable parent SDZ, biochar—biofilm composite extractable parent
SDZ, mineralized *CO-, and unrecovered *C (by difference) at day 14 and day 21.
Unrecovered '*C represents transformation products, bound residues, and biomass
incorporation. E, Concentration (mg kg™') of extractable parent SDZ in bulk soil and in
the recovered biofilm fraction at day 14 and day 21. F, 8"*C of CO: derived from soil
respiration over time. G, Cumulative proportion (%) of mineralized *C-SDZ over
different incubation periods. Error bars in E-G represent s.d. Ul, Ultisol; Mo, Mollisol;
Control, soil without biochar—biofilm composite; biofilm, soil amended with biochar—
biofilm composite; ?C, soil treated with unlabeled SDZ; 3C, soil treated with *C-
labeled SDZ; Ul bio and Mo_bio denote the recovered biofilm fractions from Ultisol
and Mollisol, respectively. Different lowercase letters indicate significant differences

among treatments within the same sampling time (one-way ANOVA, p < 0.05).

Fig. 2 | Coupling of sulfadiazine-degrading communities with the antibiotic
resistome across domains and soil types.

A, Consistency analysis for the sulfadiazine-degrading microbial community (bacteria,
archaea, eukaryotes, and viruses) and the antibiotic resistome based on non-metric
multidimensional scaling (NMDS) of species and antimicrobial resistance genes
relative abundance. B, Consistency analysis of sulfadiazine-degrading bacteria and the
antibiotic resistome in Ultisol and Mollisol. In each subplot, coloured circles and
matching coloured triangles denote paired sample positions in the two ordinations, and
blue arrows connect matched points. M? denotes the Procrustes sum of squares; P values

were obtained by permutation tests (999 permutations).

Fig. 3 | Antimicrobial resistance genes and mobile genetic elements in sulfadiazine-

degrading bacteria.



A, Relative abundance (RA) of all detected ARGs and mobile genetic elements (MGEs).
B/C, Absolute abundance/detected number of ARGs with different resistance classes in
the heavy layer DNA of different treated soils. In A, heatmap colours change from white
to dark red with increasing RA, and grey cells indicate no detection. In B and C, blue
bars denote control soils and magenta bars denote biofilm-amended soils within each
soil-specific subplot; inset panels show enlarged views of low-abundance classes. Error
bars represent s.d. *C indicates heavy-layer DNA from soil treated with *C-labeled
sulfadiazine, corresponding to sulfadiazine-degrading bacteria. '*C indicates heavy-
layer DNA from the '?C-sulfadiazine treatment, corresponding to non-sulfadiazine-
degrading bacteria. Asterisks indicate significant differences between treatments (p <

0.05).

Fig. 4 | Resistome structure, sulfonamide resistance genes and ARG-host
association networks in heavy-layer DNA and the D2 enrichment culture.

A, Principal coordinate analysis (PCoA) of ARG profiles (all detected ARGs) in the
heavy layers of '“C-sulfadiazine and '*C-sulfadiazine treated soils, based on Bray—
Curtis dissimilarities of relative abundance. PERMANOVA (adonis2) results for ARG
profiles are provided in Supplementary Table 12; homogeneity of multivariate
dispersions (PERMDISP and betadisper) is provided in Supplementary Table 13. B,
PCoA of microbial community composition in the same heavy-layer DNA samples,
based on Bray—Curtis dissimilarities of relative abundances. C, Relative abundance of
sulfonamide resistance genes. Genes sul2, sul3, and folA were not detected in any
sample and are not shown here. Asterisks indicate significant differences (p < 0.05). D,
Relative abundance of sulfonamide resistance genes and MGEs detected in D2 bacteria
under incubation conditions with sulfadiazine as the sole carbon source. Heatmap
colours change from white to dark red with increasing relative abundance, and grey
cells indicate no detection. E, Network analysis comparing the co-occurrence patterns
of ARGs. A connection represents a strong (Spearman's correlation coefficient p > 0.7)
correlation between the ARG subtype and MGE subtype and bacterial genera;
coefficient p > 0.7) and significant (p < 0.05, n > 5) correlation. Only bacteria
associated with ARGs or MGEs are shown, with no correlations within different

bacteria.



Fig. 5 | Enrichment of Arthrobacter strain D2 and shifts in pathogenic bacteria and
virulence factors.

A, Relative abundance of the top 50 bacterial genera. Arthrobacter is the 50" most
abundant bacterial genera. B, Relative abundance of Arthrobacter strain D2 in the bulk
soil compartment for Ultisol and Mollisol microcosms under control and biofilm-
amended treatments (samples collected at day 14), based on metagenomic sequencing
of species information. C, Relative abundance of Arthrobacter strain D2 in the
recovered biochar—biofilm composite, from the biofilm-amended treatments at day 14
based on 16S rRNA gene full-length sequencing species information. ND indicates
below the detection limit. Error bars represent s.d. D, Relative abundance of pathogenic
bacteria in soil that received different treatments. E, Relative abundance of virulence
factors (VFs) is categorized based on mechanisms levels. Level 1 is shown in different
patterns in the Figure, and level 2 is shown in different colors in the Figure. F,
Accumulation factors (AFs) of pathogenic bacteria of sulfadiazine-degrading bacteria

in soils.

Editorial summary:
Biochat-biofilm carrying >i<Arthrobacter>/i< D2 reduced antimicrobial resistance
genes and virulence factors in less fertile Ultisol, whereas more fertile Mollisol showed

community resilience, based on DNA-stable isotope probing of soil samples.
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