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Abstract

Background: The crested ibis (Nipponia nippon) is an iconic East Asian species on the International Union for Conservation of Nature's
(IUCN) Red List, with recurrent stress-related sudden death reported in captivity and in the wild. However, the mechanisms underlying
stress responses remain poorly characterized. Methods: Using opportunistic post-mortem samples, we generated, to our knowledge,
the first organ-resolved metatranscriptomic reference dataset for this species in a stress-associated context. Matched libraries from small
intestine, liver, spleen, and lung were sequenced and processed using a unified pipeline; microbial transcriptional activity was quantified
following host and rRNA removal and stringent detection criteria, enabling concurrent readouts of community composition and functional
gene expression. Results: Transcriptional activity was intestine-centric, whereas liver, spleen, and lung harbored low-load communities
with limited taxon sharing. The small intestine was dominated by the aquatic-associated Cetobacterium somerae (~54.8%), consistent
with fish-based feeding, while Romboutsia was scarce, suggesting a weak butyrate-producing guild. Functionally, transcripts were en-
riched for small-molecule metabolism, nucleotide/cofactor turnover, central carbon conversion, and membrane/envelope-associated pre-
cursor pathways. Stratified pathway analysis further resolved uneven classified contributions: Paraclostridium bifermentans spanned the
broadest classified pathway repertoire, Cetobacterium somerae contributed more strongly to nucleotide-linked functions, and Clostrid-
ium perfringens retained a more distinctive inositol-related branch. Antimicrobial resistance (AMR)-linked transcripts in the intestine
were dominated by target-site mechanisms (elongation factor Tu (EF-Tu), RNA polymerase B’ subunit (rpoC) and DNA gyrase subunit
A (gyrA)) with a low-level ErmQ-associated macrolide—lincosamide—streptogramin (MLS) resistance signature, consistent with back-
ground expression of core targets. Conclusions: This organ-resolved dataset provides a practical baseline for microbiome, pathogen,
and resistance surveillance in captive crested ibis, and a reference for future comparisons among captive, wild, and reintroduced popula-
tions. AMR signals are best read as contextual markers rather than phenotypic resistance and can serve as auxiliary sentinels alongside
composition and function. Overall, the dataset provides a reusable framework for health assessment and conservation planning.

Keywords: crested ibis (Nipponia nippon); metatranscriptomics; organ-resolved microbiome; antimicrobial resistance; conservation
biology

1. Introduction In birds, acute stressors engage both the

hypothalamic—pituitary—adrenal (HPA) axis and the

The crested ibis (Nipponia nippon) is an emblem-
atic East Asian species and a recognized umbrella species
for conservation. Despite population gains from captive
breeding and reintroduction in China, Japan, and Korea,
maintaining health, managing stress, and conducting dis-
ease surveillance remain persistent challenges in captive
and semi-wild settings [1,2]. Growing evidence indicates
that the microbiome underpins nutrition, mucosal barrier
integrity, and immune homeostasis, and via gut-immune—
neuroendocrine axes, can modulate behavior and stress re-
sponses, with consequences for condition and reproductive
success in threatened species [3,4,5].

sympathetic—adrenomedullary (SAM) system, elevating
corticosterone, via the principal avian glucocorticoid and
catecholamines to mobilize energy and prioritize short-term
survival [6,7,8]. When activation is frequent or prolonged,
accumulated allostatic load can depress mucosal immunity,
dysregulate metabolism, and constrain growth and repro-
duction [9,10]. Microbiome-derived metabolites, including
short-chain fatty acids and bile-acid/tryptophan derivatives
signal through vagal, immune, and endocrine routes such
as FFAR2/3, FXR/TGRS, to shape HPA reactivity and
inflammation [11,12,13]. Conversely, barrier compromise
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and translocation of bacterial products such as lipopolysac-
charide can trigger cytokine-mediated HPA activation
[14,15]. Field-applicable indices of stress include plasma
or fecal corticosterone, feather glucocorticoid deposition,
and the heterophil-lymphocyte (H/L) ratio, each linked to
fitness-relevant outcomes [16,17,18]. However, systematic
microbiome data for the crested ibis are scarce, and tran-
scriptionally informed functional profiles are particularly
limited, constraining evidence-based health management.

Mechanistically, the avian gut microbiome supports
host physiology by fermenting dietary carbohydrates to
short-chain fatty acids (SCFAs), deconjugating and bio-
transforming bile acids, synthesizing amino acids and vi-
tamins, and maintaining mucus and epithelial barriers
[19,20]. Microbial metabolites, such as butyrate, propi-
onate, indole derivatives, kynurenine-pathway products,
signal through immune and neuroendocrine routes to shape
innate and adaptive responses, stress recovery, energy al-
location, and behavioral phenotypes [5,21,22]. Beyond
the intestine, an intestine—liver—spleen—lung axis integrates
mucosal and immunometabolic states: portal delivery of
microbially derived molecules to the liver enables clear-
ance and transformation. The spleen provides blood-borne
immune surveillance, and the avian lung-air-sac system,
continually exposed to bioaerosols, contributes to respira-
tory mucosal conditioning [23]. Accordingly, a multi-organ
view anchored in the small intestine and extending to liver,
spleen, and lung is well suited to establish a functional base-
line for healthy ibises.

Captive environments can systematically reshape
host-microbiome systems [24,25,26,27,28]. Diet homog-
enization and reduced foraging diversity are associated
with lower a-diversity, community convergence, and de-
pletion of fiber-fermenting symbionts [24,27]. These shifts
can down-tune SCFA production and microbial bile-acid
transformations, with consequences for mucosal nutrition
and barrier tone [29,30]. Husbandry hygiene, disinfec-
tion, and water treatment alter exposure and coloniza-
tion opportunities [31]. Prophylactic/therapeutic medica-
tions and feed additives impose direct selection and co-
selection on the antibiotic-resistance gene (ARG) repertoire
[32,33]. Biofilms in plumbing and drinking-water systems,
together with mobile genetic elements (MGEs; integrases,
transposases, conjugation/relaxase systems, plasmid repli-
cation/maintenance genes, and phage modules), facilitate
horizontal gene transfer [31,34], contributing to distinc-
tive resistome/mobilome profiles in captivity [32]. Overall,
captivity tends to reduce diversity, shift key metabolic func-
tions, and remodel resistance-related expression profiles.

Metatranscriptomics provides an RNA-centered view
of function. By sequencing rRNA-depleted total RNA,
it captures actively expressed microbial and viral tran-
scripts and, in tissue-based sampling, can simultaneously
profile host gene expression in the same libraries, en-
abling matched measurements of community composition,

functional activity, and host response [23,35]. Compared
with 16S rRNA amplicons or DNA-based metagenomics,
metatranscriptomics more directly reflects real-time path-
way activity and resolves expression of virulence and
antimicrobial-resistance determinants. When paired with
host profiling (dual RNA-seq), these signals can be mapped
onto immune/inflammatory pathways in parallel [36,37].
For the crested ibis, multi-organ metatranscriptomics data
from captive individuals can delineate a small-intestine—
centered functional atlas and provide a practical framework
for pathogen and resistance surveillance under husbandry
conditions.

Against this background, we analyzed metatranscrip-
tomes from the small intestine, liver, spleen, and lung from
crested ibis specimens collected following acute stress—
induced death to (i) define the transcriptionally active mi-
crobiome and core functional programs of the intestine; (ii)
derive reference transcriptional footprints for detectable mi-
crobes and viruses in non-intestinal organs; and (iii) sum-
marize pathogen-related markers and ARG/MGE expres-
sion to outline resistome features and detectability. Based
on captivity effects reported in wildlife, we hypothesized
lower expressed a-diversity and community convergence,
with relative shifts in SCFA, bile-acid, tryptophan, and
mucosa-associated pathways in the intestine, and low over-
all microbial expression in non-intestinal organs with oc-
casional, reproducible low-level signals. These data are
intended to inform health assessment, pathogen/resistance
risk monitoring, and management interventions (diet opti-
mization, water/enclosure hygiene, antimicrobial steward-
ship) in captive crested ibis.

2. Materials and Methods
2.1 Materials: Acquisition and Processing

Two captive female crested ibises (V. nippon) that died
of stress-induced sudden death were sampled at necropsy
under aseptic conditions. The small intestine was gen-
tly rinsed with RNase-free PBS to remove luminal con-
tents; liver, spleen, and lung were blotted to remove surface
blood. Tissues were placed in RNAlater or snap-frozen in
liquid nitrogen and stored at —80 °C. Approximately 30—
80 mg of each tissue was mechanically homogenized. Total
RNA extraction, RNase-free DNase I treatment, RNA qual-
ity assessment, library preparation, and sequencing were
performed by Nanchang Danong Biotechnology Co., Ltd.
(Nanchang, Jiangxi, China) according to their standardized
protocols. RNA integrity (RIN) and fragment profiles were
assessed by the service provider as part of their standardized
quality-control procedures. Libraries were prepared when
RIN >6.0 and input RNA >500 ng. For Individual A, the
four organs were processed and sequenced as separate li-
braries. For Individual B, equimass total RNA from the
four organs was combined after DNase and QC to gener-
ate one pooled metatranscriptome library, which served as
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a supplementary process-control sample for pipeline con-
cordance rather than for organ-to-organ contrasts.

2.2 Meta-Transcriptomic Sequencing and Processing

To capture both host and microbial transcripts, rRNA
depletion targeted eukaryotic (28S/18S) and prokaryotic
(23S/16S/5S) rRNAs. Strand-specific (dUTP) paired-end
libraries with unique dual indexes were prepared and se-
quenced on an Illumina platform (2x150 bp). Library
preparation, sequencing, and initial bioinformatic process-
ing were performed by Nanchang Danong Biotechnol-
ogy Co., Ltd. (Nanchang, Jiangxi, China). For the
four organ libraries shown in Supplementary Fig. 1,
raw sequencing yields were approximately 14.7-28.0 mil-
lion read pairs per library. FASTQ files were processed
with fastp (OpenGene/HaploX Biotechnology, Shenzhen,
Guangdong, China) for adapter removal, quality trimming
(Q20 sliding window), poly-G/A trimming, and a minimum
read length of 50 bp, while preserving read pairing.

For the microbial/viral analysis track, reads were
mapped to the crested ibis reference genome/transcriptome
(assembly/accession provided in Supplementary Mate-
rial) using Bowtie2 (--very-sensitive-local). Read pairs
with either mate aligning to host were discarded; unaligned
pairs were retained as “non-host” reads. (When host expres-
sion summaries were required, the pre—de-host read set was
quantified with Salmon using selective alignment and GC-
bias correction.) Residual rRNA within the non-host set
was removed with SortMeRNA (SILVA/RefSeq indices),
yielding the working set for microbial taxonomic and func-
tional profiling.

Taxonomic profiles were obtained with complemen-
tary methods: Kraken2 + Bracken (RefSeq, date-stamped)
for species/strain-level assignments, and MetaPhlAn 4 for
marker-based lineage profiling. To limit low-count noise,
taxa meeting the tool-specific confidence criteria and sup-
ported by >10 assigned reads were summarized in the main
results; sub-threshold signals are reported as exploratory
“trace” calls in the Supplement. Microbial functional ac-
tivity was profiled with HMP Unified Metabolic Analy-
sis Network (HUMAnN) (bioBakery), mapping reads to
UniRef protein families and regrouping to Kyoto Ency-
clopedia of Genes and Genomes (KEGG) and Metabolic
Pathway Database (BioCyc) (MetaCyc) pathways; out-
puts include gene-family CPM/RPK and pathway rela-
tive abundance, optionally stratified by contributing taxa.
For Gene Ontology (GO) annotation, HUMAnN-derived
UniRef gene families were mapped to GO terms using the
corresponding UniProt/GO annotations. Gene-family CPM
values were aggregated by GO term and summarized sepa-
rately for biological process (BP), molecular function (MF),
and cellular component (CC). Both unstratified and taxon-
stratified HUMAnN outputs were used for downstream
descriptive summaries. Unstratified outputs supported
KEGG/MetaCyc ranking and category-level overviews,
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whereas classified stratified outputs were used to summa-
rize representative pathways, grouped functional axes, and
taxon-level pathway/gene-family summaries. Viral signals
were screened with Kraken2-viral and VirSorter2; candi-
dates were considered “detected” only when supported by
>10 reads and by at least one hallmark viral gene (e.g., cap-
sid, polymerase, integrase); otherwise, they are presented
as trace findings. Antimicrobial resistance (AMR) and mo-
bilome profiling. ARGs were annotated with Resistance
Gene Identifier (RGI) against the Comprehensive Antibi-
otic Resistance Database (CARD) and mobilome features
were screened by hidden Markov model (HMM)/BLAST
against curated marker sets (integrases, transposases, con-
jugation systems, plasmid markers, phage modules). Re-
sults are presented descriptively (presence/absence and nor-
malized expression) without phenotypic risk inference. To
increase robustness in low-abundance contexts, candidates
(pathogens, viruses, ARGs) were retained only after cov-
erage verification against references (=10 non-redundant
reads and >10% breadth, or >3 dispersed genes within
the same genome/module) and cross-method concordance.
Common low-biomass background taxa were reported as
trace unless these criteria were met.

2.3 Statistical Analysis

Taxonomic abundances were normalized as RPM rel-
ative to the non-host, non-rRNA read denominator. Func-
tional results are reported as gene-family CPM/RPK and
pathway relative abundance. Diversity metrics (Shannon
index, observed features) were computed from filtered ta-
bles. Community and pathway overviews were visualized
with ordinations (e.g., PCoA on Aitchison or Bray—Curtis
distances) for descriptive display. Given the design (four
organ-specific libraries from Individual A plus one pooled
library from Individual B), no hypothesis testing or effect-
size estimation was performed; resistance and mobilome
summaries are descriptive baselines. Raw FASTQ files, QC
reports, and processed count tables will be deposited in a
public repository (Genome Sequence Archive (GSA), PR-
JCA047134) together with metadata (individual ID, organ,
sampling details, RNA QC, library/sequencing metrics, and
database versions). Because organ-resolved libraries were
available for only one individual, all functional visualiza-
tions and taxon-stratified summaries were treated as de-
scriptive rankings and compositional summaries, without
formal enrichment testing or inferential statistics.

3. Results
3.1 Dataset and Analytical Workflow

We generated a multi-organ metatranscriptomic
dataset from two captive female crested ibises that experi-
enced stress-induced sudden death. Individual A yielded
organ-resolved libraries for the small intestine, liver,
spleen, and lung. Individual B contributed an equal-mass
RNA pool from the same four organs as a single supple-
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Fig. 1. Study design and analysis workflow. (A) Sampling scheme. Two captive female crested ibis (Nipponia nippon). Individual
A: organ-specific libraries from small intestine, liver, spleen, and lung. Individual B: the four organs pooled in equal mass as a process
control (used for pipeline comparison, not for organ-to-organ contrasts). (B) Wet-lab overview. Total RNA extraction with on-column
DNase — dual rRNA depletion (prokaryotic + eukaryotic) — strand-specific library construction — Illumina paired-end sequencing. (C)
Computational workflow. Read QC (fastp) — host subtraction against the N. nippon genome (Bowtie2) — residual rRNA removal (Sort-
MeRNA) - parallel analyses: taxonomic profiling (Kraken2/Bracken; MetaPhlAn 4), functional profiling (HUMAnN to KEGG and
MetaCyc; GO mapping), viral screening (Kraken2-viral; VirSorter2), and resistome/mobilome screening (RGI/CARD). Abundances are
normalized to the non-host, non-rRNA read denominator. For low-biomass viscera (liver/spleen/lung), common background taxa were
conservatively masked; only features passing coverage checks and showing cross-method concordance are retained. Detection threshold
used throughout the manuscript: =10 supporting reads and >10% reference breadth (as applicable). All downstream results are descrip-
tive (per-organ n = 1). HUMAnN, HMP Unified Metabolic Analysis Network; KEGG, Kyoto Encyclopedia of Genes and Genomes;
MetaCyc, Metabolic Pathway Database (BioCyc); GO, Gene Ontology; RGI, Resistance Gene Identifier; CARD, Comprehensive An-
tibiotic Resistance Database.

mentary library used to check pipeline concordance, not for
organ-to-organ contrasts (Fig. 1). After standard library
preparation and Illumina paired-end 150 bp (PE150)
sequencing (Methods), reads were processed with a unified
pipeline: fastp for quality control and adaptor trimming,
Bowtie2 to remove host-mapped reads against the crested
ibis reference, and SortMeRNA to filter residual rRNA.
Downstream analyses proceeded along four branches (Fig.
1), including (1) Taxonomy: Kraken2 + Bracken and
MetaPhlAn 4. (2) Function: HUMAnN with regrouping
to KEGG/MetaCyc pathways. (3) Virus: Kraken2-viral
and VirSorter2.  (4) Antibiotic resistance/mobilome:
RGI/CARD complemented by curated HMM/BLAST
marker sets (integrases, transposases, conjugation/relaxase
systems, plasmid replication/maintenance genes, and
phage modules).

Relative abundances were normalized to the non-host,
non-rRNA read total. To limit false positives in low-
biomass tissues, a feature was called detected only if sup-
ported by =10 reads and >10% reference breadth (or, for
multi-gene modules, >3 dispersed genes); sub-threshold
signals were flagged as trace. Analyses are descriptive
given the organ design (n = 1 per organ for Individual A)
and the conservative reporting criteria. All libraries passed
basic QC: high per-base Phred scores across cycles, negli-
gible adapter signal, expected GC ranges (=45-53%), and
uniform 150-bp read length (Supplementary Fig. 1A-E).

3.2 Microbial Composition and Diversity Across Organs

Following the unified reporting scheme (normaliza-
tion to the non-host, non-rRNA denominator; Detected =
>10 supporting reads and >10% genomic breadth), genus-
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and family-level compositions showed strong organ speci-
ficity: the small intestine was dominated by a few gut-
typical taxa, whereas liver, spleen, and lung exhibited low
overall abundance and sparse communities (Fig. 2A,B).
A genus-level measure of relative microbial transcriptional
signal (the sum of microbe-assigned reads per million
(RPM), plotted as log,) showed that microbial activity was
concentrated in the intestine (small intestine = 480,502
RPM; liver = 124; spleen = 543; lung = 739; Fig. 2C).
Pairwise B-diversity distances varied markedly among or-
gans (Aitchison and Bray—Curtis; Fig. 2D,E). The liver
was consistently among the most compositionally divergent
samples, whereas the spleen and lung were relatively closer;
notably, the small intestine was highly dissimilar to the liver
but much closer to the lung.

For cross-organ occupancy, using a lenient presence
cutoff of RPM =5, we observed 18 genera in total. Only
four non-zero intersection classes were detected: small
intestine-specific genera were most numerous (n = 8), fol-
lowed by the small intestine + lung intersection (n = 5),
liver-specific genera (n = 3), and the small intestine + spleen
+ lung intersection (n = 2) (Fig. 2F). Thus, genera shared
by three organs accounted for 2/18 (11%), whereas no genus
was shared across all four organs. An occupancy-ordered
presence/absence heatmap corroborated this pattern: most
genera were confined to—or dominated by—the intestine,
with few reproducibly detected across liver, spleen, and
lung (Fig. 2G).

Within the small intestine, the leading detected taxon
was Cetobacterium somerae (54.83%). This freshwater-
associated commensal is known for vitamin B;, and
acetate production and for links to host carbohydrate
metabolism. Its dominance aligns with captive fish-based
feeding records (e.g., loaches), indicating a stable aquatic
input [38,39]. Several clostridial-related taxa occurred at
lower relative abundance, including Paraclostridium sor-
dellii (3.10%), P. bifermentans (1.27%), P. ghonii (0.44%),
and Clostridium perfringens (1.10%).

These groups carry toxin potential and are typically
opportunistic/conditionally pathogenic. Notably, C. per-
fringens can cause necrotic enteritis in birds, representing
a background risk signal here [40]. Additional opportunists
included Fusobacterium nucleatum (1.11%), Clostridioides
difficile (0.64%), and Plesiomonas shigelloides (0.41%),
the latter often linked to water hygiene, consistent with the
aquatic signal. Conversely, butyrate-associated taxa such
as Romboutsia spp. were low (0.27%), suggesting lim-
ited butyrogenic potential and, by implication, a compara-
tively weaker anti-inflammatory/ barrier-supporting capac-
ity at baseline.

Across liver/spleen/lung, reproducibly detected taxa
were few and discrete. Dominant signals were carried by a
small number of genera and were concordant across classi-
fiers, whereas many low-count entries were treated as trace
or grouped into Others (Fig. 2A,B). These patterns mirror
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the B-diversity results (Fig. 2D,E) and support low-load,
low-sharing active microbiomes in viscera. All findings
are descriptive. For low-biomass tissues, only coverage-
verified and cross-method-concordant taxa are emphasized
in the main text. Ecological and functional implications are
pursued in the pathway-level analyses.

3.3 Functional Profiles of the Small Intestine

Consistent with the intestine-centered microbial activ-
ity observed in Fig. 2, the small-intestine metatranscrip-
tome showed a broadly metabolism-oriented functional
profile. In the KEGG summaries (Fig. 3A,B), the highest-
ranked signals were distributed across amino-acid turnover,
nucleotide-related reactions, redox-associated enzymes,
and central carbon processing, rather than being concen-
trated in a single dominant pathway class. Representative
high-ranking entries included glycine reductase compo-
nents, methylaspartate mutase, adenylate kinase, ornithine
carbamoyltransferase, arginine deiminase, glyceraldehyde-
3-phosphate dehydrogenase, and ferredoxin/flavodoxin—
NADP* reductase, together indicating active substrate
conversion, energy-linked redox handling, and precursor
turnover in the small intestine.

From the MetaCyc perspective, the same overall struc-
ture was retained. At the category level (Fig. 3C), pathways
grouped as “Other” constituted the largest fraction (41.7%)
of total pathway abundance. Among the explicitly defined
major metabolic categories, nucleotide/cofactor/vitamin
metabolism accounted for the largest share of annotated
pathway abundance, followed by amino-acid and car-
bohydrate metabolism, whereas lipid/fatty-acid and cell
wall/envelope pathways formed smaller but still visible
components. At the pathway level (Fig. 3D), the most
prominent signals clustered into several recurring themes,
including nucleotide salvage and turnover, central carbon
conversion, cofactor supply, and envelope-associated pre-
cursor synthesis. These results together outline a functional
baseline centered on substrate use, precursor regeneration,
and maintenance of cell-surface structures.

Taken together, the unstratified KEGG and Meta-
Cyc results support a small-intestine program organized
around three broad functional tendencies: ongoing small-
molecule metabolism, active cofactor and nucleotide
turnover, and sustained investment in membrane/envelope-
associated precursor pathways. This organization is consis-
tent with a lumen-exposed microbial community engaged
in nutrient processing while maintaining its cellular in-
terface. High-level GO summaries (Supplementary Fig.
2A-C) remained concordant with this framework, with
metabolism-, redox-, transport-, and membrane-associated
terms occupying the dominant positions across ontology
categories. The unstratified category-to-pathway alloca-
tion (Supplementary Fig. 3) likewise supported the same
broad architecture from a higher-level summary view. All
statements are descriptive and confined to the single small-
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Fig. 2. Microbial composition across organs. (A) Genus composition (alluvial). Taxonomic profiling with Kraken2 (PlusPF) followed
by Bracken re-estimation. Abundances were summed at the genus level, converted to relative abundance, and plotted as percentages
within microbe-assigned reads (residual taxa collapsed as Others). (B) Family composition (alluvial). Same workflow as in (A), sum-
marized at the family level. (C) Relative microbial transcriptional signal. Total genus-level RPM per sample is shown on a log?2 scale;
labels above bars indicate the corresponding untransformed RPM values. The small intestine shows the highest relative microbial tran-
scriptional signal. (D) B-diversity (Aitchison distance). Genus-level abundance matrices were CLR-transformed and Euclidean distances
computed; values are shown as a heatmap. (E) B-diversity (Bray—Curtis distance). Bray—Curtis distances were calculated from genus-
level relative abundances and displayed as a heatmap. (F) Shared and unique genera (UpSet-style bars). “Presence” was defined as RPM
>5. Bar heights indicate set sizes across organs; the caption reports the size of the core set (detected in >3 organs). (G) Presence/absence
heatmap (genus; threshold RPM =5). Binary heatmap (1/0) illustrating organ-specific and shared genera. Notes: All samples underwent
quality control, host and rRNA read removal, and exclusion of Homo/Nipponia-related hits prior to profiling. Percentages in (A,B) are
computed relative to microbe-assigned reads only. RPM, reads per million (normalized to non-host, non-rRNA reads); CLR, centered
log-ratio.

intestine library in Fig. 3. Abundances are normal- stratification only where adequately supported). Cross-

ized to the non-host, non-rRNA denominator, and features
are reported under the manuscript-wide detection criteria
(=10 supporting reads and >10% genomic breadth; species

organ functional contrasts are not presented here given
the low biomass in viscera. Unstratified abundance tables
for KEGG KOs (CPM; housekeeping filtered), MetaCyc
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Fig. 3. Unstratified functional profile of the small-intestine metatranscriptome. (A) Top 20 KEGG orthologs (KOs) ranked by abun-

dance in the small-intestine metatranscriptome. (B) Top 20 metabolism-related KEGG orthologs after restricting the analysis to metabolic

functions. (C) Relative contribution of major MetaCyc pathway categories in the small intestine, showing the overall functional allo-

cation among nucleotide/cofactor/vitamin, amino-acid, carbohydrate, lipid/fatty-acid, and cell wall/envelope-associated pathways. (D)

Top 20 MetaCyc pathways ranked by abundance in the small-intestine metatranscriptome. Notes (all panels). Derived from HUMAnN

unstratified output for the SI sample; Y-axis labels are abbreviated for readability; full pathway names are provided in Supplementary

Table 1.

pathways (CPM with category assignment), and GO terms
(BP/MF/CC; CPM and percent contribution) are available
as Supplementary Tables 2—4.

3.4 Taxon-Stratified Functional Architecture of the Small
Intestine

To further resolve how the small-intestine functional
baseline was distributed across classified contributors, we
summarized the stratified HUMAnN results for the major
taxa that were reproducibly resolved in this library, namely
Cetobacterium somerae, Paraclostridium bifermentans,
and Clostridium perfringens (Fig. 4A—C). Rather than as-
signing the pathway signal to a single dominant taxon, the
classified fraction revealed a partitioned metabolic program
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in which multiple contributors supported the same overall
organization observed at the community level.

At the representative-pathway level (Fig. 4A), Par-
aclostridium bifermentans represented the broadest classi-
fied contributor. Its signal extended across the main func-
tional axes already highlighted in the unstratified small-
intestine profile, including nucleotide turnover, central car-
bon conversion, cofactor supply, and envelope-associated
precursor synthesis. This broad distribution indicates that
part of the small-intestine metabolic background was car-
ried by a taxon with wide pathway coverage rather than by
a narrowly specialized contributor.

By contrast, Cetobacterium somerae contributed more
prominently to the nucleotide-linked portion of the clas-
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Fig. 4. Taxon-stratified functional architecture of the small-intestine metatranscriptome. (A) Representative stratified pathways
across classified taxa. Bubble plot summarizing 10 representative MetaCyc pathways assigned to the three reproducibly classified con-
tributors in the small-intestine library: Cetobacterium somerae, Paraclostridium bifermentans, and Clostridium perfringens. Horizontal
separators group pathways into major functional themes, including purine/nucleoside metabolism, central carbon metabolism, cofac-
tor/CoA metabolism, envelope/amino-sugar metabolism, and the inositol-related branch. (B) Grouped functional axes across classified
taxa. Stacked bar plot showing summed pathway abundance after grouping the representative pathways into four higher-level axes:
purine/nucleoside, central carbon, cofactor/CoA, and envelope/amino-sugar/inositol. This panel summarizes the relative contribution of
each classified taxon to the major functional structure recovered in the stratified output. (C) Functional allocation across classified taxa.
Integrated flow diagram linking broad functional groups to representative pathways and then to classified taxa. Only the major classified
links were retained to emphasize preferential pathway weighting across taxa rather than exhaustive pathway assignment. Together, the
three panels show that the classified fraction of the small-intestine functional profile is organized as a shared metabolic framework with
uneven contributions from different taxa.

sified profile, especially in salvage- and ribonucleotide
biosynthesis-related routes, while remaining less broadly
distributed across the other functional branches (Fig. 4A).

Clostridium perfringens showed a more localized pattern,
with its clearest contribution mapping to the inositol-related
branch, although it also overlapped with several shared
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purine- and carbon-associated pathways (Fig. 4A,C). When
the same pathways were grouped into broader functional
categories, purine/nucleoside metabolism remained the
largest classified component across taxa, and Paraclostrid-
ium bifermentans remained the dominant classified contrib-
utor overall (Fig. 4B). Taken together, these results indicate
that the classified component of the small-intestine meta-
transcriptome was organized as a shared core metabolic
framework with uneven pathway weighting across taxa,
rather than as a uniform or taxon-exclusive system.

This interpretation was further supported by the taxon-
level summaries (Supplementary Fig. 4A,B). Cetobac-
terium somerae contributed the highest overall stratified
gene-family abundance, whereas Paraclostridium bifer-
mentans and Clostridium perfringens spanned broader
pathway repertoires. Thus, overall transcript-weighted
dominance and pathway-repertoire breadth did not fully co-
incide in the small intestine. At the same time, the unclas-
sified fraction remained substantial, indicating that the re-
solved classified architecture captured an important but still
incomplete subset of the small-intestine functional land-
scape.

3.5 Antimicrobial Resistance—Associated Transcripts

In the small-intestine library, the distribution of
AMR-associated gene—drug-class assignments displayed a
“single-peak + long-tail” profile at the drug-class level, with
elfamycin dominating (~77%) and glycopeptide secondary
(~14%), while fluoroquinolone, nybomycin-like, and MLS-
related classes each contributed small, dispersed fractions
(typically 1-3%; Fig. 5A). At the gene level (Fig. 5B),
read contributions were concentrated in a few targets: EF-
Tu variants paired with elfamycin formed the global max-
imum; 7poC (RNA polymerase B’) mapped to glycopep-
tide as a second tier; gyrd (fluoroquinolone target) was
consistently present but modest; and ErmQ (23S rRNA
methyltransferase) appeared at low abundance across MLS
branches. The hierarchical mapping (Fig. 5C) separates
target-site modification (single-class links for EF-Tu with
elfamycin and rpoC with glycopeptide, with gyrA linked to
both fluoroquinolone and nybomycin-like antibiotics) from
ribosomal methylation (ErmQ to MLS, one-to-many via the
23S methylation family). Evidence metrics (reads, cover-
age, model support) converged on the ranking EF-Tu >
rpoC > ErmQ > gyr4 (Fig. 5D).

Functionally, this pattern is most consistent with al-
lelic variation and background expression of core targets
(translation elongation factor, RNA polymerase, DNA gy-
rase) rather than dominance of acquired enzymatic inac-
tivation. That emphasis aligns with the intestinal func-
tional landscape described earlier and high investment in
translation/central metabolism, nucleotide turnover, and
envelope renewal/transport, in which elevated demand on
core information-processing and cell-surface maintenance
would proportionally weight transcripts from EF-Tu, rpoC,
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and gyrd. By contrast, ErmQ shows the expected low-
level, broad coverage typical of widely distributed MLS
methyltransferases. The full per-gene AMR evidence
(Supplementary Table 5) and a threshold sensitivity check
confirming pattern robustness (Supplementary Fig. 5) are
provided.

4. Discussion

The main contribution of this study is the establish-
ment of an organ-resolved metatranscriptomic reference for
the crested ibis under conditions in which systematic sam-
pling is intrinsically limited. The individuals analyzed here
were derived from cases consistent with previously char-
acterized stress-associated sudden death in this species, as
supported by prior behavioral, pathological, and endocrine
evidence, including abnormal corticosterone baseline pro-
files [41]. The dataset is therefore best interpreted as a
descriptive, hypothesis-generating baseline rather than a
population-level account of the species microbiome. Even
within that scope, however, the data define a clear inter-
nal structure: microbial transcription was concentrated in
the small intestine, whereas liver, spleen, and lung showed
uniformly low-load and weakly shared signals. This spa-
tial contrast indicates that active microbial expression in the
present material was primarily an intestinal phenomenon,
while the extra-intestinal organs were characterized by a
low-background state that can serve as an internal refer-
ence for interpreting future microbial shifts outside the gut.
Within this gut-centered structure, the intestinal profile is
compatible with an ecological setting shaped by fish-based
feeding, repeated water exposure, and relatively stable hus-
bandry conditions. The predominance of Cetobacterium
somerae is consistent with such a context, although the ab-
sence of matched controls does not allow this pattern to
be assigned specifically to captivity. In this setting, C.
somerae is informative not only because of its abundance,
but also because it links the intestinal microbiome to a rec-
ognizable aquatic and dietary background. Its reported as-
sociations with aquatic vertebrates, cobalamin production,
and acetate-linked metabolism suggest that recurrent en-
vironmental and dietary inputs are likely to contribute to
the organization of the small-intestine community [38,39].
Thus, the gut signal can be read as an ecologically inter-
pretable microbial profile, while the extent to which it re-
flects captivity-specific filtering remains to be tested in fu-
ture comparative sampling.

The functional architecture of the small intestine ex-
tends this ecological reading. The dominant KEGG and
MetaCyc signals converge on small-molecule metabolism,
nucleotide/cofactor turnover, central carbon conversion,
and membrane/envelope-associated precursor pathways.
Together, these categories define a mucosal metabolic pro-
gram rather than a narrow single-pathway specialty. Such
a program is biologically coherent for an intestinal habi-
tat, where microorganisms must continuously transform in-
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the detection threshold—corroborating panels (A—C).
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coming substrates, maintain reducing equivalents and co-
factor supply, and renew cell-surface structures under con-
stant exposure to bile, host secretions, and other chemical
pressures [29,30]. The repeated prominence of nucleotide
and cofactor metabolism is particularly notable, because it
indicates that intestinal activity is sustained not only by sub-
strate flow itself, but also by continued investment in the
biochemical infrastructure required to support that flow. In
parallel, the strong representation of envelope-associated
precursor pathways suggests that surface maintenance is in-
tegral to the intestinal state rather than secondary to it.

Viewed from the perspective of carbon handling, the
intestinal configuration is also informative for how mi-
crobial metabolism may be balanced at the mucosal in-
terface. The prominence of Cetobacterium together with
strong central-carbon processing is consistent with a sys-
tem in which rapid carbon throughput is a major feature.
At the same time, the overall community structure does not
resemble a strongly fiber-fermentative configuration dom-
inated by classical butyrate-associated guilds. Instead, it is
more compatible with an intestinal environment in which
acetate-linked metabolism, cofactor-intensive processing,
and membrane renewal are especially prominent, while bu-
tyrogenic buffering occupies a less dominant position. For
a mucosal habitat, this balance is likely to matter because
it ties together energy handling, barrier support, and the
chemical tone of the gut environment [29,38].

The classified pathway structure further shows that
this intestinal program is carried by a functionally lay-
ered community rather than by a single dominant lineage
alone. Paraclostridium bifermentans spans the broadest
classified pathway repertoire and extends across nucleotide
turnover, central carbon metabolism, cofactor supply, and
envelope-associated precursor synthesis, indicating that it
contributes much of the breadth of the intestinal functional
system. Cetobacterium somerae remains a major contrib-
utor, but its classified signal is weighted more strongly
toward the nucleotide-linked sector, whereas Clostridium
perfringens occupies a narrower position centered most
clearly on the inositol-related branch. The supplementary
taxon-level overview adds another dimension by showing
that transcript-weighted abundance and pathway breadth do
not fully coincide: Cetobacterium dominates total classi-
fied gene-family abundance, whereas Paraclostridium and
C. perfringens cover broader classified repertoires, and an
unclassified fraction remains substantial. The intestinal
baseline is therefore best understood as a composite system
in which dominant output, distributed functional breadth,
and unresolved background coexist within the same com-
munity.

This layered organization also gives clearer mean-
ing to the lower-abundance taxa. In the small intestine,
taxa such as Paraclostridium spp. and Clostridium perfrin-
gens are better regarded as structured secondary contribu-
tors than as incidental background, because they expand the
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functional envelope of the community and help define its
internal organization. At the same time, water-associated
and opportunistic taxa such as Plesiomonas shigelloides,
Clostridioides difficile, and Fusobacterium nucleatum may
reflect environmental exposure, habitat filtering, and hus-
bandry context rather than overt pathology [42]. Their
value lies less in implying overt pathology than in recording
the kinds of ecological inputs that move through the intesti-
nal system under the present conditions. This supports an
interpretation of the intestinal microbiome away from iso-
lated taxa and toward a broader ecological assembly shaped
by diet, water source, enclosure conditions, and microbial
opportunity.

The low-load profile of liver, spleen, and lung ex-
tends the same logic to the rest of the body. These organs
do not display a transcriptionally prominent microbial pro-
gram comparable to that of the small intestine. Instead, they
define a low-background state across the intestine—liver—
spleen—lung axis. That background is useful precisely be-
cause it is quiet: in endangered species medicine, where re-
peated destructive sampling is rarely possible, a stable low-
signal baseline can serve as an internal reference against
which future deviations become interpretable. A repro-
ducible microbial signal outside the gut may therefore be
meaningful not because extra-intestinal colonization is ex-
pected as a default condition, but because it stands out
against an otherwise low-transcription setting. In this sense,
the visceral organs function less as co-equal microbial habi-
tats and more as sensitive sentinel compartments within a
gut-centered system.

The AMR-associated transcript profile fits naturally
into this broader ecological and functional frame. The
dominance of EF-Tu-, rpoC-, and gyrA-linked targets, to-
gether with a low-level ErmQ-associated MLS component,
places the major detectable resistance-related transcription
within the same intestinal compartment that also carries the
strongest metabolic and structural activity. The resistome
signal is therefore best read as part of the intestinal back-
ground shaped by exposure history and community state,
rather than as an independent layer detached from the rest of
the microbiome. For conservation monitoring, this is a use-
ful arrangement: ARG expression can be tracked alongside
taxonomy and pathway activity as part of a surveillance-
oriented baseline, while isolate-based susceptibility testing
remains necessary for evaluating phenotypic resistance in
veterinary practice [31,32,33,34].

Taken together, these findings support a coherent view
of the crested ibis microbiome under the present sam-
pling conditions as an ecologically interpretable, intestine-
centered, functionally stratified system. The small intestine
emerges as the dominant active compartment, associated
with identifiable dietary and aquatic inputs and organized
around continuous metabolic processing, cofactor turnover,
and interface maintenance. The visceral organs provide the
complementary low-background frame of reference against
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which future change may be judged. Within that architec-
ture, the resistome appears as a contextual layer rather than
a separate narrative. This integrated view is likely to be
more informative for conservation physiology than any sin-
gle taxonomic or pathway signal in isolation, because it of-
fers a structured baseline against which captive—wild com-
parisons, longitudinal monitoring, and targeted physiologi-
cal validation can be interpreted.

A natural next step is to test this architecture across bi-
ological and management gradients rather than treating it as
a static endpoint. The most informative extension would be
a comparative framework spanning captive, semi-wild, and
wild birds, ideally combined with repeated non-lethal sam-
pling and targeted measurements of metabolites, sentinel
taxa, and ARGs. Such a design would allow the present
structure to be evaluated for stability, plasticity, and man-
agement relevance across season, diet, reproductive stage,
treatment history, and habitat regime. In that broader set-
ting, the value of the present study is that it already provides
a workable internal map of microbial activity and function
in the crested ibis, one that can anchor future ecological,
veterinary, and conservation-oriented investigations.

5. Limitations

Several considerations should be taken into account
when interpreting these findings. Owing to the oppor-
tunistic nature of post-mortem sampling in this endangered
species, the cohort was limited, and organ-resolved libraries
were available from one individual, while the pooled li-
brary from the second individual served primarily as a pro-
cess control. The observed patterns should therefore be re-
garded as an initial, context-specific reference rather than
a population-level baseline. In addition, microbial signals
in the liver, spleen, and lung were substantially lower than
those in the intestine; despite conservative detection crite-
ria, their biological significance will require confirmation
using larger cohorts, appropriate technical controls, and ab-
solute quantification. Finally, pathway and antimicrobial-
resistance annotations were based on computational infer-
ence from metatranscriptomic data and were not validated
by metabolomics, microbial culture, or susceptibility test-
ing. Future studies integrating broader biological repli-
cation, matched ecological controls, and complementary
multi-omic measurements will help determine the stability
and physiological relevance of these observations.

6. Conclusions

This study establishes the first organ-resolved meta-
transcriptomic baseline for the crested ibis and identifies
a clear intestine-centered organization of microbial activ-
ity across the sampled organs. The small intestine car-
ried the dominant microbial transcriptional burden, whereas
liver, spleen, and lung remained low-load and weakly
shared, defining a contrasting extra-intestinal background.
Within the intestine, the active microbiome was character-
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ized by Cetobacterium somerae dominance together with a
metabolism-centered functional profile enriched in small-
molecule metabolism, nucleotide/cofactor turnover, cen-
tral carbon conversion, and membrane/envelope-associated
precursor pathways.  Taxon-stratified analysis further
showed that this intestinal functional baseline was not car-
ried by a single lineage alone, but by a layered commu-
nity in which Paraclostridium bifermentans contributed
broad pathway coverage, Cetobacterium somerae was more
strongly weighted toward nucleotide-linked functions, and
Clostridium perfringens retained a more localized contri-
bution. In parallel, AMR-associated transcripts in the in-
testine were dominated by target-linked signals such as
EF-Tu, rpoC, and gyr4, with a low-level ErmQ-associated
MLS component, supporting their interpretation as contex-
tual markers of community state rather than direct evidence
of phenotypic resistance.

Taken together, these data provide a descriptive,
hypothesis-generating reference for organ-specific micro-
bial and functional organization in the crested ibis. As such,
they offer a practical framework for future captive—wild
comparisons, longitudinal monitoring, and targeted valida-
tion of microbial, functional, and resistance-associated sig-
nals in conservation and health assessment.
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