
Thomas et al. BMC Biology          (2025) 23:312  
https://doi.org/10.1186/s12915-025-02420-7

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

BMC Biology

Gene expression reveals the pancreas 
of Aselli as a critical organ for plasma cell 
differentiation in the Eurasian common shrew
William R. Thomas1,8*, Cecilia Baldoni2,3, Tanya M. Lama4, Yuanyuan Zeng5, Angelique P. Corthals6, 
Dominik von Elverfeldt7, John Nieland5, Dina K. N. Dechmann2,3 and Liliana M. Dávalos1,7,8* 

Abstract 

Background  Almost all mammals rely on the thymus and bone marrow to generate and differentiate B and T cells 
essential for adaptive immunity. A few members of the family Soricidae, or true shrews within Eulipotyphla, have 
also evolved an enlarged pancreas of Aselli, a kidney-sized organ hypothesized to serve this primary immune role, 
and whose gene expression profile is unknown.

Results  Here we introduce transcriptomes of juvenile Eurasian common shrews (Sorex araneus, family Soricidae) 
pancreas of Aselli. We compare these to those of the shrew spleen and chick bursa of Fabricius, an analogous, bird-
specific organ, and explore differential expression overlaps with positively selected genes. Differential gene expres-
sion analyses revealed higher expression of genes that regulate the differentiation of B cells into long-term plasma 
cells (e.g., IRF4, XBP1, PRDM1) compared to the spleen and more convergent expression with the bursa of Fabricius 
than expected by chance (including IRF4). Overlaps with positive selection were as expected and included PTPRCAP, 
which regulates both T and B cell antigen responses and lymph node size.

Conclusions  Our results support the specialized role of the pancreas of Aselli in adaptive immunity, and we propose 
this uniquely enlarged organ evolved at the intersection between extreme metabolic demands and high parasite 
burdens in tiny yet very active shrews.
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Background
Mammals rely on primary immune organs, such as the 
thymus and bone marrow, to generate and differenti-
ate cells essential for adaptive immunity, including B 
and T cells [1, 2]. Yet, members of the family Soricidae 
(order Eulipotyphla), or true shrews, have evolved a 
uniquely large immune organ known as the pancreas of 
Aselli [3]. This enlarged mesenteric lymphoid organ has 
a dense aggregation of lymphocytes, with a significant 
proportion made up of plasma cells in varying degrees 
of maturation [4, 5]. In the Eurasian common shrew 
(Sorex araneus), it accounts for approximately 1% of 
the total body mass, comparable in size to a kidney [4]. 
This organ is especially notable in shrews for its unique 
size and structure. Unlike most mammals, which pos-
sess small, distributed mesenteric lymph nodes, shrews 
have a single, greatly enlarged node [3, 6]. Thus, based 
on cellular content, size, and location, it is hypothe-
sized to serve as an additional primary immune organ 
to defend against their remarkably diverse array of par-
asites, including helminths (nematodes and cestodes), 

blood parasites (Bartonella sp.), and respiratory fungi 
(Pneumocystis carinii) [4, 7–10]. Despite its novelty 
among mammals [3, 6] and prominence in shrew physi-
ology [4, 5, 7], the molecular mechanisms underly-
ing the evolution and function of this immune organ 
remain largely uncharacterized.

While the pancreas of Aselli is an enlarged mesenteric 
lymph organ [6], other vertebrate clades have evolved 
other specializations to enhance sampling of gut-derived 
antigens (Fig.  1A), including gut-associated lymphatic 
tissue (GALT) extensions, like Peyer’s patches [11]. For 
example, rabbits possess a more specialized GALT, called 
the sacculus rotundus, which is a distinct sac-like struc-
ture at the terminal portion of the ileum [12]. However, 
unlike a true primary immune organ [13], the sacculus 
rotundus does not generate immune cells independently 
and is instead seeded by the thymus. In contrast, the only 
comparable analogue to the pancreas of Aselli in evolu-
tionary history (originally hypothesized by Tsiperson [4]) 
is the cloacal bursa [14], specifically, the bursa of Fab-
ricius in birds [15, 16]. The bursa serves as the primary 

Fig. 1  A Independent evolution of gut-sampling lymphoid tissue across vertebrates, giving rise to unique organs such as the pancreas of Aselli 
in shrews and the sacculus rotundus in lagomorphs. B Both the pancreas of Aselli and cloacal bursa are prominent early in life, suggesting 
an important role in early immunity. However, unlike the cloacal bursa, the pancreas of Aselli persists into adulthood, emphasizing function 
beyond early-life immunity. C Shrews operate near their maximum energy allowance due to their exceptionally high basal metabolic rates. As they 
approach reproductive age, their energy demands may exceed sustainable levels, creating trade-offs between physiological functions. The pancreas 
of Aselli may represent an adaptive strategy that minimizes energetic cost of immune function during reproduction by serving as an early-life 
investment in immunity
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site of B cell differentiation and proliferation, where gut-
derived antigens that travel through the cloaca help shape 
antibody diversification through affinity maturation and 
gene conversions [17]. Mature B cells from the bursa then 
migrate to peripheral immune organs [18, 19], such as 
the spleen and lymph nodes, contributing immediately 
toward immune responses. The parallels between the 
bursa of Fabricius and the enlarged pancreas of Aselli are 
striking; both are unique within their respective clades 
(shrews and non-ratite birds), both house dense lym-
phoid populations, and both invest in early-life contribu-
tions to developing adaptive immunity.

Despite apparent similarities, development and cellu-
lar function indicate that the pancreas of Aselli and the 
bursa of Fabricius may not be direct evolutionary ana-
logues [5]. One major distinction lies in their ontogenetic 
trajectories (Fig.  1B). The bursa of Fabricius reaches its 
largest size a few weeks after hatching, but rapidly invo-
lutes as birds reach sexual maturity [15, 20], much like 
the thymus in vertebrates [21]. In contrast, the pancreas 
of Aselli does not degenerate in size and function upon 
puberty. Instead, it increases plasma cell storage as the 
shrew reaches adulthood [5]. Plasma cells secrete an 
antibody against a specific antigen and are longer lived 
in comparison to mature B cells [22]. Thus, the bursa 
of Fabricius production of mature B cells is likely for a 
short-term increase in the number of adaptive immune 
cells as juveniles, while plasma cell stores in the shrew’s 
pancreas of Aselli can be used for future antibody secre-
tion as adults [5].

Life history traits and energy tradeoffs may help 
explain why the enlarged pancreas of Aselli is unique to 
shrews and absent or smaller in other mammals. Organ-
isms must allocate limited energy between somatic 
growth, survival, and reproduction, creating evolution-
ary constraints. Shrews, however, face extreme chal-
lenges. With basal metabolic rates nearly twice what is 
expected for their size [23, 24], they have minimal energy 
reserves and low starvation endurance [25], with little 
flexibility. Mounting immune responses to their many 
parasites is especially taxing, particularly during repro-
duction, which is already energetically demanding for 
small mammals [26]. Unlike longer-lived species that can 
afford to delay reproduction to recover from disease, or 
short-lived rodents with biannual or continuous breeding 
shortly after birth, shrews must survive through one win-
ter and then cannot miss their one reproductive opportu-
nity [27]. Their exceptionally short lifespans compared to 
most mammals [28] restrict them to this single breeding 
season; their one chance to reproduce is critical. Evolv-
ing a larger mesenteric lymphoid organ may therefore 
be an adaptive strategy related to reproduction, allowing 
shrews to invest in long-lived immune cells early in life. 

Thus, immune investment would occur before reproduc-
tion drains their limited energy reserves, ensuring they 
can mount efficient immune responses through adult-
hood (Fig. 1C).

We investigated the regulatory functions of the pan-
creas of Aselli in Sorex araneus and its role in plasma cell 
development by conducting a transcriptomic comparison 
against a reference secondary immune organ, the shrew 
spleen. To explore the evolutionary significance of dif-
ferentially expressed genes, we compared them to two 
independent analyses. First, we explored the effects of 
selection on the evolution of the enlarged pancreas of 
Aselli by comparing differentially expressed genes against 
those previously identified as evolving under positive 
selection in S. araneus. Then we assessed whether the 
pancreas of Aselli represents a functional analogue to the 
avian bursa of Fabricius by testing for differential expres-
sion between the avian bursa and spleen and comparing 
against within-shrew findings. These analyses revealed 
that adaptative immunity and genes involved in plasma 
cell differentiation (XBP1, PRDM1, IRF4) were expressed 
significantly higher in the pancreas of Aselli compared to 
the spleen, supporting its specialized role in long-term 
immune function. While more genes than expected by 
chance were significantly higher expressed in the pan-
creas of Aselli and the bursa of Fabricius compared to 
their corresponding spleens, key genes involved in B cell 
maintenance (PAX5, BCL6) did not overlap across the 
two organs, highlighting differences in adaptive immune 
function.

Results
RNA sequencing and alignment
RNA sequencing of S. araneus and G. gallus organs 
yielded high-quality data with comparable sequencing 
depths across organ type and species. S. araneus samples 
had a mean post-filtration sequencing depth of 41 million 
reads, with sequencing depths within an order of magni-
tude between the spleen (mean 34.8 million reads) and 
the pancreas of Aselli (48.1 million reads) (Additional 
file 1: Table S1). These results were consistent with pub-
licly available transcriptomic datasets on the SRA. For 
G. gallus, the mean sequencing depth was 58.5 million 
reads, with specific BioProjects showing averages of 53.4 
million reads for PRJNA494531 (bursa of Fabricius) [29, 
30], 65.6 million reads for PRJNA511787 (bursa of Fab-
ricius) [31], and 58.98 million reads for PRJNA623599 
(spleen) [32, 33]. Mapping efficiency of sequencing 
data was similarly high across species. On average, 
71.1% of S. araneus reads mapped to the transcriptome 
(GCF_027595985.1_mSorAra2.pri), with spleen sam-
ples achieving 77.5% mapping, slightly higher than 
the pancreas of Aselli mapping at 64.7%. Gallus gallus 
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(GCF_000002315.5_GRCg6a) mapping rates were com-
parable to those of the common shrew, averaging 77.3% 
for the spleen and 79.0% for the bursa of Fabricius.

Differential gene expression
Thousands of genes were differentially expressed 
between the S. araneus pancreas of Aselli and spleen, 
with several immune-related pathways, particularly 
those associated with adaptive immunity, increased in 
the pancreas of Aselli. To assess overall transcriptomic 
differences between these organs, we first performed 
a PCA (Fig. 2A). This analysis revealed a strong separa-
tion between the two organ types along PC1 (74.3% of 
variance), while intra-organ variation, particularly within 
the spleen, was captured on PC2 (6.9% of variance). 
Given this clear distinction in gene expression profiles, 
we proceeded with a differential gene expression analy-
sis without a Log Fold Change (LFC) threshold to iden-
tify specific genes promoting these differences. Of the 
24,205 genes tested (Additional file  2: Table  S2), 5997 
were significantly differentially expressed after multiple 
test correction (padj < 0.05), with 2500 increased in the 
pancreas of Aselli and 3497 decreased in comparison. 

Genes critical to plasma cell differentiation (Table  1) 
[34–36] were significantly higher, XBP1 (padj < 0.001, 
LFC = 1.67), PRDM1 (padj < 0.001, LFC = 1.76), and IRF4 
(padj < 0.001, LFC = 0.95), while most key genes in B cell 
maintenance [34, 37–40] were not, PAX5 (padj = 0.86, 
LFC = − 0.08), BCL6 (padj = 0.31, LFC = 0.38), except 
BACH2 (padj < 0.001, LFC = 1.70) (Fig.  2B). To further 
determine the functional significance of these differ-
ences, we conducted a ranked pathway enrichment anal-
ysis of KEGG pathways (Additional file 3: Table S3). This 
analysis identified 22 enriched pathways (padj < 0.05), with 
11 showing increased expression and 11 with decreased 
expression in the pancreas of Aselli (Fig.  2C). Notable 
pathways with lower expression included porphyrin 
and chlorophyll metabolism (padj < 0.001, NES = − 2.17), 
while key pathways with higher expression were pre-
dominantly immune-related. These included primary 
immunodeficiency (padj < 0.001, NES = 2.03), antigen 
processing and presentation (padj < 0.001, NES = 2.02), T 
cell receptor signaling (padj < 0.001, NES = 1.65), natural 
killer cell mediated cytotoxicity (padj < 0.05, NES = 1.46), 
and cytokine-cytokine receptor interaction (padj < 0.01, 
NES = 1.45).

Fig. 2  A Principal component analysis (PCA) of the 5000 most variable genes shows distinct separation between the spleen and pancreas of Aselli 
along PC1. B Volcano plot quantifying differentially expressed genes (padj < 0.05), with 2500 significantly expressed genes with increased expression 
(blue) and 3497 genes with decreased expression (red) in the pancreas of Aselli. Noted genes include those associated with B cell maintenance 
(PAX5, BCL6, BACH2) and plasma cell differentiation (XBP1, PRDM1, IRF4). C Pathway enrichment analysis revealed 11 pathways with increased 
expression (blue) and 11 pathways with decreased expression (red) in the pancreas of Aselli, suggesting adaptive immune-related function
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We compared differentially expressed genes to those 
inferred to be evolving under positive selection in S. ara-
neus from previous work [41, 42] and identified some 
overlap in significant genes. Of the 2500 genes increased 
for expression in the pancreas of Aselli and the 231 
inferred to be under common shrew specific positive 
selection from previous work [41], 21 were found to over-
lap between both data sets. These genes notably include 
the plasma cell differentiation gene PRDM1 (Additional 

file 4: Fig. S1), as well as the protein tyrosine phosphatase 
receptor type C- associated protein, PTPRCAP (Fig.  3). 
However, this overlap was not greater than expected by 
chance ( χ2

1
 = 1.1, pval = 0.29).

To test whether the bursa of Fabricius is a functional 
analogue of the pancreas of Aselli, at least at the tran-
scriptomic level, we performed a differential expression 
analysis of the chicken bursa of Fabricius to the chicken 
spleen and compared these results to the same analysis 

Table 1  List of key genes involved in immune cell development of the pancreas of Aselli

Gene Function

PAX5 Master regulator of B cell program needed for initial commitment of lymphoid progenitors to B cells. Represses plasma cell pathway. [30–35]

BCL6 Required for B cell proliferation and somatic hypermutation in the germinal center. Represses PRDM1 and antibody secreting cell differentia-
tion. [30–32, 36]

BACH2 Regulated by PAX5 and expressed during B cell differentiation. Represses PRDM1, therefore controlling the timing of plasma cell differentiation. 
[30–32, 35]

XBP1 Transcription factor upregulated in protein secreting cells to regulate genes involved in antibody secreting cell differentiation (e.g., plasma 
cells). Repressed by PAX5. [30, 32]

PRDM1 Encodes BLIMP1, a transcriptional repressor (PAX5, BCL6) required for terminal differentiation of B cells into antibody secreting cells. Upregu-
lated in long-lived plasma cells. [30–32]

IRF4 Transcriptional regulator important for immunoglobin recombination, B cell formation, and plasma cell differentiation. Represses BCL6 
and activates PRDM1. [30, 32]

Fig. 3  Multiple sequence alignment of the extracellular and transmembrane domains of the positively selected gene, PTPRCAP (amino acids 
22–58), across 39 mammalian species from a previous analysis [41]. Two of the 12 sites identified to be under positive selection (indicated 
by pins on the protein domains) by MEME (Mixed Effect Models of Evolution) are highlighted, which may have functional consequences 
for PTPRCAP binding capabilities to CD45
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in the common shrew. Of the 23,747 genes tested (Addi-
tional file 5: Table S4), 11,184 were significantly differen-
tially expressed, with 5744 increased and 5440 decreased 
in the bursa of Fabricius. Among these, 964 genes were 
significantly lower in both the pancreas of Aselli and the 
bursa of Fabricius and 543 higher in both. This overlap 
is significantly more than expected by chance (hyper-
geometric test, p < 0.001). Next, we examined the genes 
critical to plasma cell differentiation (XBP1, PRDM1, 
IRF4) and B cell maintenance (PAX5, BCL6, BACH2). 
All three of the B cell maintenance genes were increased 
in the G. gallus bursa of Fabricius: PAX5 (padj < 0.001, 
LFC = 3.08), BCL6 (padj < 0.001, LFC = 1.01), and BACH2 
(padj < 0.001, LFC = 1.61). However, only two plasma cell 
differentiation genes, XBP1 (padj < 0.001, LFC = − 0.48), 

PRDM1 (padj < 0.001, LFC = 0.38), and IRF4 (padj < 0.001, 
LFC = 1.14), were significantly higher in the bursa of Fab-
ricius, all of which were increased in the common shrew 
pancreas of Aselli (Fig. 4).

Immunoglobulin repertoire diversity
To assess adaptive immune diversity, we used ImReP to 
assemble immunoglobulin receptor sequences from tran-
scriptomic data across four pancreas of Aselli (Table  2; 
sequences available in Additional file 6: Table S5). A total 
of 6077 unique receptor sequences were recovered across 
all samples. The number of identified immunoglobulin 
heavy chain (IGH) transcripts ranged from 751 to 1730 
per individual, with kappa and lambda light chain (IGK 
and IGL) transcripts detected at lower frequencies (8 

Fig. 4  A Upset plot showing overlap in significantly differentially expressed genes between the pancreas of Aselli (n = 4) vs. spleen (n = 4) in Sorex 
araneus and the bursa of Fabricius (n = 5) vs. spleen (n = 3) in Gallus gallus. The total significant genes of each set is found to the left of each result 
(Set Size), with overlapping significant genes between analyses indicated by connected interactions (Interaction Size). Here, 1507 (543 up, 964 
down) genes exhibited concordant regulation between the pancreas of Aselli and bursa of Fabricius. B Comparative analysis of important B cell 
differentiation genes (PAX5, BACH2, BCL6) and plasma cell differentiation genes (XBP1, PRDM1, IRF4) reveals differences in regulatory patterns 
between the shrew’s pancreas of Aselli and the chicken’s bursa of Fabricius, suggesting divergent adaptive immune function. Significant 
comparisons are indicated by an asterisk (padj < 0.05). Error bars represent one standard deviation from the mean of the data
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to 20). T cell receptor alpha (TRA) and beta (TRB) were 
also recovered, while delta (TRD) and gamma (TRG) were 
not detected. However, the partial-V and partial-J CDR3 
sequences identified by ImReP numbered in the hundreds 
of thousands for each individual. This suggests that there is 
a high repertoire complexity that may not be fully assem-
bled due to our short-read sequencing (100 bp/read).

Discussion
To gain insight into its functional and evolutionarily 
adaptive role in Eurasian common shew immunity, we 
characterized gene expression of the pancreas of Aselli. 
Our analysis revealed significant differences in gene 
expression between the pancreas of Aselli and the spleen 
(Fig. 2A), with 2500 genes with increased expression and 
3497 genes with decreased expression (Fig. 2B). Pathway 
enrichment analysis indicated that genes with higher 
expression in comparison to the spleen were functionally 
linked to immunity, such as primary immunodeficiency, 
antigen processing and presentation, T cell receptor 
signaling, natural killer cell-mediated cytotoxicity, and 
cytokine-cytokine receptor interactions (Fig.  2C). These 
pathways are predominantly associated with adaptive 
instead of innate immunity [22, 43–45], suggesting the 
pancreas of Aselli facilitates antigen-dependent immune 
responses instead of rapid, non-specific immunity. Sup-
porting this, we observed high immunoglobulin recep-
tor diversity in the pancreas of Aselli (Table 2; Additional 
file 6: Table S5), with thousands of unique IGH, IGK, and 
IGL transcripts identified, in addition to many partial 
CDR3 sequences. Conversely, genes involved in porphy-
rin metabolism, or the production and degradation of 
heme for oxygen transport, were lower in the pancreas 
of Aselli. This evidence aligns well with a previous mor-
phological study [5] showing that the pancreas of Aselli 
shares a cellular composition similar to that of a lymph 
node, containing adaptive immune cells such as T cells, B 
cells, neutrophils, and macrophages, and plays a little role 
in filtering oxygen-carrying red blood cells, a key func-
tion of the spleen.

Functionally, the pancreas of Aselli differs from a typi-
cal lymph node in that its medulla is almost entirely com-
posed of plasma cells [5], or terminally differentiated 
B cells reflecting prior immune experience or antigen 

exposure. This cellular composition is strongly supported 
by gene expression data, which indicated a regulatory 
shift toward plasma cell production. We observed mini-
mal changes in the expression of genes associated with 
B cell maintenance (PAX5, BCL6, BACH2) [34], with 
only BACH2 showing increased expression (Fig.  2B, 
4B). These transcriptional repressors play a crucial role 
in maintaining B cell identity [34, 37–40] and prevent-
ing premature differentiation into plasma cells [35, 36] 
by inhibiting key genes such as PRDM1 and XBP1. In 
contrast, three key genes involved in plasma cell differ-
entiation (XBP1, PRDM1, and IRF4) were all significantly 
increased in the pancreas of Aselli. This reinforces this 
organ’s role as a site for plasma cell rather than naïve B 
cell storage, as PRDM1, IRF4, and XBP1 drive the transi-
tion to antibody-secreting plasma cells [34], with PRDM1 
repressing B cell associated genes [46, 47], which can be 
activated by IRF4 to promote plasma cell fate [48]. This 
pattern in the pancreas of Aselli aligns with single-cell 
sequencing of mouse immune cells, where PAX5 and 
BACH2 are highly expressed in naïve follicular B cells but 
absent in long-lived plasma cells, which instead express 
PRDM1, IRF4, and XBP1 [49]. The significant increased 
expression of plasma cell differentiation genes in the pan-
creas of Aselli, alongside minimal changes in B cell main-
tenance genes, highlights its specialized role in long-term 
plasma cell production instead of the generalized B cell 
development typical of lymph nodes, and may explain 
why more plasma cells are found in the lymph nodes of 
the shrew compared to other species [5].

Gene expression evidence suggests the pancreas of 
Aselli is not a direct analogue of the bursa of Fabricius, 
supporting earlier morphological studies [5] (Fig.  4A). 
When comparing the chicken bursa of Fabricius to the 
spleen, we found that genes associated with naïve B cells 
(PAX5, BACH2, BCL6) were increased in the bursa, a 
pattern that contrasts with the minimal change gener-
ally observed in the pancreas of Aselli, except in BACH2 
(Fig.  2B, 4B). Despite these differences, a comparison 
of differentially expressed genes across both analy-
ses revealed a greater overlap than expected by chance 
(hypergeometric test, p < 0.001) of concordant changes. 
These similarities can be observed in the plasma cell dif-
ferentiation genes. Some genes upregulated in the shrew 

Table 2  Diversity of immunoglobulin receptors in each pancreas of Aselli

Individual ID IGH IGK IGL TRA​ TRB TRD TRG​ partial-V CDR3 partial-J CDR3

1 ML6 1666 12 20 101 11 0 0 819,361 174,417

2 ML7 751 8 12 146 21 0 0 923,810 120,245

3 ML8 1562 13 20 91 14 0 0 711,354 170,959

4 ML9 1730 13 18 107 16 0 0 878,294 183,076
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pancreas of Aselli, including IRF4 and PRDM1, were also 
increased in the bursa of Fabricius (Fig. 4B). These find-
ings indicate that the pancreas of Aselli and the bursa of 
Fabricius are not precise functional equivalents but have 
evolved independently to enhance adaptive immunity 
using some similar regulatory mechanisms.

Natural selection may shape some of the key regulatory 
genes of the pancreas of Aselli compared to other mam-
mals. We compared genes increased in expression in the 
pancreas of Aselli to those we previously inferred to be 
under positive selection specific to the common shrew 
[41] in comparison to 39 other mammals. In this compar-
ison, continuous evolution, refinement, and innovations 
of complex immune systems [50, 51], or the pancreas of 
Aselli having increased selection to refine its immune 
function, would be indicated by greater than expected 
overlap. However, we did not find more overlap than 
expected by chance ( χ2

1
 = 1.1, p = 0.29). Instead, we find 

few overlapping genomic changes, indicating that many 
genes under positive selection are unrelated to those dif-
ferentially expressed in the pancreas of Aselli.

As PRDM1 appears critical to the adaptive immune 
functions of the pancreas of Aselli, we note that PRDM1 
was inferred to be under positive selection (Additional 
file  4: Fig. S1) in our previous work [41]. However, 70% 
of the sites inferred to be under positive selection were 
found in the first 100 amino acids, which could represent 
an alternative start site [52]. Importantly though, in pre-
vious work we also found PTPRCAP was under positive 
selection (Fig.  3) [41], including at the first two amino 
acids of its transmembrane domain. PTPRCAP is typically 
expressed in lymphocytes [53], where it interacts with 
CD45, a key regulator of antigen receptor–mediated signal 
transduction and lymphocyte development [54]. In mice, 
deletions in the transmembrane, rather than the extracel-
lular domain, disrupt PTPRCAP binding with CD45 [55], 
with deficient or knockout mice showing decreased CD45 
expression [56] that can, in turn, impair the responses of 
T and B cells to antigen receptor stimulation [57]. Yet, 
PTPRCAP-deficient mice have increased cellularity and 
size of lymph nodes [56, 58], suggesting a role in regulat-
ing lymphocyte expansion. Evidence of adaptation in the 
common shrew, particularly in the organ where it has 
higher expression, may alter antigen presentation while 
simultaneously supporting lymphocyte development in 
this enlarged mesenteric lymphoid organ.

Together, our gene expression analyses support a model 
in which the pancreas of Aselli and the bursa of Fabricius 
serve differing roles in immune development and main-
tenance, corresponding to the evolved life history of their 
organisms. The bursa degenerates at sexual maturity 
(Fig. 1B), emphasizing its early-life role in B cell matura-
tion, consistent with the elevated gene expression that 

sustains mature B cells (PAX5, BCL6, BACH2) in com-
parison to the avian spleen (Fig. 4B). Meanwhile, the pan-
creas of Aselli endures past puberty and throughout the 
brief lifespan of the shrew. Its gene expression profile, 
which shows increased expression of plasma cell differen-
tiation genes (PRDM1, XBP1, IRF4) in comparison to the 
spleen, validates its role as a store of plasma cells. These 
overexpressed genes likely facilitate the long-term pro-
duction and secretion of diverse antibodies in response 
to heavy parasite loads, which continue throughout the 
shrew’s lifespan, tend to be higher than in other mam-
mals, yet appear to cause no obvious clinical illness [7, 59]. 
This proposed function may be reflected in the diversity 
of immunoglobulin receptor sequences identified in the 
pancreas of Aselli. Overall, while the persistence and gene 
expression of the pancreas of Aselli suggest it functions as 
a long-term source of adaptive immunity into adulthood, 
both it and the bursa contribute to immune function along 
a developmental continuum to enhance survival toward 
adulthood and, ultimately, reproductive success.

Limitations
There are methodological limitations in this study. A key 
challenge in assessing whether the pancreas of Aselli is a 
direct analogue of the bursa of Fabricius lies in the availabil-
ity of appropriate comparative sequencing data. To make a 
robust comparison within G. gallus, the bursa and second-
ary immune organ (the spleen) should ideally be sampled at 
the same developmental stage with a sufficiently large sam-
ple size (at least 4 individuals), as low sample sizes increase 
false positives from high variation in species outside the 
laboratory (i.e., PRDM1 in bursa) [60]. However, after scan-
ning the SRA, the only available high-quality data sets for 
the spleen and bursa came from 2-week-old chicks. This 
age discrepancy introduces confounders when comparing 
to the pancreas of Aselli, as adaptive immune function can 
be influenced by developmental stage. Experimental con-
straints prevent us from fully resolving the mechanisms 
underlying the formation and evolutionary emergence of 
this organ. One possibility is that shrews experience a dis-
tinct developmental fitness landscape due to their excep-
tionally short lifespans [28], which may result in a novel 
immune solution. However, our current approach does not 
allow us to distinguish between genes involved in the organ’s 
development versus those contributing toward its immune 
function. Future research integrating embryonic time-series 
data could provide regulatory insights into the developmen-
tal and evolutionary origins of this immune innovation.

Conclusions
This study provides a robust characterization of gene 
expression for the pancreas of Aselli, offering new 
insights into mammalian immune system evolution. 
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Our findings reveal that this organ is functionally dis-
tinct from the spleen, with gene expression patterns 
supporting a specialized role in adaptive immunity, par-
ticularly in long-term plasma cell storage. While not a 
direct analogue of the bursa of Fabricius, as evident by 
differences in B cell maintenance genes (PAX5, BACH2, 
BCL6) and plasma cell differentiation genes (IRF4, XBP1, 
PRDM1), similarities in regulatory mechanisms indicated 
by greater than expected differentially expressed gene 
overlap suggest independent evolutionary solutions for 
enhancing adaptive immunity. Additionally, evidence of 
positive selection in key immune genes, such as PTPR-
CAP, suggests a dynamic interplay between adaptive 
immunity and natural selection, potentially fine-tuning 
the function of the pancreas of Aselli to meet the immu-
nological demands of the common shrew. Characteriz-
ing the regulatory mechanisms of the pancreas of Aselli 
alongside selective processes, we highlight how evolution 
and immune function can act synergistically to generate 
adaptation, expanding our understanding of mammalian 
immune system diversity.

Methods
Animals and tissue collection
Sorex araneus were collected (n = 4) in November of 2020 
from a single German (47.9684 N, 8.9761 E) population 
(protocols authorized by Regierungspräsidium Freiburg, 
Baden-Württemberg; 35–9185.81/G-19/131). Shrews 
were captured with insulated wooden traps baited with 
mealworms, which were monitored every two hours in 
hope of reducing trap-related stress, food insufficiency, 
or captivity on gene expression [61]. Once trapped, 
shrews were aged and sexed (two male and two female) 
based on tooth wear, fur condition, and gonad develop-
ment. Notably, Eurasian common shrews have a single 
breeding season in late spring or early summer and typi-
cally do not survive in the wild beyond their second fall. 
Thus, all shrews captured were prepubescent individu-
als approximately 6 months of age. Within the transport 
chamber, shrews are first anesthetized by filling the con-
tainer with isoflurane in a cotton ball. The anesthetized 
animal is then injected intraperitoneally with 2  mg/kg 
of Butorphanol to achieve adequate analgesia. Shrews 
were then perfused transcardially with PAXgene Tis-
sue Fixative. Then the pancreas of Aselli and spleen were 
removed and placed in PAXgene Tissue Stabilizer for 
2–24 h. These organs were then frozen and stored in liq-
uid nitrogen (− 180 °C).

RNA extraction and sequencing
RNA was extracted from each organ using a modified 
version of the Micro RNeasy Micro kit (Qiagen). Modi-
fications included [1] tissues were ground using glass 

mortar and pestles on dry ice for 1–2  min to reduce 
heat-associated RNA degradation, [2] column binding 
efficiency and lysing were improved by adding 7µL of 
2  M dithiothreitol and 5 µL of 4  ng/µL carrier RNA to 
the lysate, [3] lysate was ground for an additional minute 
and homogenized with QIAshredder columns, and [4] 
DNAse incubation was reduced from 15 to 2 min. Azenta 
Life Sciences (New Jersey) performed quality control 
analyses (nanodrop and RNA ScreenTape), library prepa-
ration (poly-A selection), and sequencing (approx. 15–25 
million PE reads/sample, 150  bp PE) of the spleen on 
an Illumina HiSeq platform. For the pancreas of Aselli, 
BGI (Beijing Genomics Institute, California) conducted 
quality control (RNA ScreenTape), library preparation 
(DNBseq Eukaryotic Strand-specific mRNA library), and 
sequencing (~ 25 million PE reads/sample, 100 bp PE) on 
a DNBseq platform.

Differential gene expression
Raw reads for each sequencing run were analyzed with 
fastp (v0.20.1) [62] to trim adapters and remove low qual-
ity sequences. Sequences were then aligned to the S. ara-
neus transcriptome (GCF_027595985.1_mSorAra2.pri) 
using Kallisto (v0.46.2) [63]. Read counts were normal-
ized using the median of ratios from DESeq2 (v1.36) [64] 
which accounts for library content and size. This step was 
critical to our analysis as organs were sequenced at dif-
ferent sequencing companies. We then ran a principal 
component analysis (PCA) using the 5000 genes with 
the most variation in the data set. Next, we tested for 
differential expression between the spleen and the pan-
creas of Aselli samples using DESeq2 [64], where gene 
(n = 24,205) counts are fitted with a negative binomial 
generalized linear model and then tested for differential 
expression using a Wald test, with sex as an additional 
covariate (~ sex + organ). The spleen was selected as a 
reference because, although it supports immune cell 
responses by developing germinal centers for B cell pro-
liferation, it is considered a secondary immune organ 
rather than a primary site of immune cell development. 
This allowed us to identify differential gene expression 
related to this primary immune role that is specifically 
increased in the pancreas of Aselli. Significant results 
are identified following a multiple test correction (Ben-
jamini Hochberg; padj < 0.05) [65]. We did not include an 
arbitrary log fold change (LFC) threshold, as compari-
son effect size appeared high based on our preliminary 
PCA, and our ranked Gene Ontology (GO) enrichment 
incorporates LFC into gene ranking. DESeq2 results were 
then run through a ranked GO enrichment using Kyoto 
Encyclopedia of Gene and Genomes (KEGG) pathways 
with the fsgea (v1.22) package [66] to explore the molec-
ular functions of differentially expressed genes. We then 
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examined which genes had higher expression in the pan-
creas of Aselli and whether they overlapped with genes 
identified as evolving under positive selection specific 
to the common shrew from previous comparative analy-
ses [41]. A chi-squared test was used to test if observed 
overlap with positively selected genes were greater than 
expected by chance (p < 0.05).

To test if the bursa of Fabricius is a functional analogue 
of the pancreas of Aselli, we required age-matched tran-
scriptomic data from the bursa of Fabricius and spleen 
in a bird species. RNA sequencing data for these tissues 
were obtained from the Sequencing Read Archive (SRA) 
on NCBI (NIH National Center for Biotechnology Infor-
mation). We searched the SRA using the keyword “bursa” 
and restricted results to RNA-seq data from chickens 
(Gallus gallus). Combining three experiments (BioProject 
PRJNA494531, PRJNA623599, PRJNA511787) provided 
age-matched control spleen (n = 3) and bursa of Fabricius 
(n = 5) samples. Although these chickens were prepubes-
cent, akin to the shrews, they were only 2 to 3 weeks old, 
whereas the shrews were 6  months old. Older bursa of 
Fabricius samples exists, however with a sample size that 
cannot measure variation (PRJNA901530, n = 2). This 
age difference introduced a potential confounding vari-
able in our comparative analyses. Additionally, all bursa 
of Fabricius samples were from male chicks. To process 
the sequencing data, we trimmed adapter sequences and 
removed low-quality reads using fastp (v0.20.1) [62]. The 
cleaned reads were then mapped to the chicken tran-
scriptome (GCF_000002315.5_GRCg6a) using Kallisto 
(v0.46.2) [63]. Read counts were normalized using the 
same approach as for S. araneus, and differential expres-
sion between the spleen and bursa of Fabricius was 
assessed using DESeq2 (v1.36) (~ breed + organ), with 
p-values corrected via the Benjamini–Hochberg method 
[65]. A hypergeometric test (n = 100,000) was used to test 
if overlap in significantly higher gene expression with the 
bursa of Fabricius was higher than expected by chance.

Immunoglobulin repertoire analysis
To explore immunoglobulin diversity in the pancreas of 
Aselli, we applied the ImRep pipeline (v1.0) [67] to bulk 
RNA sequencing reads for the pancreas of Aselli. ImReP 
reconstructs complementarity-determining region 3 
(CDR3) sequences from transcriptomic data by scan-
ning reads and anchoring them to the variable (V) and 
joining (J) segments amino acids, without a need for 
genome alignment. For each sample, we ran ImReP on 
the forward read, generating a set of CDR3 amino acid 
sequences and read counts. Only full, in-frame CDR3s 
were retained for comparison between samples.

This approach enables a rapid, transcriptome-based 
assessment of B cell receptor (BCR) diversity without 

requiring specialized library preparations. However, it 
is important to note the ImReP has its limitations, only 
recovering 69% of the immune repertoire obtained by 
specialized sequencing like BCR-Seq [67]. ImReP can-
not distinguish between isotype or fully resolve light 
and heavy chain pairing. Additionally, because the data 
is derived from bulk tissue, we also cannot resolve clon-
ality or somatic hypermutation patterns at the single-
cell level. Nevertheless, the number and diversity of 
CDR3s recovered provide a useful proxy for B and T 
cell activity within the pancreas of Aselli.

Abbreviations
BCR	� B cell receptor
BGI	� Beijing Genomics Institute
bp	� Base pairs
CDR3	� Complementarity-determining region 3
GALT	� Gut associated lymphatic tissue
GO	� Gene Ontology
HPC	� High performance computing
IGH	� Immunoglobulin heavy chain
IGK	� Immunoglobulin kappa light chain
IGL	� Immunoglobulin lambda light chain
KEGG	� Kyoto Encyclopedia of Gene and Genomes
LFC	� Log Fold Change
MEME	� Mixed Effect Models of Evolution
mRNA	� Messenger ribonucleic acid
NCBI	� NIH National Center for Biotechnology Information
NES	� Normalized Enrichment Score
PC1	� Principal component 1
PC2	� Principal component 2
PCA	� Principal component analysis
PE	� Paired end
RNA	� Ribonucleic acid
SRA	� Sequencing Read Archive
TRA​	� T cell receptor alpha
TRB	� T cell receptor beta
TRD	� T cell receptor delta
TRG​	� T cell receptor gamma

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12915-​025-​02420-7.

Additional file 1: Table S1—Sample information and sequencing quality. 
Information for Sorex araneus includes the individual number, the organ, 
sex, read count before and after filtration, and the mapping percentage for 
each sample. Gallus gallus information contains the same information, as 
well as the SRA ID, breed, age, and Bioproject number for each individual.

Additional file 2: Table S2 – Differential expression analysis for the pancreas 
of Aselli. This table consists of the DESeq2 differential gene expression 
results for comparing the Sorex araneus pancreas of Aselli to the S. araneus 
spleen. Results include the gene, mean expression, log fold change and 
standard error, the Wald test statistic, p-value, and the adjusted p-value.

Additional file 3: Table S3 – Gene set enrichment statistics. This table is 
the pathway enrichment for genes in the pancreas of Aselli that are dif-
ferentially expressed. This table includes statistics for the p-value, adjusted 
p-value, error, enrichment score, normalized enrichment score, leading 
edge size, and the list of genes on the leading edge.

Additional file 4: Fig. S1—Multiple sequence alignment PRDM1. While this 
gene is indicated to be under positive selection from previous work [41], 
many (7 of 10) positively selected sites (indicated by pins on the protein 
domains) were found within the first 100 amino acids and near indels, 
reducing confidence in this result.

https://doi.org/10.1186/s12915-025-02420-7
https://doi.org/10.1186/s12915-025-02420-7


Page 11 of 12Thomas et al. BMC Biology          (2025) 23:312 	

Additional file 5: Table S4—Differential expression analysis for the burs of 
Fabricius. This table consists of the DESeq2 differential gene expression 
results for comparing the Gallus gallus bursa of Fabricius to the G. gallus 
spleen. Results include the gene, mean expression, log fold change and 
standard error, the Wald test statistic, p-value, and the adjusted p-value.

Additional file 6: Table S5 – Immunoglobulin receptor diversity. This table 
includes the immunoglobulin receptor sequences from transcriptomic 
data across each pancreas of Aselli tissue generated from ImReP. A total 
of 6,077 unique receptor sequences were identified, including immuno-
globulin heavy chain (IGH), kappa and lambda light chain (IGK and IGL) 
transcripts, and T cell receptor alpha (TRA) and beta (TRB). However, T cell 
receptor delta (TRD) and gamma (TRG) were not found.

Acknowledgements
The authors would like to thank Stony Brook Research Computing and Cyber-
infrastructure and the Institute for Advanced Computational Science at Stony 
Brook University for access to the high-performance SeaWulf computing sys-
tem, which was made possible by $1.85M in grants from the National Science 
Foundation (awards 1531492 and 2215987) and matching funds from the 
Empire State Development’s Division of Science, Technology and Innovation 
(NYSTAR) program (contract C210148). We also thank University of Massachu-
setts Amherst for access to Unity HPCs. BioRender was used to generate Fig. 1.

Authors’ contributions
Conceptualization: WRT; Methodology: WRT; Validation: WRT; Formal analysis: 
WRT; Investigation: WRT; Resources: LMD, TL; Data Curation: WRT, CB; Writing 
– Original Draft: WRT; Writing – Review and Editing: LMD, CB, DE, TL, YZ, AC, 
JN; Visualization: WRT; Supervision: LMD; Project administration: LMD; Funding 
acquisition: LMD, DD, JN, DE, APC.

Authors’ social media handles
BlueSky: @cecibaldoni.bsky.social.
BlueSky: @labdavalos.bsky.social.

Funding
Funding was provided by the Human Frontiers of Science Program 
(RGP0013/2019) to Dina K. N. Dechmann, John Nieland, and Liliana M. Dávalos. 
William R. Thomas was supported in part by Stony Brook University, Presi-
dential Innovation and Excellence award given to Liliana M. Dávalos. NSF-DBI 
2010853 supported Tanya Lama; Angelique P. Corthals was supported in part 
by NSF-IOS 2031926, and Liliana M. Dávalos by NSF-IOS 2032063.

Data availability
The datasets (raw sequencing) generated in the current study are available 
in the NCBI Sequencing Read Archive, under BioProject PRJNA941271. The 
datasets analyzed in the current study are available on Github https://​github.​
com/​wrtho​mas315/​proje​ct_​aselli (analysis, supplementary tables, data, results, 
and code) and with in the article (and its additional files).

Declarations

Ethics approval and consent to participate
Ethical approval for the use of animals in this study was approved by 
Regierungspräsidium Freiburg, Baden-Württemberg (reference number 
35–9185.81/G-19/131).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 22 May 2025   Accepted: 18 September 2025

References
	1.	 Zhao E, Xu H, Wang L, Kryczek I, Wu K, Hu Y, et al. Bone marrow and the 

control of immunity. Cell Mol Immunol. 2012;9(1):11–9.
	2.	 Ashby KM, Hogquist KA. A guide to thymic selection of T cells. Nat Rev 

Immunol. 2024;24(2):103–17.
	3.	 Twigg G, Hughes D. The “Pancreas of Aselli” in shrews. J Zool. 

1970;162:541–4.
	4.	 Tsiperson VP. Pancreas of Aselli in some species of the shrews (Sorex 

araneus and Neomys fodiens) as an analogue of the bursa of Fabricius in 
birds. Cell Biol Int. 1997;21(6):359–65.

	5.	 Bray DP, Bennett M, Stockley P, Hurst JL, Kipar A. Composition and func-
tion of haemolymphatic tissues in the European common shrew. PLoS 
ONE. 2008;3(10):1–11.

	6.	 Davydova YA, Nesterkova DV, Drozdova LI. The pancreas Aselli, central 
fatty inclusion or large mesenteric lymph node of shrews (Soricidae, 
Eulipotyphla). Zool Zh. 2024;103(8):87–98.

	7.	 Bray DP, Bown KJ, Stockley P, Hurst JL, Bennett M, Birtles RJ. Haemopara-
sites of common shrews (Sorex araneus) in Northwest England. Parasitol-
ogy. 2007;134(6):819–26.

	8.	 Searle JB, Zima J, Polly PD. Shrews, chromosomes and speciation. 
Cambridge Studies in Morphology and Molecules: New Paradigms in 
Evolutionary Bio. Cambridge: Cambridge University Press; 2019.

	9.	 Laakkonen J. Microparasites of three species of shrews from Finnish 
Lapland. Ann Zool Fennici. 2000;37(1):37–41.

	10.	 Roots CD. Morphological and ecological studies on helminth parasites 
of British shrews [dissertation]. London (England). University of London; 
1992.

	11.	 Jung C, Hugot JP, Barreau F. Peyer’s patches: the immune sensors of the 
intestine. Int J Inflamm. 2010;2010:1–12.

	12.	 Cooper MD, Perey DY, McKneally MF, Gabrielsen AE, Sutherland DE, Good 
RA. A mammalian equivalent of the avian bursa of fabricius. Lancet. 
1966;1(7452):1388–91.

	13.	 Butler JE, Sinkora M. The enigma of the lower gut-associated lymphoid 
tissue (GALT). J Leukoc Biol. 2013;94(2):259–70.

	14.	 Løken OM, Bjørgen H, Hordvik I, Koppang EO. A teleost structural ana-
logue to the avian bursa of Fabricius. J Anat. 2020;236(5):798–808.

	15.	 Glick B. Normal growth of the bursa of Fabricius in chickens. Poult Sci. 
1956;35(4):843–51.

	16.	 Glick B. Historical perspective: the bursa of Fabricius and its influence 
on B-cell development, past and present. Vet Immunol Immunopathol. 
1991;30(1):3–12.

	17.	 Ratcliffe MJH. Antibodies, immunoglobulin genes and the bursa 
of Fabricius in chicken B cell development. Dev Comp Immunol. 
2006;30(1–2):101–18.

	18.	 Paramithiotis E, Michael JHR. B cell emigration directly from the 
cortex of lymphoid follicles in the bursa of Fabricius. Eur J Immunol. 
1994;24(2):458–63.

	19.	 Lassila O. Emigration of B cells from chicken bursa of Fabricius. Eur J 
Immunol. 1989;19(5):955–8.

	20.	 Broughton JM. Size of the bursa of Fabricius in relation to gonad size and 
age in Laysan and black-footed albatrosses. Condor. 1994;96(1):203–7.

	21.	 Torroba M, Zapata AG. Aging of the vertebrate immune system. Microsc 
Res Tech. 2003;62(6):477–81.

	22.	 Lam N, Lee Y, Farber DL. A guide to adaptive immune memory. Nat Rev 
Immunol. 2024;24(11):810–29.

	23.	 Genoud M, Isler K, Martin RD. Comparative analyses of basal rate 
of metabolism in mammals: data selection does matter. Biol Rev. 
2018;93:404–38.

	24.	 Taylor JRE. Evolution of energetic strategies in shrews. In: Wójcik J.M, 
Wolsan M, editors. Evolution of shrews. Białowieza (Poland): Mammal 
Research Institute, Polish Academy of Sciences; 1998; p. 309–46.

	25.	 Genoud M. Energetic strategies of shrews: ecological constraints and 
evolutionary implications. Mamm Rev. 1988;18(4):173–93.

	26.	 Speakman JR. The physiological costs of reproduction in small mammals. 
Philos Trans R Soc Lond B Biol Sci. 2008;363(1490):375–98.

	27.	 Gliwicz J, Taylor JRE. Comparing life histories of shrews and rodents. Acta 
Theriol (Warsz). 2002;47:185–208.

	28.	 Healy K, Guillerme T, Finlay S, Kane A, Kelly SBA, McClean D, et al. Ecology 
and mode-of-life explain lifespan variation in birds and mammals. Proc R 
Soc B. 2014;281:20140298.

https://github.com/wrthomas315/project_aselli
https://github.com/wrthomas315/project_aselli


Page 12 of 12Thomas et al. BMC Biology          (2025) 23:312 

	29.	  Henan Agricultural University. Transcriptome profile in bursa of Fabricius 
reveals potential mode for stress-influenced immune function in chick-
ens. 2018. http://​ident​ifiers.​org/​biopr​oject:​PRJNA​494531.

	30.	 Zhang Y, Zhou Y, Sun G, Li K, Li Z, Su A, et al. Transcriptome profile in bursa 
of Fabricius reveals potential mode for stress-influenced immune func-
tion in chicken stress model. BMC Genomics. 2018;19(1):1–12.

	31.	  Chinese Academy of Agriculture Sciences. Gallus gallus Transcriptome 
(ChIFN-lambda treatment CEF, Thymus and Bursa of Fabricius). 2019. 
http://​ident​ifiers.​org/​biopr​oject:​PRJNA​511787.

	32.	  Henan Agricultural University. Transcriptomic analysis of chicken spleen. 
2024. http://​ident​ifiers.​org/​biopr​oject:​PRJNA​623599.

	33.	 Guo Y, Su A, Tian H, Zhai M, Li W, Tian Y, et al. Transcriptomic analysis of 
spleen revealed mechanism of dexamethasone-induced immune sup-
pression in chicks. Genes. 2020. https://​doi.​org/​10.​3390/​genes​11050​513.

	34.	 Nutt SL, Taubenheim N, Hasbold J, Corcoran LM, Hodgkin PD. The 
genetic network controlling plasma cell differentiation. Semin Immunol. 
2011;23(5):341–9.

	35.	 Ochiai K, Muto A, Tanaka H, Takahashi S, Igarashi K. Regulation of the 
plasma cell transcription factor Blimp-1 gene by Bach2 and Bcl6. Int 
Immunol. 2008;20(3):453–60.

	36.	 Delogu A, Schebesta A, Sun Q, Aschenbrenner K, Perlot T, Busslinger M. 
Gene repression by Pax5 in B cells is essential for blood cell homeostasis 
and is reversed in plasma cells. Immunity. 2006;24(3):269–81.

	37.	 Nutt SL, Heavey B, Rolink AG, Busslinger M. Commitment to the 
B-lymphoid lineage depends on the transcription factor Pax5. Nature. 
1999;401:556–62.

	38.	 Cobaleda C, Jochum W, Busslinger M. Conversion of mature B cells 
into T cells by dedifferentiation to uncommitted progenitors. Nature. 
2007;449:473–7.

	39.	 Cattoretti G, Chang CC, Cechova K, Zhang J, Ye BH, Falini B, et al. BCL-6 
protein is expressed in germinal-center B cells. Blood. 1995;86(1):45–53.

	40.	 Muto A, Hoshino H, Madisen L, Yanai N, Obinata M, Karasuyama H, et al. 
Identification of Bach2 as a B-cell-specific partner for small Maf proteins 
that negatively regulate the immunoglobulin heavy chain gene 3’ 
enhancer. EMBO J. 1998;17(19):5734–43.

	41.	 Thomas WR, Lama TM, Moreno-Santillan D, Farre M, Baldoni C, Abueg L, 
et al. Genomic comparisons shed light on the adaptive basis of brain size 
plasticity and chromosomal instability in the Eurasian common shrew. 
bioRxiv. 2025. https://​doi.​org/​10.​1101/​2025.​04.​11.​648246.

	42.	  Thomas WR, Lama TM, Moreno-Santillan D, Farre M, Baldoni C, Abueg L, 
et al. Data from: Seasonal brain regeneration and chromosome instability 
are linked to selection on DNA repair in Sorex araneus. 2025. https://​
datad​ryad.​org/​datas​et/​doi:​10.​5061/​dryad.​8g.

	43.	 Paust S, Senman B, Von Andrian UH. Adaptive immune responses medi-
ated by natural killer cells. Immunol Rev. 2010;235(1):286–96.

	44.	 Pishesha N, Harmand TJ, Ploegh HL. A guide to antigen processing and 
presentation. Nat Rev Immunol. 2022;22(12):751–64.

	45.	 Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al. 
Innate or adaptive immunity? The example of natural killer cells. Science. 
2011;331(6013):44–9.

	46.	 Cimmino L, Martins GA, Liao J, Magnusdottir E, Grunig G, Perez RK, et al. 
Blimp-1 attenuates Th1 differentiation by repression of ifng, tbx21, and 
bcl6 gene expression. J Immunol. 2008;181(4):2338–47.

	47.	 Nutt SL, Fairfax KA, Kallies A. BLIMP1 guides the fate of effector B and T 
cells. Nat Rev Immunol. 2007;7:923–7.

	48.	 Sciammas R, Shaffer AL, Schatz JH, Zhao H, Staudt LM, Singh H. Graded 
expression of interferon regulatory factor-4 coordinates isotype switch-
ing with plasma cell differentiation. Immunity. 2006;25(2):225–36.

	49.	 Bortnick A, He Z, Aubrey M, Chandra V, Denholtz M, Chen K, et al. Plasma 
cell fate is orchestrated by elaborate changes in genome compartmen-
talization and inter-chromosomal hubs. Cell Rep. 2020;31(13):1–37.

	50.	 Litman GW, Cooper MD. Why study the evolution of immunity? Nat 
Immunol. 2007;8(6):547–8.

	51.	 Litman GW, Rast JP, Fugmann SD. The origins of vertebrate adaptive 
immunity. Nat Rev Immunol. 2010;10(8):543–53.

	52.	 Di Zazzo E, Rienzo M, Casamassimi A, De Rosa C, Medici N, Gazzerro P, 
et al. Exploring the putative role of PRDM1 and PRDM2 transcripts as 
mediators of T lymphocyte activation. J Transl Med. 2023;21(1):1–19.

	53.	 Schraven B, Schoenhaut D, Bruyns E, Koretzky G, Eckerskorn C, Wallich R, 
et al. Lpap, a novel 32-kDa phosphoprotein that interacts with CD45 in 
human lymphocytes. J Biol Chem. 1994;269(46):29102–11.

	54.	 Trowbridge IS, Thomas ML. CD45: an emerging role as a protein tyrosine 
phosphatase required for lymphocyte activation and development. Annu 
Rev Immunol. 1994;12:85–116.

	55.	 Bruyns E, Hendricks-Taylor LR, Meuer S, Koretzky GA, Schraven B. 
Identification of the sites of interaction between lymphocyte phos-
phatase-associated phosphoprotein (LPAP) and CD45. J Biol Chem. 
1995;270(52):31372–6.

	56.	 Ding I, Bruyns E, Li P, Magada D, Paskind M, Rodman L, et al. Biochemical 
and functional analysis of mice deficient in expression of the CD45-
associated phosphoprotein LPAP. Eur J Immunol. 1999;29(12):3956–61.

	57.	 Matsuda A, Motoya S, Kimura S, McInnis R, Maizel AL, Takeda A. Disruption 
of lymphocyte function and signaling in CD45-associated protein-null 
mice. J Exp Med. 1998;187(11):1863–70.

	58.	 Leitenberg D, Falahati R, Lu DD, Takeda A. CD45-associated protein pro-
motes the response of primary CD4 T cells to low-potency T-cell receptor 
(TCR) stimulation and facilitates CD45 association with CD3/TCR and Lck. 
Immunology. 2007;121(4):545–54.

	59.	 Laakkonen J. High prevalence of Pneumocystis carinii in Sorex araneus in 
Finland. Ann Zool Fennici. 1995;32(2):203–7.

	60.	 Todd EV, Black MA, Gemmell NJ. The power and promise of RNA-seq in 
ecology and evolution. Mol Ecol. 2016;25(6):1224–41.

	61.	 Bedoya Duque MA, Thomas WR, Dechmann DKN, Nieland J, Baldoni C, 
Von Elverfeldt D, et al. Gene expression comparisons between captive 
and wild shrew brains reveal captivity effects. Biol Lett. 2025;21(1):6–8.

	62.	 Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34(17):i884–90.

	63.	 Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-
seq quantification. Nat Biotechnol. 2016;34(5):525–7.

	64.	 Love MI, Huber W, Anders S. Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biol. 
2014;15(550):1–21.

	65.	 Benjamini Y, Hochberg Y. Controlling the false discovery rate : a practical 
and powerful approach to multiple testing. J R Stat Soc Ser B Stat Meth-
odol. 1995;57(1):289–300.

	66.	 Korotkevich G, Sukhov V, Budin N, Atryomov MN, Sergushichev A. Fast 
gene set enrichment analysis. bioRxiv. 2021. https://​doi.​org/​10.​1101/​
060012.

	67.	 Mandric I, Rotman J, Yang HT, Strauli N, Montoya DJ, Van Der Wey W, et al. 
Profiling immunoglobulin repertoires across multiple human tissues 
using RNA sequencing. Nat Commun. 2020;11(1):3126.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

http://identifiers.org/bioproject:PRJNA494531
http://identifiers.org/bioproject:PRJNA511787
http://identifiers.org/bioproject:PRJNA623599
https://doi.org/10.3390/genes11050513
https://doi.org/10.1101/2025.04.11.648246
https://datadryad.org/dataset/doi:10.5061/dryad.8g
https://datadryad.org/dataset/doi:10.5061/dryad.8g
https://doi.org/10.1101/060012
https://doi.org/10.1101/060012

	Gene expression reveals the pancreas of Aselli as a critical organ for plasma cell differentiation in the Eurasian common shrew
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	RNA sequencing and alignment
	Differential gene expression
	Immunoglobulin repertoire diversity

	Discussion
	Limitations

	Conclusions
	Methods
	Animals and tissue collection
	RNA extraction and sequencing
	Differential gene expression
	Immunoglobulin repertoire analysis

	Acknowledgements
	References




