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Echinococcosis, caused by the larval stage of the tapeworm Echinococcus species, threatens global public health
and livestock economics. Currently, quantitative reverse transcription polymerase chain reaction (RT-qPCR) is
essential for mRNA quantification, and its accuracy relies on stably expressed reference genes that must be
validated under specific experimental conditions. In this study, we systematically evaluated the expression

Li
LL‘:; stability of twelve candidate reference genes in the liver, lung, and spleen of E. multilocularis-infected and healthy
Spleen controls (n = 6 per group). Based on raw cycle threshold (Ct) values generated by RT-qPCR, the stability of each
RT-gPCR candidate gene was evaluated using both unstratified (samples from the same tissue were treated as a single

cohort) and stratified (samples grouped by experimental condition) strategies. Then multiple algorithms
including NormFinder, geNorm, BestKeeper, and Delta-Ct were employed to generate a comprehensive stability
ranking of candidate genes. The validated optimal reference gene combinations were subsequently used to
normalize gene expression via the comparative Ct (2722%) method. Our findings demonstrated that optimal
reference genes were tissue-specific under E. multilocularis infection. For example, stratified analysis identified
Actb as the most stable in both the liver (stability value = 0.16) and lung (stability value = 0.29), and Rpl13a
(stability value = 0.10) in the spleen. Consequently, distinct reference gene combinations were validated and
recommended respectively for liver, lung, and spleen, providing a reliable basis for accurate gene expression
analysis by RT-qPCR. The reference sets will facilitate future investigations into echinococcosis, including disease
pathogenesis, antiparasitic drug efficacy assessment, and therapeutic target discovery.

1. Introduction circulation, and subsequently develop into metacestodes predominantly

in the liver (>70% of cases) and lungs, and less frequently in the spleen

Echinococcosis, also known as hydatid disease, is a zoonotic parasitic
disease caused by the larval stages of tapeworms of the genus Echino-
coccus [1]. Cystic echinococcosis (CE) and alveolar echinococcosis (AE),
caused by E. granulosus sensu lato and E. multilocularis, respectively, are
the two most clinically significant forms of echinococcosis, imposing a
substantial burden on public health and the livestock industry [2]. CE is
globally distributed whereas AE is predominantly prevalent in the
Northern Hemisphere [1]. Human infection occurs through the acci-
dental ingestion of Echinococcus eggs, mainly via contaminated food or
water, and hand-to-mouth transmission [3,4]. Following intestinal
hatching, oncospheres penetrate the intestinal wall, enter the

and other organs [5-8]. In particular, AE is characterized by malignant,
tumor-like infiltrative growth and accounts for approximately 0.66
million disability-adjusted life years globally, with a mortality rate
exceeding 90% within 10-15 years of diagnosis in untreated or inade-
quately treated patients [2,9,10]. Surgical and chemotherapeutic
treatments with benzimidazoles (albendazole and mebendazole) remain
the primary options for the clinical management of echinococcosis [2,3].
However, treatments remain challenging owing to limited therapeutic
options, poor cure rates of existing drugs, and their associated adverse
effects [11,12]. Therefore, elucidating the pathogenic mechanisms un-
derlying AE is essential for the development of novel therapeutic
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approaches.

As a crucial molecular biology technique, reverse transcription
quantitative PCR (RT-qPCR) enables sensitive, specific, and high-
throughput quantification of gene expression dynamics, thereby facili-
tating the elucidation of complex signaling networks that regulate
diverse cellular responses under various pathological conditions [13].
During AE infection, stage-dependent differential gene expression pat-
terns have been revealed in host tissues using RT-qPCR analysis: the
early and middle stages were characterized by active cell cycle pro-
gression and proliferation, whereas the late stage exhibited a shift to-
ward cell cycle arrest and apoptosis [14]. Furthermore, this technique
has also provided valuable insights into the mechanisms of action of
anti-echinococcal drugs. For example, it revealed an anti-inflammatory
cytokine profile in bone marrow-derived dendritic cells, which partially
resulted the ineffectiveness of resveratrol in E. granulosus infected ani-
mals [15].

The accuracy and reliability of RT-qPCR critically depend on
normalization with stably expressed reference genes, typically house-
keeping genes [16]. However, extensive studies have revealed that some
conventionally employed housekeeping genes displayed inconsistent
expression patterns across distinct tissues and pathological conditions
[17,18]. Accordingly, considerable efforts have been devoted to vali-
dating candidate reference genes under specific experimental conditions
to identify the most stably expressed ones for normalization. For
instance, in metabolic disease models such as high-fat diet induced
obesity or caloric restriction, TATA-box binding protein (Tbp), pepti-
dylprolyl isomerase A (Ppia), hydroxymethylbilane synthase (Hmbs),
and beta-2 microglobulin (f2m) were identified as stable reference genes
[19,20]1; similarly, ribosomal protein L32 (Rpl32), Hmbs, 14-3-3 protein
zeta (Ywhaz), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and
succinate dehydrogenase complex flavoprotein subunit A (Sdha) were
proved to be stably expressed in host tissues during gastrointestinal
nematode infections [21,22]. To identify stably expressed reference
genes suitable for normalizing target gene expression, NormFinder,
geNorm, BestKeeper, and the Delta Ct are widely used, each relying on
distinct underlying principles and algorithms. Among them, Norm-
Finder employs an analysis of variance (ANOVA)-based model that
simultaneously estimates intra- and inter-group variations [23]; geNorm
determines stability by calculating the average pairwise variation (M
value) of each gene with all other candidates [24]; BestKeeper performs
a descriptive statistical analysis directly on raw Ct values, assessing
expression stability based on standard deviation (SD) and coefficient of
variation (CV) [25]; and the Delta-Ct method ranks genes according to
the standard deviation of delta-Ct (ACt) values across all samples [26].

In studies of Echinococcus infection, Gapdh and beta-actin (Actb) have
been widely used as reference genes for RT-qPCR analysis in Echino-
coccus-infected mouse models [14,27-29]. However, given that E. mul-
tilocularis infection profoundly alters host metabolic and immune
homeostasis [30], whether these genes remain stably expressed during
infection is unclear, and any infection -induced variation in their
expression could introduce substantial bias into RT-qPCR quantification.
Therefore, in the present study, the expression stability of seventeen
commonly used housekeeping genes, including $2m, Ppia, tubulin
beta-2A class lla (Tubb2a), ribosomal protein lateral stalk subunit PO
(Rplp0), 18S ribosomal RNA (Rn18s), mitochondrial ribosomal protein
L32 (Mrpl32), Gapdh, beta-glucuronidase (Gusb), alpha-tubulin (Tuba),
hypoxanthine guanine phosphoribosyl transferase (Hprt), ribosomal
protein L13A (Rpll3a), beta-actin (Actb), Ywhaz, transferrin receptor
(Tfrc), Tbp, Hmbs and phosphoglycerate kinase 1 (Pgkl) in the liver,
lungs, and spleen tissues from E. multilocularis-infected mice were sys-
tematically investigated for the first time, by integrating algorithmic
rankings. These validated reference gene sets establish a reliable foun-
dation for an accurate RT-qPCR based gene expression analysis, paving
the way for subsequent mechanistic exploration.
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2. Materials and methods
2.1. Parasites, animals and tissue collection

Twelve female BALB/c mice (four weeks old) were purchased from
SLAC Laboratory Animal Center (Shanghai, China) and randomly
assigned into two groups: (1) E. multilocularis-infected group, each
mouse received an intraperitoneal injection of 2000 viable
E. multilocularis protoscoleces [31]; (2) Control group, mice were
administered an equal volume of sterile physiological saline via the
same route. These animals were housed in a specific-pathogen-free fa-
cility under controlled conditions (temperature 23 + 1 °C, 12:12 h
light-dark cycle). After six months of infection, all animals were anes-
thetized. At the end of the experiment, the mice were weighed, and cysts
were dissected from the infected animals, washed, and weighed.

Liver, lung, and spleen tissues were rapidly dissected, snap-frozen in
liquid nitrogen, and stored at —80 °C until use. For each E. multilocularis-
infected mice, liver samples were collected as: (1) perilesional tissue
(PLT, ~5 mm?, 1 mm of the macroscopic lesion border), and (2) distant
tissue (DT, ~5 mm?>, within histologically confirmed non-infected liver
tissue >5 mm far from the macroscopic lesion). Entire lung and spleen
tissue (5 mm?) collected from E. multilocularis-infected mice were rep-
resented as infected tissues (IT). Normal tissues (NT) from healthy
subjects were used as control.

Animal procedures were carried out in compliance with the Guide-
lines for the Care and Use of Laboratory Animals produced by the
Shanghai Veterinary Research Institute. The study was approved by the
Ethics Committee of the National Institute of Parasitic Diseases, Chinese
Center for Disease Control and Prevention (license number: IPD-2024-
019).

2.2. Histopathological examination of E. multilocularis-infected liver
tissues

Histopathological examination (hematoxylin and eosin staining,
H&E) was performed on PLT, DT, and NT of the liver. Briefly, tissue
samples were washed twice with ice-cold phosphate-buffered saline
(G4202-500 ml, Servicebio, Wuhan, Hubei, China) and fixed in 4%
neutral buffered formalin (G1101-15 ml, Servicebio, Wuhan, Hubei) at 4
°C for 48 h. Following fixation, samples were dehydrated through an
ascending ethanol series (70%, 80%, 95%, and 100%, 100092683,
Sinopharm Chemical Reagent Co.Ltd., Shanghai, China), cleared in
xylene (X100301-S5L, Shanghai Lingfeng Chemical Reagents Co., Ltd.,
Shanghai, China), embedded in paraffin (SWE-JBL5, Servicebio, Wuhan,
Hubei, China), and stained with H&E (G1076, Servicebio, Wuhan,
Hubei, China) for microscopic examination.

2.3. RNA extraction and quality control

Total RNA was extracted using the SPARKeasy Cell RNA Rapid
Extraction Kit (AC0205-A, SparkJade, Jinan, Shandong, China)
following the manufacturer's instructions. The residual genomic DNA
was removed by DNase I treatment (SM0371, Thermo Fisher Scientific,
Waltham, MA, USA). RNA concentration and purity were assessed using
a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). RNA samples with A260/A280 ratios of 1.9-2.2 and A260/
A230 ratios >2.0 were used for further analysis. RNA integrity was
confirmed by 1% agarose gel electrophoresis.

2.4. Reverse transcription quantitative PCR

First-strand ¢cDNA was synthesized from 1 pg of total RNA with
random hexamer oligonucleotide primers in a 20 pL reverse transcrip-
tion system (RRO47A, Takara Bio, Kusatsu, Shiga, Japan). Reverse
transcription was performed at 37 °C for 15 min, followed by enzyme
inactivation at 85 °C for 5 s. The prepared cDNA was stored at —20 °C



R. Chen et al.

until use.

Seventeen housekeeping genes commonly used as internal control
genes in mice were selected, and the primer sequences were designed
according to previously published literature [19,20]. Oligonucleotide
primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China)
(Table 1).

RT-qPCR was performed on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA) using TB Green Premix Ex Taq II
(RR820A, Takara Bio, Kusatsu, Japan). Each 25 pL reaction system
contained 12.5 pL of 4xTB Green Premix, 2 uL of cDNA template, 1 pL
each of the forward and reverse primers (10 pM), and 8.5 pL of nuclease-
free water. The amplification program consisted of initial denaturation
at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 5 s
and primer annealing at 60 °C for 10 s, and extension at 72 °C for 30 s.
Melting curve analysis was subsequently performed by heating from 65
°C to 95 °C (0.5 °C increments) with continuous fluorescence monitoring
to verify amplification specificity. In addition, the RT-qPCR products
were validated by 5% agarose gel electrophoresis (Supplementary
Fig. S1). Each sample was run in duplicate technical replicates, with
Ct values showing a standard deviation (SD) < 0.2. No-template controls
were included in each run to monitor potential contamination.

RT-qPCR amplification efficiency (E) was determined for each
primer pair using standard curves generated from ten-fold serial di-
lutions of pooled cDNA. For each serial dilution, mean Ct values were
plotted against the logarithm of the cDNA dilution factor. E values were
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calculated according to the equation: E = 101/ slope) 1 32,331, where
the slope was obtained from the linear regression line. The coefficient of
determination (R?) values derived from standard curves were used to
validate the linearity (Supplementary Fig. S1). Subsequently, twelve out
of seventeen candidate reference genes were retained for subsequent
stability analysis, based on the following criteria: E values between 90%
and 110%, and R% > 0.99 (Table 1).

2.5. Determination of optimal reference genes

For unstratified analysis (assessing overall expression stability
without distinguishing between infected and control groups), mean raw
Ct values were analyzed using RefFinder (https://blooge.cn/R
efFinder/), which integrates NormFinder [23], geNorm [24], Best-
Keeper [25], and the comparative Delta-Ct method [26], and finally
generates consensus rankings. For stratified analysis, which included
pairwise comparisons of experimental groups and a global analysis
across all experimental groups, raw Ct values were linearized via the
2(=Co transformation, then analyzed using NormFinder (version 0.953,
MOMA, Aarhus University Hospital, Aarhus, Denmark). Both
intra-sample (unstratified) and inter-group (stratified) analysis
comprehensively rank stabilities of candidate gene, and identify the
optimal reference gene combinations for normalization: in the unstrat-
ified analysis, the top two genes from the consensus ranking were
selected as the normalization pair, as the algorithm did not provide

Table 1
Primer information of seventeen candidate reference genes for RT-qPCR.
Gene Gene Name Function Primer Sequence (5’ to 3") Amplicon  Amplification Correlation Whether
Symbol Size (bp) Efficiency (E, Coefficients selected as
%) (R?) reference
genes
p2m Beta-2 microglobulin Antigen presentation F: CATGGCTCGCTCGGTGAC 135 100.2 1.000 Yes
R: CAGTTCAGTATGTTCGGCTTCC
Ppia Peptidylprolyl isomerase Protein folding F: CAAACACAAACGGTTCCCAG 85 92.0 0.999 Yes
A catalyzing R: TTCACCTTCCCAAAGACCAC
Tubb2a Tubulin beta-2A class lla Microtubule F: 68 93.4 0.997 Yes
polymerization CTTAGTGAACTTCTGTTGTCCTCCAGCA
R:
AGGCAAACTGAGCACCATAATTTACAAA
Rplp0 Ribosomal protein lateral ~ Translation elongation F: GGCCCTGCACTCTCGCTTTC 124 92.3 0.992 Yes
stalk subunit PO R: TGCCAGGACGCGCTTGT
Rn18s 18S ribosomal RNA Ribosomal subunit F: GCGAATGGCTCATTAAATCAGTTA 150 92.1 0.999 Yes
assembly R: TGGTTTTGATCTGATAAATGCACG
Mrpl32 Mitochondrial ribosomal Mitochondrial F: AGGTGCTGGGAGCTGCTACA 51 93.3 0.999 Yes
protein L32 translation R: AAAGCGACTCCAGCTCTGCT
Gapdh Glyceraldehyde-3- NAD-dependent F: TGCACCACCAACTGCTTAG 177 91.9 0.996 Yes
phosphate glyceraldehyde-3- R: GGATGCAGGGATGATGTTC
dehydrogenase phosphate oxidation
Gusb Beta-glucuronidase Lysosomal enzyme F: CCGACCTCTCGAACAACCG 169 94.8 0.999 Yes
degrades R: GCTTCCCGTTCATACCACACC
glycosaminoglycans
Tuba Alpha tubulin Microtubule nucleation F: TGTCCTGGACAGGATTCGC 115 100.3 0.999 Yes
and stability R: CTCCATCAGCAGGGAGGTG
Hprt Hypoxanthine guanine Purine salvage enzyme F: TGGATACAGGCCAGACTTTGTT 124 107.3 0.997 Yes
phosphoribosyl involved in nucleotide R: CAGATTCAACTTGCGCTCATC
transferase metabolism
Rpli3a Ribosomal protein L13A Translational F: AGGGGCAGGTTCTGGTATTG 120 92.9 0.998 Yes
elongation R: TGTTGATGCCTTCACAGCGT
Actb Beta-actin Cytoskeletal dynamics F: CATTGCTGACAGGATGCAGAAGG 138 92.6 0.998 Yes
and cell motility R: TGCTGGAAGGTGGACAGTGAGG
Ywhaz 14-3-3 protein zeta Phosphoserine- F: GAAAAGTTCTTGATCCCCAATGC 134 88.8 0.999 No (E value
dependent signaling R: TGTGACTGGTCCACAATTCCTT out of range)
adaptor
Tfrc Transferrin receptor Iron homeostasis via F: AGACCTTGCACTCTTTGGACATG 70 148.8 0.981 No (E value
endocytosis R: GGTGTGTATGGATCACCAGTTCCTA out of range)
Thp TATA-box binding Transcription initiation F: CCTTGTACCCTTCACCAATGAC 119 144.9 0.986 No (E value
protein R: ACAGCCAAGATTCACGGTAGA out of range)
Hmbs Hydroxymethylbilane Heme biosynthesis F: ATGAGGGTGATTCGAGTGGG 134 82.8 0.995 No (E value
synthase R: TTGTCTCCCGTGGTGGACATA out of range)
Pgk1 Phosphoglycerate kinase ATP generation in F: ATGTCGCTTTCCAACAAGCTG 164 83.5 0.999 No (E value
1 glycolysis R: GCTCCATTGTCCAAGCAGAAT out of range)



https://blooge.cn/RefFinder/
https://blooge.cn/RefFinder/

R. Chen et al.

specific combination recommendations; in the stratified analysis, the
optimal two gene combination recommended by the algorithm was
directly employed as the normalization pair.

2.6. Relative expression analysis of candidate reference genes

The relative expression levels of target genes were calculated using
the 2724¢ method to compare the expression of housekeeping genes
between experimental groups [26]. To minimize variations and enhance
reliability, the geometric mean of the reference gene pair recommended
by the unstratified and stratified methods was used as the normalization
factor for each sample, rather than a single reference gene [24].

2.7. Statistical analysis

An unpaired two-tailed Student's t-test or non-parametric Mann-
Whitney U test was used to compare group means according to the data
distribution. Data were presented as mean + standard deviation (SD).
All analyses were conducted using GraphPad Prism 10.4.1 (GraphPad
Software, San Diego, CA, USA). Statistical significance was set at
P < 0.05.

3. Results
3.1. Characterization of E. multilocularis-infected mouse model

After six months of infection, E. multilocularis cysts were observed in
the livers of these animals (Fig. 1), while no visible lesion was found in
spleen or lung tissues. These cysts were measured 0.8-1.5 cm in diameter
and weighed 1.57 + 0.89 g, whereas no significant differences in body
weights of animals were observed between experimental groups
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(t =0.1531, P = 0.8813) (Fig. 1, Table 2).

Histopathological examination revealed intact lobular architectures
with regular hepatocyte arrangement and no pathological changes in NT
(Fig. 2). In contrast, a characteristic periparasitic granuloma with
extensive collagen deposition and lymphocytic infiltration, complete
architectural disruption, and diffuse fibrous tissue proliferation, was
observed in PLT (Fig. 2). In addition, DT showed diffuse hepatocellular
vacuolation with mildly dilated sinusoids. (Fig. 2).

3.2. Ct values profiling of liver, lung and spleen tissues

Overall, the candidate reference genes displayed similar expression
patterns across tissues, as exemplified by Rn18s, which exhibited the
lowest Ct values, whereas Gusb consistently displayed the highest Ct
values (particularly in spleen tissue with Ct of 32.3 £+ 1.7) (Fig. 3).
However, tissue-dependent expression patterns were observed for some
genes. For example, f2m exhibited higher expression in liver tissue (Ct
values: 17.91 + 1.1) than in the lung and the spleen (Ct values:
23.74 + 3.2 and 24.66 + 2.4, respectively) (Fig. 3). Moreover, Ct values
of f2m were relatively consistent across biological replicates in the liver,
whereas marked inter-sample variation of this gene was observed in

Table 2
Characteristics of E. multilocularis-infected and healthy experimental mice.
Group Body Age Cyst Cyst Numbers
Weights (weeks) Weights (g) Size of
(® (cm) Samples
E. multilocularis- 27.1+2.0 28 1.57 £ 0.89 0.8 - 6
infected 1.5
Control 27.0 £ 1.6 28 NA NA 6

LAd e X
® o0 ¢ w0 o ea
s o @

/o

.
28 9 90 o s oe
g . .
.

Fig. 1. Isolated E. multilocularis cysts and infected liver tissue at six months post-infection. Each image represents one experimental animal. The left panel shows
E. multilocularis cysts collected from the infected liver; the right panel displays their original localization in the infected liver.
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Liver (Infected) PLT

Liver (Normal) NT [

Fig. 2. H & E staining of mouse liver from healthy control and E. multilocularis-
infected groups.

lung and spleen tissues (Fig. 3).

Notably, the inter-sample variations in gene expression displayed
distinct patterns between infected and uninfected groups, as well as
between the PLT and DT groups (Fig. 3). For example, Mrpl32 exhibited
the greatest variation in the liver but remained relatively stable in the
lung and the spleen. In contrast, f2m displayed the largest inter-sample
variation in lung and spleen tissues than in liver tissues.

3.3. Selection of optimal reference genes by ranking analysis

In unstratified analysis, samples derived from the same tissue were
not stratified by group but were evaluated collectively. For liver tissues,
Rpl13a and Actb were identified as the most stable genes using Norm-
Finder and Delta-Ct algorithms, while Ppia and Tuba, Actb and Tuba were
ranked the highest by geNorm and BestKeeper, respectively. Finally,
based on the Consensus analysis, Tuba and Actb were recommended as
the gene pair for normalization in the liver (Table 3). Moreover, Rn18s
was ranked as the least stable gene in the liver by all algorithms except
BestKeeper (ranked Hprt as the least stable gene). In lung tissues, the
stably expressed Tuba and Actb, Tubb2a and Ppia were identified by
geNorm and BestKeeper, respectively, while Actb and Tubb2a were
ranked as the most stably expressed genes by NormFinder, Delta-Ct and
the Consensus analysis. Moreover, f2m or Hprt was identified as the least
stable gene in the lung. For spleen tissues, the ranking of stable genes
varied across the four algorithms: NormFinder placed Rpl13a and Tuba,
geNorm identified Ppia and Mrpl32, BestKeeper ranked Tuba and Rpl13a,
and Delta-Ct selected Actb and Mrpl32 at the top of stable genes. Inte-
grating these results, the Consensus ranking designated Actb and Mrpl32
as the most stable combinations. Moreover, f2m or Rn18s was identified
as the least stable gene in the spleen.

In stratified samples, lung and spleen tissues were divided into NT
and IT, while liver tissues were stratified into NT, PLT and DT, respec-
tively (Table 4). For liver tissues, in the NT versus PLT comparison, Actb
and Rpll3a were identified as the two most stable genes, but the
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reference gene pair combination recommended by NormFinder was
Gusb and Rpl13a. When comparing NT with DT, Rpl13a and Actb were
selected to be the most stable genes and best combination. In addition,
Rpli13a and Ppia were identified as the most stable candidate genes in
PLT versus DT comparison, but the reference gene pair combination
recommended by NormFinder was Rpl13a and Actb. In addition, Rplp0,
Hprt and Rn18s were identified as the least stable genes for these three
comparisons, respectively. Moreover, when all three groups (NT, PLT
and DT) were compared simultaneously in a single analysis, Actb and
Rpll13a were selected as the two most stable genes, but the recom-
mended reference gene pair combination was Tuba and Rpll3a, with
Rn18s as the most unstable gene. For lung and spleen tissues, the rec-
ommended reference gene combinations in the NT versus IT comparison
were Actb and Tuba (lung), and Tuba and Rpl13a (spleen), whilst f2m
was identified as the least stable gene.

3.4. Relative quantification of candidate housekeeping genes normalized
by recommended reference gene combination

To further characterize the expression profiles of the reference genes
used in this study and to validate the performance of the selected
reference gene combinations, normalization was performed using the
optimal gene pairs identified by both the unstratified and stratified
strategies (Fig. 4). In the liver, after using Actb and Tuba recommended
by unstratified analysis as the internal reference across different infec-
tion states, it was found that Ppia, Gusb and Rpl13a which were listed
among the top three ranked genes than genes (such as Tubb2a, Rplp0,
Rni8s, Mrpl32, Gapdh and Hprt) which were ranked as one of the
bottom-ranked genes (Fig. 4A). In addition, Rplp0 and Hprt showed
significant differences between NT and PLT groups (t = 3.068,
P =0.0119; t = 2.263, P = 0.0471, respectively) (Fig. 4A). Although no
significant differences in the expression levels of Tubb2a (U = 17,
P = 0.9372), Rn18s (t = 0.9555, P = 0.3777), and Gapdh (t = 1.651,
P = 0.1297) were found between NT and PLT, substantial inter-sample
variations was observed (Fig. 4A). In stratified analysis, the higher-
ranked genes also exhibited greater expression stability than the
lower-ranked candidates. In addition, RplpO showed significant differ-
ences between NT and PLT (Gusb - Rpll3a as reference: t = 2.719,
P =0.0216; Tuba - Rpl13a as reference: t = 2.97, P = 0.01318) (Fig. 4A).

In lung tissues, using Tubb2a and Actb (recommended by unstratified
analysis) or Tuba and Actb (recommended by stratified analysis) showed
that housekeeping genes at the top ranking, such as Tuba and Tubb2a,
also exhibited stable expression, while lower-ranked $2m, Gusb, and
Hprt exhibited expression variations between NT and IT. In addition,
Rplp0 (t = 2.462, P = 0.0336) and Mrpl32 (t = 2.461, P = 0.0336)
exhibited significant differences between experimental groups (Fig. 4B).
For spleen tissues, using Mrpl32 and Actb (recommended by unstratified
analysis) or Tuba and Rpll3a (recommended by stratified analysis) as
the internal reference, the stable expression of top three tanked genes
such as Tuba, Actb, Rpl13a and Mrpl32, as well as the variable expression
of f2m, Rn18s and Gusb that contributed by the inter-sample variation
were confirmed (Fig. 4C).

Comparison of stably and unstably expressed genes across tissues
revealed that Tuba and Actb were consistently stable in all three tissues
examined (Fig. 4D). Additionally, certain genes were specifically stable
in individual tissues, such as Ppia and Gusb in the liver, Mrpl32 in the
spleen, and Tubb2a in the lung. In contrast, the least stable genes
exhibited considerable inter-tissue variability. For example, four genes
(Mrpl32, Tubb2a, Rplp0 and Gapdh) were uniquely variable in the liver.

Finally, in E. multilocularis-infected mouse liver, we recommend the
combination of Tuba - Actb or Tuba - Rpl13a as the optimal normalization
factor. In addition, Actb - Tubb2a or Actb - Tuba are suitable options for
lung tissues, while Actb - Mrpl32 or Rpll3a - Tuba are recommended in
spleen tissues.
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Fig. 3. Ctvalues of candidate reference genes in the liver, spleen, and lung tissues from E. multilocularis-infected and healthy mice. The box spans from the 25th to the
75th percentile. The whiskers extend to the minimum and maximum values. The vertical line inside the box indicates the median. Ct values of individual biological
replicates. all-samples: all samples of liver, lung, and spleen, respectively; NT: normal tissues from healthy mice; IT: lung or spleen samples from E. multilocularis-

infected mice; PLT: perilesional tissue of infected liver; DT: distant tissue of infected liver.

4. Discussion

In the present study, the expression stability of 12 candidate refer-
ence genes across liver, lung, and spleen tissues from E. multilocularis-
infected mice was assessed by integrating algorithmic rankings. Our
results demonstrated that parasitic infection significantly affected the
expression of several housekeeping genes, rendering them unsuitable as
internal controls. However, a subset of genes exhibited relatively stable
expression across conditions in three tissues, including Actb and Tuba,
which are two classical and widely used housekeeping genes in murine
studies [34,35]. These genes encode the core cytoskeletal components
beta-actin (microfilaments) and alpha-tubulin (microtubules), respec-
tively, and are ubiquitously expressed in nearly all eukaryotic cell types.
Consequently, they have long been assumed to be reference genes
[36-38], although several reports have indicated that their expression
stability is tissue-specific [39-41]. Our study further validated the stable
expression of these two genes during E. multilocularis infection,
providing evidence supporting their use as endogenous controls in this
disease context, notably, Actb has already been applied as a reference
gene in several previous studies [34].

In addition, several genes were confirmed to be stably expressed in
specific tissues during this parasitic infection, including Rpl13a, Ppia and
Gusb in the liver, Rpl13a and Mrpl32 in the spleen, and Tubb2a in the
lung. Some of these genes have also been reported to be stably expressed
in other studies. For example, Rpl13a, a classical housekeeping gene,
encodes a protein component of the 60S ribosomal subunit and it
constitutively expressed [42-45]. It has been identified as one of the
most stably expressed housekeeping genes in the liver of a diabetic
mouse model [46]. Rpl13a also has been shown to be expressed at
relatively stable levels and has been used as an internal reference gene

for RT-qPCR in the spleen, a tissue rich in B cells, T cells, macrophages
and dendritic cells, among other immune cell populations [47]. Tubb2a,
a member of the f-tubulin Ila class family that constitutes a core
component of the microtubule cytoskeleton, has been employed as an
internal control gene in epithelial brushings collected from patients with
asthma [48].

Although several stably expressed genes were commonly identified
across the different tissues of E. multilocularis-infected mice, no gene was
found to be universally unstable. Hence, the unstable expressed genes
identified in this study were tissue-specific, and their expression varia-
tions may be associated with the pathological characteristics of the
respective tissues. In echinococcosis, parasite induces significant path-
ological changes across multiple host tissues, including mechanical
damage, inflammatory response, and fibrosis surrounding the parasit-
ized lesions [49-51], as well as systemic pathological effects [52,53].
Consequently, the expression of certain conventionally recognized
housekeeping genes can also be disturbed. As the primary lesion loca-
tion, the liver exhibits severe damage, particularly in the perilesional
area, where intense inflammatory responses are observed [54].
Accordingly, RplpO, Gapdh, Hprt, and Rnl8s failed to exhibit stable
expression in the liver parasitized by E.multilocularis. RplpO is a ribo-
somal protein located in the P-stalk region of the 60S large subunit, a
highly dynamic domain that may render its expression more susceptible
to stimuli. The inflammatory stress surrounding lesions in the liver may
further exacerbate this instability by disrupting ribosomal function [55,
56]. Notably, the expression of Rplp0 was significantly upregulated in
multiple cancer types, underscoring its context-dependent regulation
[57,58]. Gapdh is a multifunctional enzyme that catalyzes a key step in
glycolysis while also participating in DNA repair, gene regulation, and
apoptosis, and it is commonly used as a reference gene in liver tissues
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Table 3

Reference gene stability rankings across different algorithms in tissues of E. multilocularis-infected and healthy mice (unstratified analysis).
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Tissue NormFinder GeNorm BestKeeper Delta-Ct Consensus Best combination of two
. . ) genes
Gene Stability Gene Stability Gene SD Gene SD Gene Geomean of ranking
Value Value values

Liver Rpl13a 0.38 Ppia 0.42 Actb 0.62  Rpli3a 0.85  Tuba 2.06 Tuba and Actb
Actb 0.38 Tuba 0.42 Tuba 0.65  Actb 0.86  Actb 2.11
Tuba 0.40 Rpl13a 0.57 Ppia 0.73 Tuba 0.87 Rpl13a 2.21
Gusb 0.42 Gusb 0.62 Mrpl32  0.73  Gusb 0.88  Ppia 2.94
Ppia 0.50 Actb 0.65 Gapdh 0.77  Ppia 091  Gusb 4.60
£2m 0.60 £2m 0.66 Rplp0 0.79 p2m 0.96 Gapdh 6.44
Gapdh 0.73 Gapdh 0.74 Gusb 0.83  Gapdh 1.06  p2m 6.64
Rplp0 0.95 Hprt 0.82 Rpli3a  0.84  Rplp0 1.19  Rplp0 7.67
Hprt 0.97 Rplp0 0.87 p2m 0.85  Hprt 1.19  Mrmpl32 8.54
Tubb2a 1.03 Tubb2a 0.92 Rni8s 0.93 Tubb2a 1.23 Hprt 9.39
Mrpl32  1.10 Mrpl32  0.99 Tubb2a 096 Mrpl32 1.29 Tubb2a  10.24
Rni8s 1.20 Rni18s 1.05 Hprt 1.12  Rni8s 1.36  Rni8s 11.47

Lung Actb 0.46 Tuba 0.46 Tubb2a  0.70  Actb 1.34  Actb 1.63 Actb and Tubb2a
Tubb2a  0.57 Actb 0.46 Ppia 0.74  Tubb2a 1.39  Tubb2a 1.86
Tuba 0.73 Tubb2a  0.55 Mrpl32 079  Tuba 1.40  Tuba 2.71
Rpli3a  0.85 Rplp0 0.66 Rpli3a  0.94  Rplp0 1.51  Rplp0 4.47
Rplp0 1.11 Mrpl32  0.70 Rplp0 0.98 Rpli3a 1.52  Rpli3a 4.68
Mrpl32 1.17 Rpl13a 0.74 Tuba 0.99  Mrpl32 1.57  Mrmpl32 4.82
Ppia 1.46 Gapdh 0.80 Actb 0.99  Gapdh 1.75  Ppia 5.47
Gapdh  1.49 Ppia 0.88 Gapdh  1.11  Ppia 1.81  Gapdh 7.48
Rn18s 1.65 Rn18s 1.21 Rn18s 1.77  Rnil8s 2.11 Rn18s 9.00
Gusb 1.88 Gusb 1.46 Gusb 2.10  Gusb 2.20  Gusb 10.00
Hprt 2.15 Hprt 1.66 p2m 2.55  Hprt 2.42  Hprt 11.24
p2m 2.23 p2m 1.79 Hprt 2.65 p2m 2.45  p2m 11.74

Spleen  Rpli3a 0.18 Ppia 0.25 Tuba 0.35 Actb 1.08  Actb 2.28 Actb and Mrpl32
Tuba 0.57 Mrpl32 0.25 Rpli3a 0.37 Mrpl32 1.09 Mrpl32 2.51
Actb 0.71 Actb 0.27 Actb 0.52 Ppia 1.09 Tuba 2.89
Mrpl32  0.78 Rplp0 0.30 Rplp0 0.53  Rplp0 1.11  Rpli3a 3.13
Rplp0 0.78 Gapdh 0.33 Mrpl32  0.53  Tuba 1.13  Ppia 3.22
Ppia 0.82 Tubb2a  0.38 Ppia 0.58 Rpll3a 1.13  Rplp0 4.23
Tubb2a  0.92 Tuba 0.46 Gapdh 0.67  Tubb2a 1.21  Gapdh 6.88
Gapdh 1.02 Rpli3a  0.55 Tubb2a  0.75  Gapdh 1.23  Tubb2a 6.96
Hprt 1.25 Hprt 0.82 Gusb 1.31  Hprt 1.67  Hprt 9.24
Gusb 1.56 Gusb 1.06 Hprt 1.36 Gusb 1.83 Gusb 9.74
Rn18s 1.63 Rn18s 1.22 Rn18s 1.42  Rnl8s 1.92 Rni8s 11.00
p2m 2.13 p2m 1.40 p2m 1.81 p2m 227  fp2m 12.00

Table 4

NormFinder-based reference gene stability rankings in tissues of E. multilocularis-infected and healthy mice (stratified analysis).

Rank Liver (NT vs. PLT) Liver (NT vs. DT) Liver (PLT vs. DT) Liver (NT vs. PLT vs. Lung (NT vs. IT) Spleen (NT vs. IT)
DT)
Gene Stability Gene Stability Gene Stability Gene Stability Gene Stability Gene Stability

Value Value Value Value Value Value
1 Actb 0.16 Rpl13a 0.10 Rpl13a 0.08 Actb 0.16 Actb 0.29 Rpl13a 0.10
2 Rpl13a 0.25 Actb 0.13 Ppia 0.09 Rpl13a 0.20 Tubb2a 0.30 Tuba 0.16
3 Gusb 0.26 Gusb 0.13 Tuba 0.10 Gusb 0.22 Tuba 0.32 Actb 0.20
4 Tuba 0.29 Tuba 0.13 Actb 0.12 Tuba 0.22 Rpli13a 0.40 Mrpl32  0.21
5 Ppia 0.31 A2m 0.14 Gusb 0.14 Ppia 0.23 Rplp0 0.54 Ppia 0.22
6 p2m 0.32 Rn18s 0.17 Rplp0 0.17 p2m 0.25 Mrpl32 057 Rplp0 0.23
7 Gapdh 0.38 Ppia 0.18 p2m 0.19 Gapdh 0.29 Rn18s 0.58 Tubb2a  0.23
8 Tubb2a 0.44 Mrpl32 0.20 Gapdh 0.21 Tubb2a 0.33 Ppia 0.59 Gapdh 0.27
9 Mrpl32  0.51 Tubb2a  0.21 Hprt 0.24 Rplp0 0.33 Gapdh  0.64 Hprt 0.34
10 Hprt 0.51 Gapdh 0.23 Tubb2a  0.32 Hprt 0.35 Gusb 0.73 Rn18s 0.40
11 Rn18s 0.55 Rplp0 0.23 Mrpl32  0.33 Mrmpl32  0.37 Hprt 0.79 Gusb 0.41
12 Rplp0 0.56 Hprt 0.24 Rni8s 0.35 Rni8s 0.39 p2m 0.81 p2m 0.61
Best Combination of  Rpl13a and Gusb Rpl13a and Actb Rpl13a and Actb Tuba and Rpl13a Tuba and Actb Tuba and Rpl13a

Two Genes

under various disease conditions, including Echinococcus infection [27,
28,59,60]. However, our results demonstrated its instability in the liver
of E. multilocularis-infected mice, indicating that it is not suitable as an
internal control gene in this disease model. Moreover, Hprt, a key
enzyme in purine metabolism, is sensitive to alterations in cellular
metabolic states induced by tumors and neurodegenerative diseases [61,
62].

In spleen and lung tissues, f2m, Gusb, Rn18s, and Hprt showed poor
stability. As a key immune organ in the host responding to infection, the
spleen undergoes progressive enlargement as the disease advances, and
the abundance and polarization state of immune cells such as macro-
phages dynamically change over the course of infection, shifting from an
early pro-inflammatory (M1-dominated) response toward a Th2/Treg-
associated immunosuppressive (M2-dominated) microenvironment
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Fig. 4. Expression profiling of housekeeping genes in tissues of E. multilocularis-infected mice. Relative expression of housekeeping genes in liver (A), lung (B), and
spleen (C) tissues during E. multilocularis infection, using reference combinations recommended by unstratified and stratified analysis. Red dots: genes ranked among
the top three most stable reference genes, under unstratified consensus ranking or stratified analysis. Blue dots: genes ranked among the bottom three least stable

reference genes, under unstratified consensus ranking or stratified analysis. Data are presented as Mean =+ SD. *

* indicates P < 0.05. D. Venn graph of most (upper)

and least (lower) stable genes in different tissues of mice under E. multilocularis infection. Genes ranked among the top or bottom three most stable reference genes
under unstratified consensus ranking or stratified analysis were included.
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during the chronic phase, which may destabilize the expression of f2m
(immune-related) and Hprt (metabolic-related) at different infection
stages [63-65]. Although studies on these genes in the lung remain
limited, their unstable expression renders them unsuitable as internal
controls in this tissue.

Several limitations should be acknowledged in the present study.
First, the sample size used in the present study was relatively modest,
but the complex host-parasite interactions during E. multilocularis
infection may introduce considerable inter-individual variability, which
could affect the stability rankings for candidate reference genes. Second,
this study focused on a single disease stage, given that the host immune
microenvironment undergoes dynamic remodeling throughout infec-
tion, additional investigations encompassing other stages are warranted
to validate the broader applicability of the recommended reference gene
combinations.

5. Conclusion

By integrating algorithmic rankings with experimental validation,
optimal reference gene combinations for RT-qPCR detection of gene
expression in different tissue types of mice infected with E. multilocularis
were recommended. It provides accurate normalization and reliable
quantification of target gene expression in E. multilocularis infection
studies and will facilitate future studies in echinococcosis, including
disease pathogenesis, antiparasitic drug efficacy assessment, and ther-
apeutic target discovery.
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