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Influenza A viruses (IAV) and coronaviruses (CoV) pose significant threats to various animal species, 
including cattle. Reports of SARS-CoV-2 infections and recent outbreaks of highly pathogenic avian 
influenza (HPAI H5N1) in dairy cattle highlight the need to understand receptor distributions critical for 
viral entry. This study investigates the spatial distribution of IAV and CoV receptors in bovine tissues 
using PixF, a novel and newly developed web-based image analysis tool. Respiratory (trachea and lung) 
and intestinal (small and large intestine) tissues from crossbred Holstein-Angus steers were analyzed. 
Lectin histochemistry staining with fluorescently labeled Sambucus nigra (SA α2,6-Gal receptors) and 
Maackia amurensis (SA α2,3-Gal receptors) identified IAV receptors, while coronavirus receptors ACE2, 
TMPRSS2, APN, DPP4, and CEACAM1 were assessed using indirect immunofluorescence. PixF provides 
an initial yet tailored image processing framework for quantifying and mapping receptor expression, 
revealing a predominance of SA α2,3-Gal receptors in epithelial regions, while SA α2,6-Gal receptors 
were confined to glandular tissues of the respiratory tract. Coronavirus receptors exhibited variable 
expression across tissues; TMPRSS2, APN, and DPP4 are highly expressed in the respiratory mucosal 
epithelium; ACE2, TMPRSS2, and DPP4 are highly expressed in the intestinal mucosal epithelium, 
while CEACAM1 is notably low across tissues. These findings demonstrate the potential utility of PixF, 
a simple prototypic fluorescence quantification tool customized for the use case detailed in this work, 
to provide a browser interface that prioritizes ease-of-use, enabling non-specialists to obtain essential 
quantification and spatial information quickly. PixF was utilized to elucidate receptor co-localization 
and enhance our understanding of host-pathogen interactions in cattle, offering a reproducible, 
accessible, and biologically informed analysis pipeline.
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Influenza and certain coronaviruses are highly contagious and have each led to significant pandemics1,2. Some 
coronaviruses cause enteric rather than respiratory infections in animals, leading to epidemics in livestock3,4. 
The economic impacts of influenza and coronavirus pandemics are substantial, with far-reaching global effects, 
as seen recently with the COVID-19 pandemic5. These zoonotic viruses can mutate and evolve rapidly, posing 
persistent human and animal health challenges. Additionally, both influenza and coronavirus strains infect a 
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broad range of animals, including marine and wild mammalian and avian species, some of which can act as 
reservoirs, facilitating viral persistence6,7.

These RNA viruses are inherently error-prone during genome replication, leading to high mutation rates 
that foster adaptation to new species8. Another factor contributing to cross-species transmission is the presence 
of conserved viral receptors on host cells. For example, influenza viruses use sialic acids (SA) as receptors for 
cell attachment and entry. Influenza A viruses (IAVs) typically originating from avian species preferentially 
bind to SA receptors linked to galactose by an α2,3 linkage (SA α2,3-Gal), with a preference for SA α2,3-
Gal-β (1–4) N-Acetylglucosamine (GlcNAc) in chickens and SA α2,3-Gal-β (1–3) N-Acetylgalactosamine 
(GalNAc) in ducks9. By contrast, IAVs from humans and classical swine isolates prefer SA receptors with an 
α2,6-galactose linkage (SA α2,6-Gal)9–13. Sialic acids also serve as potential receptors or co-receptors for other 
virus families, including Coronaviridae (SARS-CoV-2)14, Paramyxoviridae (parainfluenza viruses), Flaviviridae 
(Zika virus)15, Picornaviridae (murine norovirus)16, Reoviridae (Rotavirus)17, Parvoviridae (Adeno-associated 
virus)18, Adenoviridae19, Papillomaviridae (Human papillomavirus), Polyomaviridae (mouse polyomavirus)20, 
Caliciviridae (Feline calicivirus)21, and others.

In addition to SAs, coronaviruses utilize various host cell receptors such as angiotensin-converting 
enzyme 2 (ACE2)22, aminopeptidase N (APN)23, carcinoembryonic antigen-related cell adhesion molecule 
1 (CEACAM1)24, and dipeptidyl peptidase 4 (DPP4)25. These receptors play a critical role in enabling cross-
species transmission26.

Various staining and imaging techniques assess the distribution of virus receptors on host cells and tissues, 
with expression patterns varying by method. For example, dual staining with fluorescent dyes can complicate 
co-expression analysis, as overlapping signals may obscure molecule levels27. High image resolution is essential 
for images with co-localizing probes (e.g., with green and red emission), and confocal imaging offers the 
precision needed. Pixel-based analysis allows true co-localization by removing bleed-through and non-specific 
fluorescence from captured images.

This study developed a pixel-based fluorescence analysis tool for rapid image characterization called “PixF” 
to measure the spatial intensity of red and green emission at each locus in collected images. PixF enables on-
the-fly splitting of individual red and green channels from co-expression data, effectively mapping per-molecule 
expression upon the tissue samples. PixF provides a potentially faster alternative to tools such as ImageJ while 
maintaining analytical quality. Additionally, PixF allows for 3D-bar plot visualization, where the x and y axes 
represent the spatial loci on tissue samples, and the z-axis displays absolute fluorescence intensity, empirically 
mapped to the RGB scale. These visualizations help identify differential molecule expression in specific tissue 
regions (e.g., epithelial lining), providing insights into infection and viral entry mechanisms. PixF is freely 
accessible as a web tool at https://pixf.onrender.com/, with source code available on GitHub at ​h​t​t​p​s​:​​/​/​g​i​t​h​​u​b​.​c​o​
m​​/​C​h​o​w​d​​h​u​r​y​R​​a​t​u​l​/​p​​i​x​f​-​c​h​​a​n​n​e​l​-​​a​n​a​l​y​s​i​s.

PixF is not positioned as a replacement for exhaustive, annotation-heavy platforms like ImageJ, CellProfiler, 
or Imaris. Its primary objective is speed and accessibility for high-throughput, browser-based fluorescence 
quantification without requiring local installation or programming expertise. While detailed benchmarking may 
be warranted in future technical validations, the manuscript highlights that PixF achieves reliable quantification 
within seconds for hundreds of images. A task that typically requires hours using traditional tools. The emphasis 
is on delivering comparable outcomes for basic quantification tasks, not outperforming expert-level plugins in 
precision. PixF is being presented as a potential tool (pending development and detailed benchmarking) suited 
for rapid, exploratory analyses or large-scale tissue screening where real-time responsiveness is more valuable 
than maximal granularity.

Methods
Sample collection
Respiratory tract tissues (trachea and lung) and intestinal tissues (small and large intestine) from three healthy, 
3-year-old, crossbred Holstein-Angus steers were included in this study. Samples were collected from the Iowa 
State University Meat Laboratory during the routine slaughtering process for meat. Tissues were fixed in 10% 
neutral buffered neutral formalin and then embedded in paraffin blocks. Sections were sliced at 4 μm thickness, 
transferred onto glass slides (VWR International, Radnor, PA, USA), and prepared for analysis. Lectin staining 
was used to demonstrate sialic acids, and an indirect immunofluorescence assay was used to detect coronavirus 
receptors.

For antigen retrieval, deparaffinized slides were treated with 10 mM sodium citrate buffer (pH 6.0; Millipore-
Sigma, Burlington, MA, USA) at 96 °C for 30 min, then washed three times with Tris-buffered saline containing 
0.1% Tween 20 (TBST; Millipore-Sigma).

Lectin staining
Plant lectins from Sambucus nigra (SNA), Maackia amurensis (MAL-I and MAL-II) were used to detect 
α2,6-linked SA, SA α2,3-Gal-β (1–4) GlcNAc and SA α2,3-Gal-β (1–3) GalNAc, respectively. To block non-
specific binding, tissue sections were incubated with Carbo-Free™ Blocking Solution (Cat# SP-5040-125, Vector 
Laboratories, Burlingame, CA, USA) for 30 min at room temperature (21–22 °C). Endogenous biotin, biotin 
receptors, and streptavidin binding sites in tissues were blocked by incubating with biotin and streptavidin 
solutions (Cat# SP-2002, Vector Laboratories) for 10 min at room temperature.

The sections were then incubated overnight (16  h) at 4  °C in a humidified chamber with optimized 
concentrations of 10  µg/ml fluorescein isothiocyanate (FITC) labeled SNA (Cat# FL-1301-2, Vector 
Laboratories) or 10 µg/ml FITC labeled MAL I (Cat# FL-1311-2, Vector Laboratories), and 5 µg/ml MAL II 
(Cat# B-1265-1, Vector Laboratories). After three washes with TBST, the sections were incubated with 2 µg/ml 
streptavidin-DyLight 650 (Cat# 84547, Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at 4 °C. Following 
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three additional washes with TBST, the sections were air-dried and mounted with ProLong™ Diamond Antifade 
Mountant containing 4’,6-diamino-2-phenylindole, dihydrochloride (DAPI) (Cat# P36962, Thermo Fisher 
Scientific).

Immunofluorescence assay (IFA)
For SA detection, N-glycolylneuraminic acid (Neu5Gc) was targeted using a polyclonal chicken anti-Neu5Gc 
antibody Kit (Cat# 146901, BioLegend, San Diego, CA, USA) for IFA. The staining procedure followed a 
previously described protocol with minor modifications28. After deparaffinization and antigen retrieval via 
heat treatment, slides were incubated in Neu5Gc Assay Blocking Solution (1:40 dilution in TBST; Cat# 77294, 
BioLegend) for 30 min at room temperature. Following three washes with TBST, sections were incubated with 
0.25 µg/ml anti-Neu5Gc antibody (diluted in Blocking Solution; Cat# 146903, BioLegend) for 1 h at room 
temperature in a humidified chamber. After three more washes with TBST, sections were incubated with 1 
µg/ml FITC conjugated goat anti-chicken IgY secondary antibody (Cat# 410802, BioLegend) for 1 h at room 
temperature. Sections were air-dried and mounted with DAPI after three additional washes with TBST.

Likewise, coronavirus receptors, angiotensin-converting enzyme 2 (ACE2), transmembrane serine protease 
2 (TMPRSS2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), and carcinoembryonic antigen-related 
cell adhesion molecule 1 (CEACAM1) were assessed by IFA. Deparaffinized and heat-treated antigen retrieval 
sections were incubated with Animal-Free Blocker R.T.U (Cat# SP-5035, Vector Laboratories) for 30 min at 
room temperature, followed by incubation with optimized concentrations of primary antibodies: ACE2 (4 µg/
ml, Cat# sc-390851, Santa Cruz Biotechnology, Dallas, TX, USA), TMPRSS2 (0.2 µg/ml; Cat# sc-515727, Santa 
Cruz Biotechnology), APN (0.16 µg/ml; Cat# sc-166105, Santa Cruz Biotechnology), CEACAM1 (4 µg/ml; Cat# 
sc-166453, Santa Cruz Biotechnology), and DPP4 (1:50 dilution; Cat# BOV2078, Washington State University 
Monoclonal Antibody Center, Pullman, WA, USA) overnight (16  h) at 4  °C. After three washes with TBST, 
sections were incubated with 15 µg/ml AffiniPure™ Donkey Anti-Mouse IgG (H + L) conjugated Alexa Fluor® 
488 (Cat# 715-545-150, Jackson ImmunoResearch, West Grove, PA, USA) diluted in Animal-Free Blocker 
R.T.U, for 1 h at room temperature. Sections were washed three times with TBST, air-dried, and mounted with 
DAPI. All antibodies were previously verified in-silico (Supplementary Table S1) and in bovine kidney using 
immunohistochemistry (Supplementary Fig. S1).

Confocal laser scanning microscopy
Slides were cured in the dark for 24 h, and IFA images were captured using a 63x/1.40 oil objective by Zeiss 
LSM 700 Laser Scanning Confocal Microscope with Zen Black software version v14.0.27.201 (Carl Zeiss, Jena, 
Germany). For lectin staining, images were acquired with a 63x/1.40 oil objective on a Stellaris 5 STED Confocal 
Microscope using Leica Application Suite X (LAS X) software 1.4.7.28982 (Leica Microsystems Inc., Buffalo 
Grove, IL, USA; ​h​t​t​p​s​:​​/​/​w​w​w​.​​l​e​i​c​a​-​​m​i​c​r​o​s​​y​s​t​e​m​​s​.​c​o​m​/​​p​r​o​d​u​c​​t​s​/​m​i​c​​r​o​s​c​o​​p​e​-​s​o​f​​t​w​a​r​e​/​​p​/​l​e​i​c​​a​-​l​a​s​-​x​-​l​s​/​d​o​w​n​l​o​a​d​
s​/). All settings were calibrated against respective controls (e.g., secondary antibody controls, ​s​t​r​e​p​t​a​v​i​d​i​n​-​c​o​n​j​u​
g​a​t​e​d controls) for each staining technique and microscopy system. Images were captured as 1024 × 1024 pixels, 
with scale bars embedded on each image.

Image analysis using chromaticity in PixF
Mapping colorbars to chromaticity and fluorescence imaging bridges raw data with meaningful visualization. 
Bioimaging supports numerous biological discoveries, yet different techniques utilize distinct wavelength 
ranges to probe cellular components (Fig. 1A). Accurately visualizing this spectral information is crucial for 
interpretation. This study investigates the mathematical relationship between colorbars (Fig. 1B), chromaticity 
plots (Fig. 1C), and fluorescence intensity data mapped onto the RGB color space (Fig. 1D). While PixF was 
tailored to serve the purpose of this work, its generalizability as a reliable image processing platform when 
compared to ImageJ (and others) needs comprehensive benchmarking. Benchmarking against legacy tools like 
ImageJ is a lengthy endeavor. Therefore, preliminary soft benchmarking evidence for PixF was provided in the 
supplementary data (Figs. S2, S3, and Table S4)29.

Colorbars and chromaticity
Colorbars (e.g., ‘Rainbow’) map numerical data to colours via defined colormaps. Chromaticity diagrams, such 
as the horseshoe-shaped plot (Fig. 1C), offer a framework for understanding this mapping. These plots represent 
perceivable colors through hue (color) and saturation (intensity). A colorbar sample points along specific paths 
in this chromaticity space. For example, the “Rainbow” colormap traverses a curved path encompassing hues 
from violet to red with increasing saturation towards the center.

Bioimaging and spectral ranges
Bioimaging techniques rely on fluorescence, where molecules emit light upon excitation at specific wavelengths. 
Different methods target various fluorophores with unique excitation and emission spectra. Confocal 
microscopy often utilizes 400–700 nm wavelengths, while Raman spectroscopy probes vibrational modes in the 
near-infrared range (700–1400 nm). Tools like PixF incorporate spectral spans to interpret fluorescent intensity 
data accurately. For example, applying a “Rainbow” colormap to Raman data may misrepresent information by 
exceeding the utilized wavelength range.

Mapping fluorescence to RGB
Fluorescence intensity data, measured in arbitrary units, requires conversion into RGB values for visualization. 
This mapping may use linear or non-linear functions to enhance contrast or emphasize features. Selecting 
an appropriate colormap significantly affects how fluorescence intensity variations translate into visual 
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representations. While intuitive colormaps like “Rainbow” may lack precision, scientifically optimized colormaps 
such as “Viridis,” “Inferno,” “Plasma,” and “Magma” (Matplotlib, v3.9.2)30 provide perceptually accurate data 
visualization. Custom colormaps tailored to specific bioimaging applications further enhance interpretability.

3D bar plots for spatial molecular expression
The Python-based parsing module within PixF analyzes fluorescent images to quantify and visualize molecular 
expression across tissues. Images comprise red, green, and yellow channels, where yellow denotes overlapping 
red and green fluorescence regions. PixF splits images into individual channels, maps each pixel’s location to the 
tissue region, and generates 3D bar plots. These plots map intensity values onto a normalized RGB scale, visually 
representing the spatial intensity of molecular expression in three dimensions.

3D bar plots facilitate the identification of differential molecular expression, highlighting tissue regions 
where one marker dominates at a pixel level. This capability uncovers spatial patterns of molecular activity, 
offering insights into viral infection mechanisms and tissue-specific entry points. Such quantifiable biological 
insights are critical for understanding how viruses affect host organs and tissues differently.

Availability of PixF through a web-based platform
PixF is a freely accessible web-based tool featuring an intuitive graphical user interface (GUI) that enables users 
to upload fluorescence data (red, green, and blue channel values) alongside acquisition details, such as excitation 

Fig. 1.  PixF workflow—color scheme analysis, chromaticity mapping, and image segmentation modules.  (A) 
PixF has been built to learn multiple color schemes used for different biological imaging experiments spanning 
scales of life. (B) By reasoning over the data, PixF can identify a color palette (albeit without directionality) 
where the user should indicate which end of the spectrum is high and which is low. (C) A chromaticity analysis 
enables projecting the travel of a color palette from a given image on the visible spectrum (convex hull). This 
is important for calculating the definitions of neighborhoods for a given color in the image. For example, 
Rainbow and Custom Scales have a larger travel and hence have a larger neighborhood for each color in 
comparison to FuchsiaTones. This means sensitivity towards variance in pixel-level intensity for FuchsiaTones 
must be stringent during PixF analysis. (D) Overview of the image segmentation, color picker (without a 
palette), and analyzer modules in PixF.
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and emission wavelengths. The platform applies mathematical transformations to map data into a relevant 
chromaticity space based on excitation/emission information, supports user-defined adjustments like mapping 
function fine-tuning and colormap selection optimized for specific applications, and generates high-resolution, 
publication-quality visualizations. By bridging raw fluorescence data with interpretable visual outputs, PixF 
democratizes access to advanced bioimage analysis tools, fostering deeper insights into bioimaging experiments. 
The tool is available at https://pixf.onrender.com/.

Statistical analysis
Respiratory and intestinal tissues from three animals and representative images were chosen and analyzed based 
on consistent staining intensity and structural integrity across replicates, as recommended31,32. Statistical analyses 
and plots were performed using GraphPad Prism® 10.6.0 (GraphPad Software Inc.). Total lectin staining intensity 
values were log10-transformed prior to analysis. A two-way ANOVA followed by Tukey’s post hoc multiple 
comparisons test was used to evaluate differences in the labeling levels of three sialic acid (SA) types within the 
same tissue, as well as the labeling of a single SA across different tissues. For the individual immunofluorescence 
assays, log10-transformed total intensity values were analyzed using one-way ANOVA (within each receptor 
type), followed by Tukey’s post hoc test to compare labeling levels across different tissues. For all analyses, a 
p-value < 0.05 was considered statistically significant.

Results
Sialic acid distribution in the respiratory tract
In the respiratory tract epithelium of beef cattle, SA α2,3-Galβ (1–3) receptors (Maackia amurensis lectin II, 
MAL II; red), specific for avian-origin IAVs, were predominantly expressed. MAL II staining was multifocal, 
primarily localized on the apical membrane of ciliated pseudostratified epithelial cells in the trachea and bronchi 
(Fig. 2A-C). MAL II labeling appeared more uniform and continuous in the lower respiratory tract, including 
the bronchioles and alveolar epithelium (Fig.  2D, E). Co-localized staining of MAL II and Sambucus nigra 
(SNA, SA α2,6-Gal; green), specific for mammalian-origin IAVs, was observed in mucus-secreting goblet cells 
(Fig. 2A- arrowheads), the cell membranes of basal cells (Fig. 2A- orange arrow), and within the submucosal 
glands (Fig. 2B). SNA labeling was predominantly confined to the subepithelial region, goblet cells, other glands, 
connective tissue, and interstitial spaces (Fig. 2A-E). Image analysis of MAL II and SNA co-expressing regions 
in the epithelial lining further revealed significantly higher levels of MAL II labeling (Fig. 2Aiii–Eiii). Notably, 
MAL I, specific for SA α2,3-Galβ (1–4) GlcNAc, was primarily localized to glandular regions and exhibited 
minimal to no labeling on the epithelial lining throughout the respiratory tract (Fig. 2F–J).

The labeling of SA N-glycolylneuraminic acid (Neu5Gc), as determined by IFA, was detected along the 
epithelial lining, particularly on the cell borders of ciliated pseudostratified epithelial cells in the trachea and 
within submucosal glands. Neu5Gc labeling was multifocally distributed along the epithelial lining of the 
bronchus, bronchioles, and cell membranes of alveoli (Fig. 2K–O).

Sialic acid distribution in the intestinal tract
The intestinal tract of beef cattle exhibited abundant SA α2,3-Gal receptors, with strong MAL I and MAL II 
binding in these regions (Fig. 3A–H). In contrast, SNA (SA α2,6-Gal) binding was predominantly localized to 
the subepithelial region (Fig. 3Ai) and goblet cells (Fig. 3Bi and Di). MAL I and MAL II co-labeling was observed 
on the epithelial lining of both the small (Fig. 3E) and large intestines (Fig. 3G), with MAL II demonstrating 
more robust labeling, as confirmed by PixF image analysis (Fig. 3Eiii–Hiii). The distribution of SA in goblet cells 
varied between the villus and crypt regions. MAL I labeling was stronger than MAL II in the goblet cells of the 
small intestine, and both lectins exhibited a consistent distribution pattern in goblet cells between the villus and 
crypt regions (Fig. 3E, F). In the large intestine, MAL I binding was more prominent in goblet cells on the apical 
or luminal side, whereas MAL II exhibited higher labeling in the crypt region (Fig. 3G, H).

The labeling of SA Neu5Gc was detected on both the villus epithelial membrane and goblet cells of the small 
intestine (Fig. 3I-J). However, its distribution in the large intestine was scattered, with minimal or no labeling 
observed on the epithelial lining (Fig. 3K, L).

Coronavirus receptors in respiratory and intestinal tracts
IFA revealed varied expression levels of coronavirus receptors (ACE2, TMPRSS2, APN, DPP4, and CEACAM1) 
in the bovine respiratory and intestinal tracts. Strong ACE2 expression was observed on the epithelial lining of 
the trachea, alveoli, and small and large intestines, with lower levels detected in the bronchus and bronchiole 
epithelium (Fig.  4A). TMPRSS2, APN, and DPP4 were widely expressed in the respiratory epithelium with 
a multifocal labeling, particularly evident in the alveoli. In the intestinal epithelium, TMPRSS2 and DPP4 
were uniformly expressed in both villus and crypt regions, while APN exhibited comparatively lower levels 
of expression (Fig. 4B–D). CEACAM1 expression was limited in the respiratory tract, displaying a multifocal 
distribution, and was not detected in the intestinal tract (Fig. 4E).

Discussion
Recent outbreaks of highly pathogenic avian influenza A virus (HPAI H5N1) in dairy cattle have underscored 
the ability of viruses to adapt to new hosts, posing significant challenges to animal and human health. Cattle are 
susceptible to influenza C, influenza D, bovine coronavirus (BCoV), and SARS-CoV-2, affecting the respiratory 
and gastrointestinal systems.

Host infection begins with the virus binding to specific cellular receptors, a critical step for initiating the 
infection. IAVs utilize SA as key determinants for host cell attachment. These receptors also interact with other 
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pathogens, including viruses, bacteria, fungi, and parasites33–37. Human and swine IAVs preferentially bind α2,6-
linked SA (SA α2,6-Gal)13,38,39, while avian and equine IAVs prefer α2,3-linked SA (SA α2,3-Gal)9,40,41. Pigs 
were traditionally considered “mixing vessels” due to the presence of both receptor types. However, it is now 
established that many species, including cattle, exhibit similar receptor diversity, thus broadening the potential 
range of intermediaries for reassortant IAVs42.

Receptor distribution on cells varies significantly with age, sex, breed, health status, and tissue type. 
Additionally, antibody source, clone type, dilution, incubation, and imaging techniques used to study receptor 
distribution can influence the observed spatial distribution of the tissues analyzed. For instance, co-expression 
of receptors within the same cell or tissue region must be evaluated carefully. Particularly, dual staining with 
fluorescent dyes can lead to signal overlap caused by overlapping emission spectra, necessitating high-resolution 
methods like confocal microscopy. While tools like ImageJ are powerful, they often face challenges with 

 

Scientific Reports |        2025 15:44029 6| https://doi.org/10.1038/s41598-025-28429-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


efficiency and user-friendliness, especially when handling large datasets or conducting complex analyses43. These 
limitations underscore the need for advanced tools that are fast, intuitive, and capable of delivering accurate 
spatial quantification of fluorescent markers44.

PixF, the pixel-based image analysis tool developed in this study, is positioned as a prototypic tool (i.e., 
beta version) to address these challenges by enabling a web-based rapid image processing tool that allows 
users to process images with intuitive segmentation, marker color picking, and batch processing of multiple 
images with a single click without compromising analysis quality. PixF offers applications beyond this study, 
including diagnostic pathology and radiology, where efficient image analysis can lead to faster diagnoses. The 
web-based nature of PixF makes it accessible to a broader range of researchers and clinicians, regardless of 
their computational resources or technical expertise. This pilot PixF implementation demonstrates how such 
an approach could lower entry barriers for image analysis, while recognizing that further validation is needed 
to assess its broader applicability. It is also positioned to be a practical onboarding tool for training entry-level 
students and learners to understand what a baseline image processing operation entails without requiring them 
to navigate the complexity of full-featured, professional-grade analysis suites thereby easing the entry barrier 
into computational image science. By eliminating artifacts such as bleed-through and non-specific fluorescence, 
PixF attempts to improve co-localization and spatial relationships between the two molecules, providing 
preliminary yet reliable data on receptor distribution and co-expression in tissue samples. A thorough fine-
grained benchmarking endeavor is underway. The performance metrics of PixF with respect to ImageJ were 
detailed in supplementary data (Figs. S2, S3, and Table S4).

Using high-resolution confocal imaging and PixF analysis, this preliminary implementation explored the 
spatial distribution of IAV and CoV receptors in bovine respiratory and intestinal tracts (Fig. 5). The predominant 
presence of SA α2,3-Galβ (1–3) (MAL II) on epithelial linings indicates a strong affinity for avian-origin IAVs 
such as HPAI H5N145–47. Co-localization of SA α2,6-Gal and SA α2,3-Galβ (1–3) in goblet cells and submucosal 
glands suggests dual susceptibility to avian and mammalian IAVs. However, the restricted expression of SA α2,6-
Gal to subepithelial regions indicates a limited role for mammalian IAVs in cattle. Differential MAL I and MAL 
II distribution in goblet cells across villus and crypt regions, as observed in pigs38, highlights specialized roles in 
mucosal immunity and pathogen interaction.

SAs also act as receptors or co-receptors for CoVs. Neu5Gc, a prominent SA in cattle, has been associated 
with human gut inflammation and serves as a co-receptor for CoVs48. Its scattered distribution in respiratory 
and intestinal tissues suggests complex roles in viral binding and immunity, warranting further investigation.

CoVs rapidly adapt to new hosts through high mutation rates, frequent recombination events, and large 
genomes49. Recent examples include CCoV-HuPn-2018 using APN50 and HKU1 using TMPRSS251 as functional 
receptors for cell entry. BCoV, which causes pneumonia and enteritis in cattle, is also thought to play a role in 
bovine respiratory disease complex (BRDC)4, a condition responsible for significant economic losses worldwide 
due to substantial morbidity and mortality. This pneumoenteric virus belongs to the genus Betacoronavirus, a 
genus that is highly variable and uses different protein receptors to attach to host cells52, ACE2 (SARS-CoV)53,54, 
TMPRSS2 (HKU1)51, DPP4 (Middle East respiratory syndrome coronavirus; MERS-CoV)25,55,56, CEACAM1 
(mouse hepatitis virus -MHV)57, and SA 5-N-acetyl-9-O-acetylneuraminic acid (Neu5,9Ac2; Human 
coronaviruses strain OC43, HCoV-OC43)58. BCoV also uses SAs as attachment factors, but is not essential for 
infection59. Several bovine-like CoVs isolated from wild and captive ruminants exhibit biological, antigenic, 
and genetic similarities to BCoV4. Although the exact ancestral strain has not been identified, it is assumed that 
some of these similarities may stem from recombination events involving BCoV. It is postulated that BCoV may 
have adapted to a human host, resulting in the emergence of HCoV-OC4360. Interestingly, the SARS-CoV-2 

Fig. 2.  Sialic acid distribution in the beef cattle respiratory tract.  (A–JJ) Confocal microscopy images of 
fluorescently labeled lectins Sambucus nigra (SNA, FITC, green) specific for sialic acid (SA) α2,6-Gal, Maackia 
amurensis II (MAL II, DyLight 650, red) specific for SA α2,3-Galβ (1–3) GlcNAc, and Maackia amurensis I 
(MAL I, FITC, green) specific for SA α2,3-Galβ (1–4) GlcNAc. Blue represents nuclear staining using DAPI; 
scale bar = 20 µM.  Representative merged images showing SNA/MAL II binding (A–E) and MAL I/MAL 
II binding (F–J). Multifocal, apical membranous (white arrow) MAL II labeling was observed on trachea 
epithelium and extensively on basal cells (orange arrow) (A), while goblet cells (arrowhead) showing intense 
cytoplasmic SNA (Ai) and MAL II (Aii) labeling. Image analysis of tracheal epithelial lining (3D plot of insert 
in A) showing greater MAL II labeling even in co-localized areas (arrow), and slightly higher SNA in goblet 
cell (arrowhead) (Aiii). Sub-mucosal areas showing both SNA and MAL II (B), with higher SNA in lamina 
propria connective tissue (asterisk) and higher MAL II in glands (dashed white outline). The 3D plot of insert 
in (B) demonstrated varying levels of expression of MAL II (arrow) and SNA (arrowhead) (Biii). Goblet cells 
and epithelial lining of the bronchus, bronchiole, and alveoli show intense MAL II labeling (arrow) (C, D, E) 
with SNA labeling in the lamina propria of the bronchus (white asterisk) (C) and the interstitial region of the 
alveolar wall (asterisk) (E). Quantitative image analysis confirmed that the lining of epithelial cells has higher 
membranous MAL II labeling (arrow) (Ciii, Diii, Eiii). MAL I demonstrated a labeling distribution analogous 
to that of MAL II, albeit with attenuated signal intensity (F, H–J), reflected in quantitative image analysis (Fiii, 
Hiii–Jiii). MAL I is more robust in the submucosal glands of the trachea (dashed white outline) (G, Giii).
 (K–O) Confocal images of the respiratory tract showing SA N-glycolylneuraminic acid (Neu5Gc, FITC, 
green) following immunofluorescence staining. Neu5Gc was detected on the apical membrane and cell borders 
of ciliated pseudostratified epithelia of the trachea (K), multifocally on the epithelial lining of the bronchus 
(M), bronchiole (N), and the alveoli (O). The sub-epithelial glands in the tracheal region also showed Neu5Gc 
(L).
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virus, a Betacoronavirus, is known to have affected a wide range of domestic, captive, and wild animals along 
with humans26. To address some of these transmission events and the role of cattle, it is crucial to evaluate the 
host susceptibility factors, including the coronavirus receptors in bovine respiratory and intestinal tracts, which 
are the predilection sites.

The protein expression of CoV receptors (ACE2, TMPRSS2, APN, DPP4, and CEACAM1) was mapped 
on tissues in this study, including gene expression (Supplementary Table S2 and S3). Strong ACE2 expression 
was detected in the trachea, alveoli, and intestinal epithelium, while TMPRSS2 and DPP4 were uniformly 
expressed across villi and crypt regions. Previous studies had similar ACE2 expression levels in the 18-month-
old bovine trachea61. APN expression was higher in respiratory tissues but comparatively lower in the intestinal 
epithelium, differing from previous findings in calves that reported strong APN expression in bronchiole62 the 
intestinal lining63. Sparse CEACAM1 expression in respiratory tissues and its absence in the intestinal tract 
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may reflect the low cross-reactivity of the human antibody used, a technical limitation (Supplementary Table 
S1). CEACAM1 is the receptor for MHV64 and so far, there is no evidence showing CEACAM1 as a functional 
receptor for other coronaviruses, even though the BCoV and MHV spike protein N-terminal domains share 
high homology65. These findings highlight varied receptor distribution across tissues, with potential implications 
for viral attachment and host-pathogen interactions. This study is the first to report the spatial distribution of 
TMPRSS2, DPP4, and CEACAM1 in bovine respiratory and intestinal tract epithelium. While the coronavirus 
receptors evaluated in this study are predominantly localized to the apical membrane of epithelial cells, 
mediating viral entry, the cytoplasmic signals observed in the confocal images may reflect receptor presence 
within intracellular compartments, including organelle membranes, and are consistent with dynamic processes 
such as protein trafficking66,67. Variations in receptor expression across tissues and PixF’s ability to quantify 
co-localized staining provide novel and early insights into the roles of receptors in viral attachment and host 
susceptibility. These findings provide an initial demonstration of how PixF can facilitate high-throughput image-
based analysis, warranting further validation and refinement in future studies. While PixF can quantify spatial 
distribution patterns of fluorescence signals, it does not independently resolve subcellular localization. We 
recognize this as a current limitation of this approach, consistent with the pilot nature of this study, which aims 
to assess PixF’s potential utility. Accurate interpretation of localization data requires integration with established 
knowledge of protein biology and cellular context to avoid overinterpretation of distribution metrics alone. 
Although Neu5,9Ac2 was not mapped, future studies using alternative methods could elucidate its role in BCoV 
attachment and replication68.

In summary, this study highlights the rich presence of IAV and CoV receptors in bovine respiratory 
and intestinal tracts, with varying abundances depending on tissue type and region. Tools like PixF lays the 
foundation of a fully web-based, easy-to-use framework, that minimizes the number of clicks, for translating 
complex image data into actionable insights, contributing to the understanding of viral entry, attachment, and 
tissue trophism.

Fig. 3.  Sialic acid distribution in the beef cattle intestinal tract.  (A-H) Confocal microscopy images of 
fluorescently labeled lectins Sambucus nigra (SNA, FITC, green) specific for sialic acid (SA) α2,6-Gal, Maackia 
amurensis II (MAL II, DyLight 650, red) specific for SA α2,3-Galβ (1–3) GlcNAc, and Maackia amurensis I 
(MAL I, FITC, green) specific for SA α2,3-Galβ (1–4) GlcNAc. Blue represents nuclear staining using DAPI; 
scale bar = 20 µM.  Representative merged images showing SNA/MAL II binding (A–D) and MAL I/MAL II 
binding (E–H). The epithelial lining of the small and large intestine shows MAL II labeling (insets of A, C), 
which was evident in the quantitative image analysis (arrow) (Aiii, Ciii). Goblet cells located in the crypt and 
apical region of the intestines show abundant MAL II labeling (A–D). SNA labeling was limited to lamina 
propria (asterisk) (A, B) and goblet cells in the crypt region of the intestines (arrowhead) (B, D). MAL I and 
MAL II were labeled largely co-localized (E–H) in both the epithelial lining and goblet cells. Quantitative 
image analysis indicates MAL II was comparatively higher in the co-localized areas (arrow) (insets of E, G, 
Eiii, Giii). Uniform labeling of MAL I in goblet cells distributed toward apical or crypt regions of the small 
intestine (Ei, Fi). Note the gradient decrease in MAL I labeling in the goblet cells distributed toward the apical 
to crypt regions of the large intestine (Gi, Hi).  (I–L) Confocal images of small and large intestines showing SA 
N-glycolylneuraminic acid (Neu5Gc, FITC, green) following immunofluorescence staining. The SA Neu5Gc 
was expressed on the epithelial lining and goblet cells of the small intestine (I, J). Neu5Gc expression was more 
scattered in the large intestine, and there was no evident expression on the epithelial lining (K, L).
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Fig. 4.  Coronavirus receptors in the respiratory tract and intestinal tracts of beef cattle.  Confocal images 
showing angiotensin-converting enzyme 2 (ACE2, A), transmembrane protease serine 2 (TMPRSS2, B), 
aminopeptidase N (APN, C), dipeptidyl peptidase 4 (DPP4, D), and carcinoembryonic antigen-related cell 
adhesion molecule 1 (CEACAM1, E) expression following immunofluorescence staining. Primary antibodies, 
ACE2 (4 µg/ml, Cat# sc-390851), TMPRSS2 (0.2 µg/ml; Cat# sc-515727), APN (0.16 µg/ml; Cat# sc-166105), 
CEACAM1 (4 µg/ml; Cat# sc-166453), and DPP4 (1:50 dilution; Cat# BOV2078, Washington State University 
Monoclonal Antibody Center, Pullman, WA, USA); Secondary antibody, AffiniPure™ Donkey Anti-Mouse 
IgG (H + L) conjugated Alexa Fluor® 488 (15 µg/ml; Cat# 715-545-150). Blue represents nuclear staining using 
DAPI; scale bar = 20 µM.  Representative images of coronavirus receptor expression across tissues are shown. 
The epithelial lining of the trachea (Ai), alveoli (Aiv), small intestine (Av), and large intestine (Avi) showed 
strong ACE2 expression compared to the bronchus (Aii) and bronchiole (Aiii). The respiratory epithelium 
showed extensive TMPRSS2, APN, and DPP4 expression with a multifocal expression on the alveoli (Bi–iv, 
Ci–iv, Di–iv). TMPRSS2 (Bv–vi) and DPP4 (Dv–vi) were detected uniformly on villi and crypt regions in the 
small and large intestine epithelia, while APN levels were comparatively low in both intestines (Cv–vi). With 
the exception of the bronchus (Eii) and bronchiole (Eiii), the levels of CEACAM1 were low to no detection on 
the epithelia of all the tissues assessed (Ei, Eiv–vi).
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Data availability
The datasets generated and/or analyzed during the current study are available in the GitHub repository: ​[​h​t​t​p​s​​:​/​
/​g​i​t​​h​u​b​.​c​o​​m​/​C​h​o​w​​d​h​u​r​y​R​a​t​u​l​/​p​i​x​f​-​c​h​a​n​n​e​l​-​a​n​a​l​y​s​i​s​]​​
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Fig. 5.  Heat map showing the distribution of influenza and coronavirus receptors in the respiratory and 
intestinal tracts of beef cattle.  Heatmap was generated using data from PixF image analysis showing the 
average log10 total intensity (sum of intensity in all the pixels with signal) of cropped images (n = 3) by a 
350*350-pixel region of interest (ROI) on the epithelium of respiratory and intestinal tract tissues. The color 
scale of lectin staining (orange, high; light yellow, medium; green, low) and immunofluorescence assay (red, 
high; white, medium; blue, low; dark blue < 5) indicates the level of log total intensity. ACE2, angiotensin-
converting enzyme 2; TMPRSS2, transmembrane protease serine 2; APN, aminopeptidase N; DPP4, dipeptidyl 
peptidase 4; CEACAM1, carcinoembryonic antigen-related cell adhesion molecule 1.  Respiratory and 
intestinal tissues were analyzed separately. For lectin staining data was analyzed with two-way ANOVA, and 
multiple comparisons with post hoc Tukey test. The levels of sialic acids within the same tissue (+denotes 
significant higher with P < 0.05) and one SA across different tissues (#denotes significant higher with P < 0.05). 
Immunofluorescence assay was analyzed with one-way ANOVA (within the same receptor), and multiple 
comparison with post hoc Tukey test was conducted to compare between different tissues (*denotes significant 
higher with P < 0.05).
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