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Microbial biodeterioration is a major concern for the conservation of historical cultural
relics worldwide. However, the ecology involving the origin, composition, and estab-
lishment of microbiomes on relics, once exposed to external environments, is largely
unknown. Here, we combined field surveys with physiological assays and biological
interaction experiments to investigate the microbiome in the Dahuting Han Dynasty
Tomb, a Chinese tomb with more than 1,800 y of history, and its surrounding environ-
ments. Our investigation finds that multikingdom interactions, from mutualism to
competition, drive the microbiome in this subterranean tomb. We reveal that Actino-
bacteria, Pseudonocardiaceae are the dominant organisms on walls in this tomb. These
bacteria produce volatile geosmin that attracts springtails (Collembola), forming an
interkingdom mutualism, which contributes to their dispersal, as one of the possible
sources into the tomb from surrounding environments. Then, intrakingdom competi-
tion helps explain why Pseudonocardiaceae thrive in this tomb via the production of a
mixture of cellulases, in combination with potential antimicrobial substances. Together,
our findings show that multikingdom interactions play an important role in governing
the microbiomes that colonize cultural relics. This knowledge is integral to understand-
ing the ecological and physiological features of relic microbiomes and to supporting the
relics’ long-term conservation.
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Historical cultural relics are symbols of ancient cultures and arts and need to be pro-
tected for future generations. However, ancient relics are very vulnerable to biological
activity (e.g., biodeterioration) in interaction with physical and/or chemical aggres-
sions, especially when open to external environments (1-3). Complex and diverse
microbial communities can colonize these relics and, in many cases, they contribute
to the deterioration of these items (4—6). Microorganisms that thrive on relics might
be just a reflection of the surrounding environmental microbiome (7). Yet, little is
known about the ecology involving the origin, composition, and establishment of
microbiomes on cultural relics (3, 8). This knowledge is the first step toward the
development of high-throughput strategies to ensure the long-term conservation of
cultural relics.

The microbiomes colonizing cultural relics in ancient tombs and/or caves are often
dominated by a few supercompetitive microorganisms. For instance, Actinobacteria are
often dominant in tombs and caves worldwide (5, 9-11) and can drive the biodeterio-
ration of inside items via the production of organic acids, the formation of biofilms,
the penetration of relic materials, and/or the excretion of a mixture of cellulolytic
enzymes (12-14). However, the provenance of these microorganisms, their dispersion
media, and how they outcompete others in tombs and/or caves remain poorly under-
stood. Multiple theories could explain the mechanisms of microorganisms to disperse
and thrive in these environments alone or in combination. First, interspecies mutualism
can help the dispersal of microorganisms (15). Actinobacteria have been reported to
release geosmin and 2-methylisoborneol, terpenoid substances which can attract soil-
dwelling arthropods (e.g., springtails) as food sources and/or defensive symbionts (16)
to help them disperse in fecal pellets and/or attach to bodies when arthropods move
around (17). Such a dispersal mechanism could partly explain the dominance of
Actinobacteria in ancient tombs and/or caves. Second, two types of intraspecies compe-
tition have been recognized in ecology, namely exploitative and interference competi-
tions (18). The first form indicates that species indirectly compete through resource
exploitation, while the second form indicates that one species directly harms another
via, for example, antibiotic substances. Actinobacteria could exclude and outnumber
other bacteria on relics via a stronger metabolic capability, especially for recalcitrant
organic matter degradations (19) and secondary metabolite excretions [e.g., antibiotics
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(20)]. Thus, we hypothesize that a combination of multiking-
dom mutualistic and competitive relationships is one of the
major reasons for the dominance of a few groups of microor-
ganisms on relics in ancient tombs and/or caves. Such insightful
knowledge of the ecology of relic microbiomes is fundamental
to eliminating the organisms that lead to biodeterioration.
Here, we investigate the microbiome of the Dahuting Han
Dynasty Tomb in China. The Dahuting Han Dynasty Tomb
is a subterranean tomb (Fig. 1 and S/ Appendix, Fig. S1) with
more than 1,800 y of history, and has been open to natural
environments for over 60 y. Being one of the largest excavated
tombs of the Han Dynasty (202 BC to AD 220), it provides a
detailed record of all aspects of daily life (i.e., sacrifice, cooking,
costumes, and entertainment) at that time (Fig. 1A4). To avoid
unintended human impacts such as those reported for Lascaux
Cave (Dordogne, France) (7) and Altamira Cave (Cantabria,
Spain) (21), this tomb was closed to visitors in the 1990s.
Thus, it provides an excellent site to investigate the ecological
and physiological features of microbiomes of historical relics in
the absence of human activity which could trigger acute and/or
strong environmental perturbations. White colonies, visible to
the naked eye, have developed pervasively on the tomb walls
(Fig. 1 B-E). Scanning electron microscopy is used to identify
the typical filamentous morphology of Actinobacteria (Fig. 1F).
We use ecological theories, next-generation sequencing strat-
egies (both amplicon and shotgun metagenomics), physiological
profiling assays (for screened strains), and biological interaction
experiments to investigate the origin, composition, and estab-
lishment of the microbiome colonizing this emblematic relic.
Our study aims to 1) investigate the contribution of interking-
dom signaling interactions (Actinobacteria—arthropods) in
explaining the dispersal of Actinobacteria in the tomb, and 2)

identify specific cellulolytic enzymatic and antimicrobial
machineries that allow these bacteria to colonize and dominate
the microbiome in these environments via exploitative and
interference competitions within the kingdom. We posit that
these ecological (i.e., species biointeractions and composition
dynamics) and physiological (i.e., genes coding for enzymes
and metabolic pathways in metagenomics as well as the pro-
duced geosmin, cellulases, and antimicrobial substances of
screened Actinobacteria strains) findings can provide insights
for the conservation of historical cultural relics and remains.

Our study provides evidence that the family Pseudonocardia-
ceae within the phylum Actinobacteria are the dominant organ-
isms in the Dahuting Han Dynasty Tomb and that their
success in colonizing, thriving, and ruling such environments
can be explained by interkingdom mutualistic (bacteria—Col-
lembola) and intrakingdom competitive (bacteria—bacteria)
interactions. In particular, our survey and experiments show
that Actinobacteria—arthropod signaling interactions via geo-
smin (i.e., interkingdom mutualism) can partly explain how
Actinobacteria disperse into the tomb from surrounding envi-
ronments. Our physiological assays, based on Pseudonocardia-
ceae strains screened from this tomb, and metagenomic data
further indicate that Actinobacteria produce a powerful mixture
of cellulases that confers a greater substrate metabolic capability
in their colonization of these environments over other bacteria
(namely, intrakingdom exploitative competition); the intraspe-
cies antagonism could also contribute to the dominance of
Actinobacteria in this tomb (namely, intrakingdom interference
competition). Together, our work highlights that multiking-
dom biological interactions contribute to the origin, composi-
tion, and establishment of the microbiomes responsible for the
biodeterioration of historical cultural relics.

Fig. 1. Pictures of the Dahuting Han Dynasty Tomb, which has a 1,800-y history and has been open to environments for over 60 y. (A) The remarkable and
sophisticated murals record the living and social activities of the people in the Han Dynasty (202 BC to AD 220). (B-E) White colonies, which are visible to the
naked eye, are pervasive on tomb walls. (F) Photomicrographs of white colonies on walls presented by scanning electron microscopy.
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Results and Discussion

Dominant Microbiome of the Tomb. Our results indicate that
Actinobacteria taxa (in terms of operational taxonomic units;
OTUgs) are the dominant bacterial group in the Dahuting Han
Dynasty Tomb, accounting for between 57.88 and 73.87% (an
average of 67.17%) of all bacterial 16S ribosomal RNA (rRNA)
reads among 10 tomb samples, based on amplicon sequencing,
and between 32.77 and 41.71% (an average of 36.65%) of all
bacterial reads, based on PCR bias—free shotgun metagenomic
sequencing. Proteobacteria (21.28 and 24.37%), Acidobacteria
(4.96 and 1.50%), and Planctomycetes (1.86 and 1.49%) (Fig.
2 and SI Appendix, Figs. S2A and S3A4) are the next dominant
bacteria in this tomb according to amplicon and metagenomic
sequencing results. QPCR analyses confirm the dominance of
bacteria vs. fungi and eukaryotes throughout the tomb (87
Appendix, Fig. S4). At higher resolution, family Pseudonocar-
diaceae taxa show the highest percentages within the phylum
Actinobacteria, ranging from 73.26 to 95.01% (amplicon
sequencing) and from 54.29 to 78.04% (shotgun metagenom-
ics) (Fig. 2 and SI Appendix, Figs. S2C and S3B). We were
further able to screen and culture eight strains affiliated with
Pseudonocardiaceae from this tomb. Colony morphologies of
these strains are exhibited in S/ Appendix, Fig. S5. The white
color of Pseudonocardiaceae strain colonies well aligns with
those observed pervasively on the walls of the Dahuting Han
Dynasty Tomb. Pseudonocardiaceae have been reported in sub-
terranean tombs and caves worldwide, such as Dona Trinidad,
Santimamine, and Altamira Cave in Spain (5, 9), Etruscan
necropolises in Italy (10), and Lascaux Cave in France (11).
Further amplicon sequencing analyses reveal that the most
eukaryotic 18S rRNA reads belong to the phylum Arthropods
(90.47%), order Collembola (71.59%) (Fig. 2 and S/ Appendix,
Fig. S2 Band D). It is consistent with the metagenomic result,
with the highest (32.79%) eukaryotic reads belonging to
arthropods (87 Appendix, Fig. S3C). The dominance of Collem-
bola has also been observed in subterranean tombs and caves
worldwide (11, 22-24).

Environmental Filtering Selects the Microbiome of the Tomb
from Surrounding Soils. Both bacterial and eukaryotic commu-
nity compositions substantially differ between the tomb and

Actinobacteria (67.17% vs. 25.33%)

ﬂ Proteobacteria

[ Acidobacteria

acishyges
== Microbacteriaceas,

the surrounding soils, as indicated by a Jaccard distance-based
redundancy analysis (RDA) (87 Appendix, Fig. S6 A and B) and
a Bray—Curtis distance-based heatmap (P < 0.01) (S7 Appendix,
Fig. S6 Cand D). Moreover, 94.69% of bacterial and 84.76%
of eukaryotic taxa detected in the tomb are just subsets of those
found in surrounding soils (Fig. 2). All the above information
suggests that surrounding environments might provide species
pools for the tomb (10, 11, 25) and herein some species are
then selected via environmental filtering (26, 27). Subterranean
tombs present relatively constant conditions, which is in con-
trast with the conditions in surrounding environments (S/
Appendix, Fig. S7), and this stability might act as an environ-
mental filter and explain these community differences. In fact,
RDAs indicate that temperature and humidity stabilities, as
well as the presence/absence of illumination, can help explain
the differences in microbial community composition between
environments inside and outside the tomb (57 Appendix, Fig.
S6 A and B).

Multikingdom Ecological Network Thrives in the Tomb. Our
analyses further reveal multiple associations between species
within Actinobacteria and Collembola, as well as between Acti-
nobacteria and other bacterial species. We constructed a cooc-
currence network between Pseudonocardiaceae and Collembola
taxa as well as other bacterial taxa (Fig. 34) (Materials and
Methods). The seven highest-abundance Collembola taxa show
significantly positive correlations with the dominant Pseudono-
cardiaceae taxa (especially OTU1) (SI Appendix, Fig. S84). In
particular, the read abundance of Pseudonocardiaceae-like
OTU1 accounts for more than 50% of the 101 Pseudonocar-
diaceae taxa in each sample. In contrast, significantly negative
correlations between Pseudonocardiaceae-like OTU1 and 60
bacterial taxa are observed (87 Appendix, Fig. S8B). These bac-
terial taxa are mainly affiliated with a wide variety of phyla,
such as Proteobacteria, Planctomycetes, Actinobacteria, Chloro-
flexi, Acidobacteria, Armatimonadetes, Gemmatimonadetes,
Rokubacteria, Verrucomicrobia, and Bacteroidetes. This cooc-
currence ecological network provides a benchmark for
cause—effect investigations on inter- and intrakingdom interac-
tions that can explain the Actinobacteria, Pseudonocardiaceae-
dominant microbiome in the tomb.
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Fig. 2. Amplicon reads indicate that the phyla Actinobacteria and Arthropoda taxa (in terms of reads) dominate bacterial and eukaryotic communities in
the tomb, which are up to 67.17 and 90.47%, respectively. At higher resolution, the family Pseudonocardiaceae and order Collembola exhibit the highest
percentages of the phylum Actinobacteria and all Arthropoda taxa, accounting for 88.14 and 79.13%, respectively. Venn analyses indicate the shared and
specific bacterial and eukaryotic taxa within and between the Dahuting Han Dynasty Tomb and surrounding soils. Herein, 94.69% of bacterial and 84.76% of
eukaryotic taxa in the tomb are detected in surrounding soils, indicating that the species in the tomb are just subsets of those in surrounding
environments.
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Ecological cooccurrence network of the significant interactions between Pseudonocardiaceae and Collembola taxa as well as other bacterial taxa (A).

Positively and negatively interacting taxa are connected by green and red lines, respectively. The size of the circle is proportional to the average relative
abundances in total bacterial or eukaryotic reads derived from amplicon sequencing, numbered near the circle. The integrated geosmin biosynthesis path-
way in the pivotal Actinobacteria bin (B). The metabolic pathway and associated key enzymes as well as relative gene frequencies are detected in the whole-
gene sequences of the pivotal bin (regarding the functions of Actinobacteria) regenerated from shotgun metagenomics from 10 samples in the tomb. The
percentage in the parentheses near the line is the relative frequency of the gene-encoding enzyme in the pivotal bin. Note: The asterisk indicates that the
relative gene frequency is lower than the detection line. DOXP, 1-deoxy-b-xylulose 5-phosphate; MEP, 2-C-methyl-p-erythritol 4-phosphate; TCA, tricarboxylic
acid. Comparison of the relative frequency of CAZymes encoding genes between Actinobacteria and other bacterial taxa detected in the shotgun metage-
nomics of 10 tomb samples (C). Gene clusters coding for the biosyntheses of several representative antimicrobial substances in the pivotal Actinobacteria
bin (D). Herein, Scaff0023184 is the gene cluster coding for okaramine D and neopolyoxin C; Scaff0069158 is for thienamycin; Scaff0018839 is for showdo-
mycin; Scaff0013190 is for okaramine D and neopolyoxin C; Scaff0015671 is for aurachin RE; Scaff0034189 is for xenematide; Scaff0078964 is for naphtocy-
clinone; Scaff0103309 is for strobilurin, curacomycin, and promysalin; and Scaff0104589 is for curacomycin, bicornutin A1, bicornutin A2, and okaramine D.

Interkingdom Mutualism Helps Actinobacteria Disperse into
the Tomb from the Outside. Interkingdom signaling mutual-
ism can explain how springtails help Actinobacteria disperse
into the tomb. RDA indicates positive correlations between the
relative abundances of Pseudonocardiaceae (R = 0.86, P <
0.001; SI Appendix, Fig. S6A) and springtails Collembola (R =
0.68, P < 0.001; SI Appendix, Fig. S6B) and geosmin concen-
trations. Recent work has revealed that various microbial spe-
cies (28), especially Actinobacteria, produce geosmin and/or
2-methylisoborneol, which are volatile substances of terpenoids,
to attract springtails and accomplish long-distance dispersal
(17). In this way, microscopic arthropods feast upon these bac-
teria and serve as vectors for their dispersal through adherence
to the springtails’ surface and/or in springtail fecal pellets (29).
Not surprisingly, our metagenomic analyses detect the genes
coding for geosmin biosynthesis (such as dxs, dxr, ispD, ispE,
ispF, ispG, gepE, ispH, IyeB, idi, IDI, ZFPS, and cyc2) in the
Actinobacteria pivotal bin in our tomb samples with high rela-
tive abundances (Fig. 3B and Dataset S1). Moreover, we were
able to quantify the concentrations of geosmin (2.90 to 16.1
ng/m3) and 2-methylisoborneol (4.40 to 22.0 ng/m3) in the air
in the tomb (87 Appendix, Table S1). To provide further experi-
mental evidence, we quantified the capacity of eight Pseudono-
cardiaceae strains (S/ Appendix, Fig. S5) screened from this
tomb to produce geosmin and found that these strains support
high levels of geosmin production (0.80 to 6.00 ng/mL for
geosmin and 8.60 to 429.67 ng/mL for 2-methylisoborneol)
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(S Appendix, Table S2). To provide further evidence of Actino-
bacteria—Collembola associations, we conducted a microcosm
interaction experiment and found that Actinobacteria (i.e.,
Pseudonocardiaceae) strains have a strong capacity to attract
Collembola in closed controlled environments (Fig. 4 A and
B). The videos (Movies S1 and S2) are vivid evidence to show
how Collembola graze on Actinobacteria and help them to dis-
perse by attaching to their bodies.

Together, all independent evidence substantiates interactions
between Actinobacteria and springtails in this studied subterranean
tomb. Since arthropods like low-stress environmental variables,
such as stable hydrothermal conditions and fewer anthropogenic
perturbations (SI Appendix, Figs. S6B and S7) (30), it is conceiv-
able that Actinobacteria (and/or their spores) initially deterministi-
cally arrive in these tombs with the help of Collembola and/or
stochastically arrive airborne (27). Subsequently, the release of geo-
smin from the tomb further attracts more Collembola outside,
thus contributing to more Actinobacteria dispersal into the tomb.
Such microbe-arthropod mutualism has been extensively recorded
for mosquitoes and skin-associated bacteria (e.g., Brevibacterium
epidermidis and  Corynebacterium minutissimum) (31), amoebae
and associated bacteria (e.g., Proteobacteria and Bacteroidetes)
(32), and bark beetles and fungi (33). However, the influence of
such interkingdom signaling mutualism between Actinobacteria
and Collembola on the microbiomes colonizing historical cultural
relics is virtually unknown. Our investigations provide evidence
for such Actinobacteria—Collembola interactions, which could be
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Fig. 4. Physiological assays and biological experiments of screened Pseudonocardiaceae strains. (A) Photographs of springtails F. candida feasting upon
Pseudonocardiaceae strains and bringing them around on the CMC-Na agar medium. (B) The experiment of Actinobacteria-Collembola (Pseudonocardia-
ceae-F. candida) interaction over 30 h. The numbers of springtails F. candida baited with Pseudonocardiaceae were significantly higher than those of the
unbaited control (80.73 vs. 14.54%, P < 0.05). (C and D) Hydrolytic zones of screened Pseudonocardiaceae strains on CMC-Na medium after 7 d (C) indicate
their ability to degrade cellulose, which is further quantified by the DNS method (D). Error bars represent SD in (D). (E and F) The zones of inhibiting B. subtilis
on LB medium using the Kirby-Bauer antimicrobial susceptibility test indicate the antimicrobial ability of screened Pseudonocardiaceae strains (E), which
well aligns with high relative frequencies of antibiotic-resistance genes of non-Actinobacteria bacterial taxa (i.e., others) in our metagenomics (F).

an important mechanism helping to explain the dispersal of
microorganisms (e.g., Actinobacteria in this study) into subterra-
nean tombs and/or caves from surrounding environments.

Intrakingdom Competition Allows Actinobacteria to Colonize
and Thrive in the Tomb. Our findings suggest that intrakingdom
competition mechanisms, associated with the greater metabolic
efficiency and the production of antibiotic substances, could con-
tribute to explain the dominance of Actinobacteria on walls and/
or murals in this subterranean tomb. Actinobacteria can produce
and excrete a mixture of carbohydrate enzymes and thereby uilize
a wide range of complex and recalcitrant organic polymers, such
as polysaccharides and lignocellulose (19, 34); however, this
remarkable ability that allows them to establish and thrive on cul-
tural relics (10, 35) is still poorly described. The analysis of the
genome of the pivotal Actinobacteria bin in our metagenomics
suggests that these taxa hold a variety of carbohydrate-active
enzyme (CAZyme) classes with high proportions, such as glyco-
side hydrolases (GHs), glycosyl transferases (GTs), the
carbohydrate-binding modules (CBMs), carbohydrate esterases
(CEs), auxiliary activities (AAs), and polysaccharide lyases (PLs)
(Dataset S2). This observation is further supported by physiologi-
cal assays of the growth of the screened Pseudonocardiaceae strains
on carboxymethyl cellulose sodium (CMC-Na) agar medium and
of their detected cellulase activities (Fig. 4 C and D and S/
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Appendix, Table S3). Carbon resources in items representing cul-
tural heritage sites always occur as follows: 1) original constituents
of works of art [e.g., base layers, the direct carrier of murals, are
usually made of cellulose, wood, animal glue, and proteins from
parchment, silk, and wool (36)]; 2) external residues [for example,
subterranean dripping water in the tomb contains lignin and
humic substances (10)]; and 3) polymer materials used for protec-
tion. The application of large-molecular-mass polymers (e.g.,
adhesives, consolidants, and protective coatings) was popular for
cultural relic protection during the 1980s to 1990s (37). Murals
were also coated by cellulose nitrate in the Dahuting Han Dynasty
Tomb in the 1990s (87 Appendix, Fig. S9). These polymer organic
substances can act as media or resources to stimulate Actinobacte-
ria. Furthermore, abundances of CAZymes are found to be signifi-
cantly higher in Actinobacteria compared with those in other
bacteria (i.e., others) (P < 0.01) in our metagenomics (Fig. 3C).
Also, cellulase activities of Pseudonocardiaceae strains are higher
than those of non-Pseudonocardiaceae strains (P < 0.05; S7
Appendix, Table S3). In this respect, Actinobacteria, Pseudonocar-
diaceae could have a metabolic advantage over other bacteria
(namely, exploitative competition) in thriving in the Dahuting
Han Dynasty Tomb.

In addition, interference competition could also help to explain
the domination of Actinobacteria. Actinobacteria are well-known
as producers of antimicrobial substances (20). Consistently, gene
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clusters for the biosyntheses of several representative antimicrobial
substances are found in the pivotal Actinobacteria bin (Fig. 3D
and Dataset S3). In particular, the gene clusters coding for bio-
syntheses of antimicrobial substances present high similarity
scores [e.g., showdomycin (38), promysalin (39), curacomycin
(40), neopolyoxin C (41), and thienamycin (42)]. Physiologi-
cal assays further support these observations, and find that the
Pseudonocardiaceae strains exclusively have negative effects on
the growth of gram-positive bacteria, such as Bacillus subtilis
(Fig. 4E). This result is also in agreement with the larger propor-
tions of antibiotic-resistance genes of non-Actinobacteria bacte-
rial taxa (i.e., others) in our metagenomics (Fig. 4F). In contrast,
10 non-Pseudonocardiaceae strains screened have no inhibiting
effects on B. subtilis (Fig. 4F). Thus, in principle, our analyses
support that Actinobacteria, Pseudonocardiaceae could suppress
competitors via interference competition (Fig. 34).

Conclusion

In reality, we can never know comprehensively how microor-
ganisms disperse and thrive in the tomb and there should be
multiple mechanisms functioning alone and/or in combination.
However, our evidence gives several possible mechanisms
derived from sporadic evidence aligning with previous reports.
In summary, our work reveals that multikingdom biological
interactions (i.e., interkingdom mutualism and intrakingdom
competition) drive the microbiome in the Dahuting Han
Dynasty Tomb (Fig. 5). As one possible source, Actinobacteria
disperse into the tomb with the help of Collembola via an
interkingdom signaling mechanism. Once Actinobacteria arrive
in the tomb, they start a machinery of enzymes that allows
them to more readily thrive on relics than other bacteria (i.e.,
intrakingdom exploitative competition). Besides, intrakingdom
interference competition could also help them to dominate the
microbiome in the tomb via the production of antimicrobial
substances that exclude bacterial competitors. Taken together,
our work highlights the importance of understanding the ecol-
ogy of the microbiomes thriving on historical cultural relics

Intrakingdom
exploitative competition

Fig. 5. Sketching map of multikingdom interactions governing the micro-
biome of the cultural relics in the Dahuting Han Dynasty Tomb. In brief,
when the tomb is excavated and open to external environments, Actino-
bacteria are deterministically dispersed into the tomb from the surround-
ing environments with the help of Collembola and stochastically dispersed
via air. Once inside, they start machineries of cellulases and antimicrobial
substances, which allows them to readily colonize and thrive on tomb
walls. Subsequently, their production of geosmin attracts more Collembola
from outside environments, thereby increasing the dispersal of Actinobac-
teria into the tomb. Through this loop, Actinobacteria finally dominate the
microbiome throughout the tomb.

6 of 9 https://doi.org/10.1073/pnas.2121141119

and remains in subterranean tombs and/or caves, to help pre-
serve cultural heritages and ensure their long-term conservation
for future generations.

Materials and Methods

Description of the Dahuting Han Dynasty Tomb. The Dahuting Han
Dynasty Tomb (34°31'N, 113°18'E) is located in Xinmi City (Henan Province,
China), which has a mean annual average temperature of 14.7 °C and mean
annual precipitation of ~663 mm. The tomb is 7.8 m below ground level and
composed of four ear chambers as well as one corridor around an atrium (S/
Appendix, Fig. S14). The gas exchange between the tomb and surrounding envi-
ronments occurs continuously via ventilation through corridor windows and a
ventilation tower and through the connecting corridor (S Appendix, Fig. S1B).
The tomb walls were treated with nitrocellulose as a protective agent for conser-
vation in the 1990s, which was deemed an effective protective practice in the
1980s to 1990s. A Fourier transform infrared (FT-IR) spectrometer (Nicolet iN10
MX FT-IR microscope; Thermo Scientific) indicated that the main chemical com-
ponents of the surface of tomb walls were large-molecular-mass cellulose-like
substances (S/ Appendix, Fig. S9). Photomicrographs of white colonizers were
taken using a JEOL JSM-6610LV scanning electron microscope (Japan).

Sampling of Microbial Communities in the Tomb and Surrounding
soils. A total of 10 samples on walls of the tomb and 12 soil samples from the

area surrounding the tomb were collected (S Appendix, Fig. S1). In detail, the
samples on the walls in the Dahuting Han Dynasty Tomb presented macroscopic
white colonizers. A sterile scalpel was carefully used to scrape these colonies to
prevent damage to the mural and/or wall ontology. Upon collection, the samples
were immediately delivered on ice, and frozen when arriving at the laboratory.

Assessing Temperature and Humidity Inside and Outside the Tomb.
Due to long-term closure to visitors (nearly 30 y), the Dahuting Han Dynasty
Tomb is characterized by complete darkness and relatively constant air humidity
and temperature. This finding is corroborated by the higher constancy index of
temperature and humidity variables measured in the tomb, compared with sur-
rounding environments. The air temperature and humidity inside and outside
the tomb were measured by electronic temperature and humidity recorders
(HOBO; MX2301) and recorded every 10 min from 25 November 2020 to 25
April 2021 (SI Appendix, Fig. S7). Then, the stability of the air temperature and
humidity of both the tomb and surrounding environments for 6 mo was esti-
mated by the constancy index. The constancy index was defined as p/c, where p
was the mean value of the air temperature and humidity for a time period and
o was its SD over the same interval. A greater constancy index indicated a higher
stability status.

Environmental DNA Extraction and Amplicon High-Throughput
Sequencing of Fragments of Bacterial 16S rRNA Genes and Eukaryotic
18S rRNA Genes. Genomic DNA was extracted using a FastDNA SPIN Kit for

soil (MP Biomedicals) with negative control of ddH,0, following the manufac-
turer's instructions. The bacterial 16S rRNA gene V4 to V5 fragments were ampli-
fied using the primer pairs 519F (5’-CAGCMGCCGCGGTAATWC-3') and 907R
(5'-CCGTCAATTCMTITRAGTTT-3'). Amplifications were carried out using the follow-
ing thermal conditions: 94 °C for 5 min; 30 cycles of 94 °C for 30 s, 55 °C for
30's, and 72 °C for 45 s; and a final extension at 72 °C for 10 min. The eukary-
otic 185 rRNA gene V4 fragments were amplified using the primer pairs 528F
(5-GCGGTAATTCCAGCTCCAA-3') and 706R (5'-AATCCRAGAATTTCACCTCCAA-3).
Amplifications were carried out using thermal conditions as follows: 98 °C for 30
s; 30 cycles of 98°C for 10 s, 53 °C for 30 s, and 72 °C for 30 s; and a final
extension at 72 °C for 10 min. The 5-bp barcoded oligonucleotides were fused
to the forward primer to distinguish different samples. The PCR products for
each sample were pooled and purified using the QlAquick PCR Purification Kit
(QIAGEN) and quantified using a NanoDrop ND-2000 (Thermo Scientific). The
preparation and processing of amplicon high-throughput sequencing libraries
and data processing are fully described in Liu et al. (43). In total, 1,321,520
high-quality bacterial 16S rRNA and 457,457 high-quality eukaryotic 18S rRNA
gene reads (after excluding fungi) were obtained for downstream ecological
analyses. Taxonomy was assigned to bacterial and eukaryotic OTUs (at 97% simi-
larity) with reference to the SILVA 138 database. In addition, the dominant
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microbiome (both taxa composition and community differences) revealed by rari-
fied OTU tables of both bacteria (29,066 reads per sample) and eukaryotes
(1,108 reads per sample) was also analyzed in parallel (S/ Appendix, Figs.
$10-512) and the same outcomes were obtained.

qPCR of 16S rRNA, 18S rRNA, and Internal Transcribed Spacer rRNA
Genes. The copy numbers of bacterial 165 RNA, fungal internal transcribed

spacer (ITS) rRNA, and eukaryotic 185 rRNA gene fragments in each sample
were quantified by real-time qPCR using the primers 519F/907R, ITS3/ITS4, and
82F/Euk516R, respectively. A detailed description of the qPCR procedure is pro-
vided by Feng et al. (44).

Microbial Phylotype Cooccurrence Network Analysis. Phylogenetic
molecular ecological networks (pMENs) were constructed and evaluated using
the random matrix theory-based network approach based on the amplicon reads
(45). pMENSs construction and analyses were performed using a pipeline written
in Java and Perl scripts (http://ieg4.rccc.ou.edu/mena/) (46). Then, the con-
structed network graphs were visualized by Gephi software. More information
about pipeline theories and properties can be found in Zhou et al. (47). In detail,
all Pseudonocardiaceae and Collembola taxa were first conducted for the inter-
kingdom cooccurrence network. The seven highest-abundance Collembola taxa
showed significantly positive interactions with Pseudonocardiaceae OTUT (S/
Appendix, Fig. S84). For the intrakingdom (bacterial) cooccurrence network, we
found 217 bacterial taxa and 761 linkages. Herein, Pseudonocardiaceae OTU1
accounted for more than 50% of reads of 101 Pseudonocardiaceae taxa in all
samples. There were significantly negative interactions between Pseudonocardia-
ceae OTUT and 60 bacterial taxa (S/ Appendix, Fig. S8B). Finally, we used the
above-mentioned Pseudonocardiaceae OTUT and 60 bacterial and 7 highest-
abundance Collembola taxa to build the multikingdom cooccurrence network
(Fig. 3A).

Shotgun Metagenomic Sequencing of Tomb Samples and Metagenomic
Analyses for Physiological Features. Approximately 10 to 20 pg of DNA was

retrieved from each of the 10 tomb samples for shotgun metagenomic sequenc-
ing. Sequencing libraries were prepared using the NEBNext Ultra DNA Library
Prep Kit (New England Biolabs) following the manufacturer's protocols. Adapters
were ligated to the blunt-end fragments. Metagenomic sequence data for the 10
tomb samples were produced using Illumina NovaSeq 6000 instruments at
Guangdong Magigene Biotechnology Co. Ltd. In total, ~10-Gbp paired-end Illu-
mina data were obtained for each sample. Raw reads were trimmed to eliminate
adapters and low-quality reads with Trimmomatic v0.36 (48). In brief, adapters
were eliminated, reads with >5 "N" were removed, and low-quality reads were
filtered. High-quality sequencing data from each sample were individually
assembled into contigs using MEGAHIT v1.0.6 (-k-min 35 -k-max 95 -k-step
20). All reads not used in the single assembly were combined and then MEGA-
HIT software was used for mixed assemblies with the same parameters as the
single assembly. The contigs (>500 bp) assembled from both single and mixed
contigs were all predicted to have open reading frames by MetaGeneMark
v3.38. CD-HIT v4.7 was adopted to remove redundancy and obtain unigenes,
which were clustered by identity at 95% and coverage at 90%, and the longest
to the representative sequences was chosen. Gene coverage was calculated using
BBMap v36.x with the parameters k = 14, minid = 0.97, and build = 1. Based
on the number of mapped reads and the length of the gene, the abundance
information of each gene in each sample was statistically analyzed. The relative
abundance of a given gene functional category against the KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) database was calculated based on the gene cover-
age result using in-home Perl scripts (49). The SILVA 138 database was used for
species identification by read mapping.

The high-quality reads of all 10 samples (~100-Gbp paired-end Illumina
data in total) were combined and assembled into contigs using MEGAHIT v1.0.6
(~k-min 35 -k-max 115 -k-step 20). These contigs were binned using MetaBAT
with default parameters (50), and this process considered both tetranucleotide
frequencies and scaffold coverage information. All bins generated were sub-
jected to RefineM v0.0.14 and then to manual examination for further refine-
ment (51). CheckM was used to assess the completeness and contamination of
these genome bins through the identification and quantification of single-copy
marker genes (52). The taxonomic identification of the bins with the top 50 high-
est abundances was conducted using reference genomes in the National Center
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for Biotechnology Information (NCBI) Nucleotide database. The bins affiliated
with the Actinobacteria phylum were sorted. Herein, the top five bins (account-
ing for ~60% of sequences of the total recognized bins) were merged into one
pivotal bin (named the pivotal Actinobacteria bin afterward) with 7-Mbp size.
The genome of this pivotal Actinobacteria bin was further analyzed for the geo-
smin metabolic pathway, sequences encoding cellulases, and gene clusters for
the biosyntheses of antimicrobial substances.

The automated gene prediction of the sequences was conducted using an
open-source gene prediction program called Prodigal (prokaryotic dynamic pro-
gramming gene-finding algorithm) v2.6.3 (53), and the protein-coding genes
were assigned to the NCBI nr database, eggNOG (evolutionary genealogy of
genes: nonsupervised orthologous groups), and KEGG (https://www. keggjp/
databases for functional annotation with an e-value threshold of 107>. Ten
enzymes were recognized to complete the geosmin biosynthesis and a database
containing 10 homologous genes encoding each enzyme was generated. To
identify genes related to geosmin biosynthesis (54), sequences were blasted
with the above-mentioned database via NCBI Blast (basic local alignment search
tool) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (55). A public database (eggNOG;
http://eggnog.embl.de) (56) for orthology relationship, gene evolutionary his-
tory, and functional annotation was used for the identification of CAZymes, con-
taining GHs, GTs, CEs, CBMs, PLs, AAs of Actinobacteria and other bacterial taxa.
A percent identity >0.3 was chosen as a threshold for the above analysis. Gene
clusters for the biosyntheses of secondary metabolics were mined by antiSMASH
(https://antismash-db.secondarymetabo lites.org/) (57). Antimicrobial substances
with similarity score >0.5 were kept in this study. Resistance gene identifier (RGI)
software was used to identify antibiotic-resistance genes of Actinobacteria and
other bacterial taxa with the Strict algorithm (defined as over 95% identity,
regardless of alignment length; https://github.com/arpcard/rgi) based on the pub-
lic database CARD (Comprehensive Antibiotic Research Database; https://card.
mcmaster.ca/analyze/rgi).

Culturing Actinobacteria Strains. GAUZE's medium plus 0.01% potassium
dichromate was used to screen Actinobacteria strains. Yeast malt extract medium
(58) was used to culture Actinobacteria strains and to exhibit their differences in
colony morphology. CMC-Na medium was used to ensure their cellulose-
degrading abilities. Detailed information on each medium is below. GAUZE's
agar medium (per liter): soluble starch 20.0 g, KNO; 1 g, NaCl 0.5 g,
K,HPO,e3H,0 0.5 g, MgSO4e7H,0 0.5 g, FeSO,07H,0 0.01 g, agar 20.0 g,
pH 7.3; yeast malt extract medium (per liter): malt extract 10.0 g, yeast extract
4.0 g, dextrose 4.0 g, agar 20.0 g, pH 7.3. CMC-Na agar medium (per liter):
CMC-Na 20 g, KH,PO4 2.5 g, NaH,PO4 2.5 g, yeast extract 0.5 g, peptone 2.0 g,
agar 20.0 g, pH 7.3.

Phylogenetic Identification of Screened Strains. The genomes of 18
strains screened were extracted by an EZ.N.A. Bacterial DNA Kit (Omega Bio-
Tek). The primer set 27F/1492R was then used to amplify the ca. 1,500-bp frag-
ment of the 16S rRNA gene fragment. PCR was carried out in 50-uL reaction
mixtures with the following components: each deoxynucleoside triphosphate at
a concentration of 1.25 mM; 2 L (15 pM each) of forward and reverse primers;
2 U of Tag DNA polymerase (TaKaRa); and 50 ng of DNA. The PCR profile con-
sisted of an initial denaturation at 95 °C for 5 min; 35 cycles of denaturation at
95°C for 1 min, annealing at 58 °C for 90 s, and extension at 72 °C for 2 min;
and a final extension at 72 °C for 10 min. Three independent PCR products for
each strain were mixed, purified using the QlAquick PCR Purification Kit (QIA-
GEN), and sent for Sanger dideoxy sequencing.

Together with the top three BLAST hits of homologous gene sequences and
the Actinobacteria ribosomal gene sequences from cultured strains in GenBank,
the representative clone sequences were used to build a basic phylogenetic tree
by the neighbor-joining method using MEGA (molecular evolutionary genetics
analysis) software v4.0 (59). The tree topology was further evaluated by different
methods including minimum evolution and maximum parsimony. The phyloge-
netic relationships of bacterial ribosomal gene sequences to the closest homolog
in the GenBank database were then inferred.

Physiological Assays of Screened Pseudonocardiaceae Strains. Cellu-
lose-degrading abilities of all screened Actinobacteria strains were visualized by
CMC-Na agar medium plus a Congo red staining test (60). The cellulase activity
was further determined using the 3,5-dinitrosalicylic acid (DNS) method (61). In
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brief, the polysaccharide substrates tested were CMC. The assays of hydrolytic
activity were performed at 60 °C for 30 min. One enzymatic unit of activity was
defined as the amount of enzyme that released 1 pmol of reducing sugar equiv-
alents per minute.

The Kirby-Bauer antimicrobial susceptibility test was conducted with paper
disks permeated by culture superatant of yeast malt medium for screened Acti-
nobacteria strains atop a slab of Luria-Bertani (LB) agar culturing the strain of B.
subtilis (62). High-resolution time-of-flight mass spectrometry combined with
high-performance liquid chromatography was used for detection and determina-
tion of tetracycline and fluoroguinolone antibiotics in the culture supernatant of
screened Pseudonocardiaceae strains. However, the known tetracycline and fluo-
roquinolone antibiotics were not detected in the database of Shimadzu Co. Ltd.
In combination with inhibiting zones, there could be unknown antibiotics or
other antimicrobial substances.

Measurement of Geosmin and 2-Methylisoborneol in the Air of the
Tomb and in the Headspace of Screened Pseudonocardiaceae Strain
Cultures. The volatile organic compounds geosmin and 2-methylisoborneol in
the air of the tomb and of the headspace of 18 screened Actinobacteria strain
cultures were respectively measured by Nanjing Liankai Environmental Testing
Technology Co. Ltd., following the protocol of Becher et al. (17). In brief, 72 L of
air was respectively collected in the atrium, corridor, and two chambers (S/
Appendix, Fig. S14) for 4 h by an air sampler (MH1200; Minhope). Methylene
chloride was used as the absorption liquid. The air in the headspace of screened
Pseudonocardiaceae strain cultures (for 5 d with yeast malt extract medium) was
collected and absorbed in methylene chloride. Volatiles in the absorption liquid
were analyzed by a coupled gas chromatograph-mass spectrometer (GC-MS)
(6890 GC and 5975 MS; Agilent Technologies) operated in electron impact ioni-
zation mode at 70 eV. The GC was equipped with an HP-5MS (Agilent Technolo-

gies) fused silica capillary column (60 m x 0.25 mm?; d; = 0.25 pm). Helium

was used as the carrier gas at an average linear flow rate of 35 cm-s .

Pseudonocardiaceae-Collembola Interaction Experiment. Springtails
were tested for attraction to the Pseudonocardiaceae strain and/or geosmin
in a device with three chambers linked by Y-shaped glass tubing (Fig. 4B),
following the design of an olfactometer (63). The Y-shaped tubing (30-mm
inner diameter) had one 120-mm-long base and two 120-mm-long arms.
Before the experiment, springtails Folsomia candida were starved for 24 h.
Springtails F. candida (n = 50) were placed at the end of the base. Seven-
day Pseudonocardiaceae strain colonies were placed at one side arm as an
odor-release compartment; the other side arm acted as the control compart-
ment. The difference in the number of springtails was then evaluated
between the odor-release and control compartments. The experiment was
performed for 30 h at 25 °C and 60 + 5% relative humidity and in the dark.
There were triplicates.
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statistical Analysis. A Venn diagram analysis was used to compare bacterial
and eukaryotic OTUs existing in more than 8/10 samples between the tomb and
surrounding soils, using the R package VennDiagram (v1.6.20) (64). The envi-
ronmental factors shifting bacterial and eukaryotic community compositions as
well as their dominant species between the tomb and surrounding soils were
revealed by RDA, based on the Jaccard distance, using the R VEGAN package
(65). Their significant differences were further visualized by Bray-Curtis distance-
based heatmaps and evaluated by permutational multivariate ANOVA tests (66).
Differences of relative frequencies of CAZyme-encoding genes measured by Gy
values between Actinobacteria and other bacterial taxa, the difference in cellu-
lase activities between Pseudonocardiaceae and non-Pseudonocardiaceae strains,
as well as the difference in number of springtails between the odor-release and
control compartments were respectively evaluated with an independent-samples
t test followed by Levene's tests using IBM Statistical Product and Service Solu-
tions (SPSS) Statistics for Windows (v13). Differences in relative frequencies of
antibiotic-resistance genes among non-Actinobacteria bacterial taxa (i.e., others)
were evaluated with one-way ANOVA followed by post hoc Tukey's honestly sig-
nificant difference tests. P < 0.05 and P < 0.01 were considered significantly
and highly significantly different, respectively.

Data Availability. The amplicon sequences, shotgun metagenomics, and
screened Actinobacteria strain sequences reported in this article have been
deposited in the NCBI BioProject and GenBank databases (accession nos.
PRINA721777, PRINA745276, and 0L444665 to 0L444682, respectively). All
other study data are included in the article and/or supporting information.
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