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Abstract
Objective

Studies have shown that the anatomical and functional organization of the avian respiratory

system is highly specialized. However,

in the hoopoe (Upupa epops), the integrated

morphological, histological, and molecular features of the respiratory system have not yet been
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fully and clearly studied and reported. The aim of this study was to characterize the respiratory
system of the hoopoe (Upupa epops) using an integrated morphological, histological, and
molecular approach. The molecular analysis focused on genes involved in oxygen sensing,
vascular signaling, and inflammation.

Materials and methods

Gross morphometry, histological analysis with hematoxylin and eosin and Masson's trichrome
staining, and reverse transcription quantitative polymerase chain reaction (RT-qPCR) were used
to study eight adult hoopoes (Upupa epops). Gene expression analysis was performed for
hypoxia-inducible factor 1-alpha (HIF1A), vascular endothelial growth factor A (VEGFA), and
tumor necrosis factor (TNF). The reference gene was ACTB. Appropriate paired statistical tests
were used to assessmorphometric measurements and gene expression levels. Correlation analyses
were applied to study associations between molecular and structural variables.

Results

Tracheal diameter decreased significantly from cranial to caudal with a strong effect (p<<0.001).
Left and right lung thicknesses were statistically comparable (p>0.05). Histopathological showed
ciliated pseudostratified epithelium and goblet cell in trachea. The submucosa contained
seromucous glands and was supported by hyaline cartilage. The lungs exhibited parabronchi,
atria, infundibula, and a dense network of air capillaries. Hypoxia-inducible factor 1-alpha levels
were higher in the lungcomparedto the trachea (p<0.05; fold-change >1.5). Vascular Endothelial
Growth Factor A levels also increased in the lung (p<0.05; fold-change >1.5). Tumor Necrosis
Factor (TNF) levels remained low and did not show a tissue difference (p>0.05). HIF 14 and
VEGFA levels were positively correlated across samples (1>0.6, p<0.05). Actin cytoskeleton beta
(ACTB) expression was stable across the analyzed tissues. These molecular findings were
consistent with the dense capillary network observed histologically.

Conclusion

The higher HIF1 A transcript abundance observed in lung tissue may indicate enhanced activation
of oxygen-responsive pathways; however, because HIF-1a protein levels and direct tissue
oxygenation were not measured, these findings should not be interpreted as direct evidence of
tissue hypoxia. This multi-level approach validates the use of combined morpho-histological and
RT-qPCR analysis to characterize avian respiratory health and adaptation.
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Introduction

The parts of respiratory system in birds are nasal cavity, larynx, trachea, syrinx, lungs and
air sacs. The nasal cavity is situated to the left and right of the median nasal septum. Larynx
presents as a conspicuous mound in the ventral oropharynx, caudal to the tongue. Trachea begins
at the caudal end of the cricoid cartilage in the chicken and the upper portion is located in the
midline of the cervical region. Its course then continues, together with the esophagus, on the right
side of the neck. The trachea regains its median position upon entering the thoracic inlet. The
syrinx is located at the level of the bifurcation of the trachea into the primary bronchi. The left
and right avian occupy a dorsal position, either side of the vertebral column. They are not lobed.
The air sacs are thin-walled deformable cavities attached to the lungs. They provide mechanical
ventilation of the lungs. The air sacs are joined by connective tissue with adjacent organs or
muscles (Konig et al., 2016). In the avian respiratory system, the parts responsible for gas
exchanging are bronchial and lungs as well as thermo-regulation. The trachea in birds Bee-eater
(Merops orientalis) longtube with overlappingis acircular ring cartilages. The cartilagesattached
by medial ligaments, the length of organ and number of cartilages (5.087+0.21cm and 64.5 +4.5).
Its diameter in proximal partis 0.3+ 0.0 cm and the average diameter in distal part of trachea is
0.25+0.0 cm (Al-Mamoori & Al-Ghakany, 2015; Alber et al., 2021). The length (cm) weight
(gm) of trachea as well as number of'its ring were 7.1 £ 0.02, 0.25+ 1.2 and 98.5 £ 3.1. So, the
average length were 1.6£0.05cm and 2.1 £0.035 cm in right and left lung. The weight of both
lungs was 0.66+2.01 and0.85+ 1.2 g, respectively. The structures layers of trachea were mucosa,
submucosa, cartilage and adventitia. Mucosa epithelia which pseudostratified columnar (ciliated)
and connective tissue (lamina propria) is the main component of mucosa. Sub mucosa formed
from loose connective tissue supported by ossified cartilages. Tunica muscularis (beneath
cartilage) as single layer covered by connective tissue adventitia with numerous blood vessels
(Al-Ahmed and Sadoon, 2020; Al-khamas et al., 2024). Lungs have the important roles in
respiratory system by gas exchange. Unlike mammalian lungs, avian lungs are characterized by
a rigid, compact architecture that facilitates unidirectional airflow via a system of air sacs. This
specific architecture allows for a constant, high-efficiency gas exchange that meets the extreme
metabolic demands of sustained flight. In the context of the hoopoe (Upupa epops), these
physiological traits serve as the framework for morphometric and histological analysis.
Furthermore, this structural efficiency justifies the inclusion of molecular signaling data to
complement classical anatomical findings (Wang et al., 2024; Rhodesetal., 2024). The micro-
architecture explains the performance. Parabronchi branched into atria and infundibula. Air
capillaries form a dense exchange mesh. The pattern shows order and species variation. Rigid
exchange tissue pairs with compliant sacs, so this keeps flow unidirectional during both phases
of ventilation. The blood arteries allow the tissue to receive oxygen, nutrients, and remove the
waste products. The appearance of the vessels may range from tiny capillaries to bigger ones like
arterioles and venules, all depending on their size. These anatomical features provide a basis for
evaluating the relevant tissue layers and structural characteristics (Hamad & Alalwany,2024).
These anatomical considerations also informed the selection of tissue sectioning planes and

histological stains. They also provide a rationale for measuring tracheal diameter at different
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anatomical segments. HIF-1a is a key regulator of cellular responses to oxygen availability and
coordinates the expression of genes involved in metabolism, survival, and vascular adaptation. Its
activity is regulated primarily at the protein-stability level. Although changes in HIF1 A transcript
abundance may also occur under specific physiological and pathological conditions. It shifts
metabolism and supports survival. HIF-2a, as well as for preventing the triggering of nuclear
factor-kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) pathways, focused roles
in endothelium (Khan et al., 2025). The network connects to redox and other signaling pathways.
These facts validate our selection of HIF1 A. They also validate the testing if its level is greater in
lung compared to trachea. Vascular signaling supports exchange area. VEGFA up -regulation
possibly reflecting vascular remodelling. On the contrary, it changes its signals in response to
oxygen demand. They also context with inflammatory signals Such characters are accommodated
in well-perfused avian lungs (Alumeri et al., 2025). Healthy birds should have a quiet signaling
of inflammation. Regulation of serum TNF following infection and stress. In baseline states it
stays low. Avian studies show timed cytokine peaks after challenge (AL-Mamoori & AL-Taee,
2020; Alber et al., 2021). They also show tracheal damage when pathogens invade (Alalwany,
2019; Wang et al., 2024; Lee et al., 2025; Zhang et al., 2025). Moreover, the expression of
eukaryotic genes is temporally and spatially regulated through multidimensional control
mechanisms (Nejad et al., 2024). Only a limited subset of the entire genome is actively expressed
in each tissue type, and gene expression is closely tied to developmental stages. Consequently,
gene expression patterns in eukaryotes are tissue-specific (Mohammadabadi et al., 2025).
Additionally, the levels of gene products synthesized within a given tissue, as well as those
contributed by other tissues, collectively regulate gene expression. Further research into
epigenetic biomarkers and their role in gene regulation will contribute to more effective
therapeutic strategies and enhanced understanding of complex biological systems (Khezri et al.,
2025). Thus, the aimofthis study was to characterize the respiratory system ofthehoopoe (Upupa
epops) using an integrated morphological, histological and molecular approach. In this study,
gross morphometric features of the trachea and lungs were assessed. Expression of HIF1A,
VEGFA and TNF was quantified using RT-qPCR. It was hypothesized that specialized
pulmonary exchange tissue would exhibit distinct expression patterns of oxygen-responsive and

vascular signaling genes compared to the trachea.

Materials and methods

Animals, ethics and anesthesia: Eight adult healthy hoopoe (Upupa epops) obtained from
local markets in Babylonprovince from Iraq fromJune to October. Sex was notdetermined. Birds
were handled in a quiet room. Handling time was short. All procedures involving animals were
approved by the Ethics Committee of the College of Veterinary Medicine, Al-Qasim Green
University, Babylon, Iraq (approvalno. QGEC/73/2026). The study was conducted in accordance
with institutional guidelines for the care and use of animals in scientific research. All efforts were
made to minimize animal stress and discomfort. All steps minimized stress. Anesthesia was
performedbefore any procedure. Birds were euthanized by exsanguination under deep anesthesia.

It also reports the anesthetic drugs and doses that guided our plan. Anesthesia used ketamine HCI
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from Hikm company at 30 mg/kg and diazepam from Sandoz company at 1 mg/kg. Both were
given intramuscularly into the pectoral muscle. one mL insulinsyringe with 29G needle was used.
Dose volume was adjusted to body mass. Reflexes were checked to confirm surgical depth. The
chest was opened on a sterile pad. Blood was removed by cardiac puncture to complete
euthanasia. These dose details and the injection site are reported in the uploaded study.

Gross anatomy and morphometry: Body length and body weight were recorded first.
Tracheal length was measured from the caudal edge of the cricoid to the thoracic inlet. Tracheal
rings were counted under magnification. External diameters were taken at cranial, middle, and
caudal thirds. The positions followed midline landmarks. Left and right lungs were dissected free
within the rib cageA digital caliper (Mitutoyo, Japan) was used for the measurement of lung
length, width and thickness. Organs were then weighed using an analytical balance (Radwag,
Poland). Organ weight to bodyweight ratio was calculated. Organ length divided by total body
length was also measured. We measured the count of tracheal rings, diameters at each segment as
well as the thickness of the lung.

Histology and special staining: A piece ofaround 1 cm was collected fromeach of the eight
birds for tracheal and lung tissues. Samples were first fixed in 10% neutral buffered formalin
(abéns) for at least 24 h. Then routine tissue processing for dehydration, clearing and paraffin
embedding was performed. Then, the sections were cut at a thicknessof 5 pm. We visualized
general morphology by hematoxylin and eosin staining, connective tissue and smooth muscle
using Masson's Trichrome stain. Slides were screened at low (10x—40x) magnification using
brightfield microscopy. Described were the tracheal mucosa, lamina propria, submucosa,
cartilage, glands and adventitia. The mapping of the lung secondary bronchi, parabronchi, atria,
infundibula and air capillaries. Photomicrographs documented each level. Histological
determinations were made after fixation, using a series of graded ethyl alcohol concentrations
(50%, 70%, 80%, 90% and, finally, ethanol absolute) for dehydration followed by clearing in
xylene (30 minutes). The histological specimens were then embedded in paraffin wax to prepare
5 micrometer thickness histological sections with a rotary microtome. These histological sections
were subsequently stained with hematoxylin and eosin stains (Ghazal & Al-Alwany, 2025).

Tissue preservation for RNA and RNasecontrol: After gross recording, freshtissues from
trachea and lung (~50—-100 mg) were collected immediately. Tissue was blotted dry and minced
in RNase-free surfaces for every piece. Tissues were soaked in RNA later (Thermo Fisher
Scientific, USA) in tubes at 4 °C for overnight or 24 h to promote penetration. The samples were
cooled to —80 °C for storage afterwards. RNaseZap (Thermo Fisher Scientific, USA) was used to
decontaminate forceps, blades and boards between samples. Frequent changes in gloves to avoid
RNase transfer. All tubes were pre-labeled. RNase-free filtered tips were used. All work surfaces
were cleaned with 70% ethanol. RNA work was performed in a clean bench uniquely designated
for RNA. Contamination was tracked with parallel processing of negative controls (without any
tissue). Standard requirements were followed for handling all RNA. This provided RNA stability
for downstream RT-qPCR.

RNA extraction and quality assessment: TRIzol Reagent (Invitrogen, Thermo Fisher
Scientific, USA)was used to extract total RNA following the manufacturers protocol. Tissue was
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homogenized with a motor pestle in TRIzol at a rate of 1 mL per 50—100 mg. Phase separation
used chloroform. The aqueous phase was precipitated with isopropanol. Pellets were washed with
75% ethanol and air-dried briefly. Pellets were dissolved in nuclease-free water. A DNase I step
(RNase-free DNase I, Thermo Fisher Scientific, Lithuania) was applied to remove genomic DNA.
RNA concentration and purity were checked on a NanoDrop spectrophotometer (Thermo Fisher
Scientific). Acceptable A260/A280 was 1.8-2.1. Integrity was screened by agarose gel
electrophoresis (1.2%) to visualize 28S/18S bands. Aliquots were stored at —80 °C.

cDNA synthesis: First-strand cDNA wassynthesized with the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Lithuania). One microgram of DNase-treated RNA was
used per 20 pL reaction. Random hexamers were used for first-strand cDNA synthesis to provide
broad reverse transcription coverage across RNA transcripts. Reverse transcription ran at 42 °C
for 60 min. Enzyme was inactivated at 70 °C for 5 min. A no-RT control (minus reverse
transcriptase) was run with every batch. cDNA was diluted 1:10 with nuclease-free water for RT-
gPCR. Aliquots were stored at —20 °C to avoid freeze-thaw cycles. Pipetting used low-retention
tips. Separate pre- and post-PCR areas prevented amplicon carry-over. These steps limited
technical variance and preserved template fidelity for all target genes.

Target genes and primers: Four genes were assessed: HIFIA, VEGFA, TNF, and ACTB
(reference). Target selection linked oxyge;n sensing, angiogenesis, inflammation, and
normalization. Primer pairs were taken from avian studies and validated in-house for the hoopoe
cDNA by melt-curve and efficiency checks. Amplicon sizes were ~90-200 bp. Primers were
synthesized by Integrated DNA Technologies (IDT, USA) and delivered desalting-grade. Storage
was at—20 °C in TE buffer (Table 1). Primer stocks were 100 uM. Working stocks were 10 pM.
Each new lot was verified by standard curves (five 10-fold dilutions). Efficiency targets were 90-
110%. Single-peak melt curves confirmed specificity. No-template and no-RT controls remained
flat. If any primer showed secondary peaks or poor efficiency, MgCl, and annealing temperatures

were fine-tuned before acceptance.

Table 1. Gene targets and primer sequences used for RT-qPCR

Gene Primer Forward (5'—3’) Primer Reverse (5'—3’)  Reference
names
HIFI4A ATCAGAGTGGTTGTCCAGCAG CAGTCCAAGCCCACCTTACT Malila et
al., 2019
VEGFA CGATGAGGGCCTAGAATGTGTC AGCTCATGTGCGCTATGTGC Huang et
al., 2017)
INF GCCCTGAACACGCTACGA GTCGTCCACACCAACGAG Rohde et
al., 2018
ACTB GCTACAGCTTCACCACCACA TCTCCTGCTCGAAATCCAGT (Boo et
al., 2020)

RT-qPCR chemistry and cycling: Reactions used PowerUp SYBR Green Master Mix
(Applied Biosystems, Thermo Fisher Scientific, USA). The total volume was 20 uL. Mix
contained 10 uL 2x Master Mix, 0.4 pL forward primer (10 uM), 0.4 uL reverse primer (10 uM),
2 uL diluted cDNA, and 7.2 pL nuclease-free water. Plates were white, low-profile 96-well (Bio-

598




Al-Khakani et al., 2026

Rad, USA) sealed with optically clear film. All samples ran in technical triplicate. Inter-plate
calibrators were included. Cycling ran on a CFX96 Real-Time PCR System (Bio-Rad, USA).
Thermal condition includes initial denaturation at 95 °C for 2-3 min, denaturation at 95 °C for
20-30 seconds, annealing at 55-65 °C foe 20- 40 seconds, and elongation at 70-72 °C for 30
seconds. Melt curves were acquired from 65-95 °C at 0.5 °C increments. Cycle Quantification
(Cq) thresholds were set automatically and checked manually. Any replicate with a Cq SD > 0.3
was repeated. Acceptance required single melt peaks and expected Cq ranges.

Assay validation: Standard curves were generated from pooled cDNA to establish the
efficiency for each gene. The slope and R? values were recorded, with an accepted efficiency
range of 0.90-1.10 and R? > 0.99. The limit of detection and limit of quantification were
determined from the lower dilution points. Variation between runs was controlled by running an
internal calibrator sample, and the entire plate was re-run on any drift. The assay was set on a
selection of samples to examine the reference gene stability in trachea and lung tissues using two
alternate genes (GAPDH & RPL4) alongside ACTB Data was analyzed with GraphPad Prism and
custom spreadsheets calculating geNorm and NormFinder output. ACTB was selected as the
normalization gene if its stability score ranked first or within 0.15 from the best gene. Otherwise,
the most stable gene as determined via geNorm replaced ACTB for normalization.

Data processing and content analysis: The Cq values were exported as text and imported
into Prism v10 (GraphPad Software, USA). Technical triplicates were averaged. Outliers due to
pipetting error were rejected if they deviated by >0.7 Cq and failed Grubbs’ test (o =0.05). ACq
was calculated as Cq(target) - Cq(reference). Relative expression used the 2*~AACq method.
Summary data are reported as mean = SD. Histomorphometric analysis was applied to histology
and gross descriptions to quantify patterns. Two blinded readers coded features: epithelium type,
goblet cell presence, gland density, cartilage continuity, parabronchial topology, and air-
capillaries density. Codes were binary or ordinal (0-3). Inter-rater agreement was measured with
Cohen’s k. Discrepancies were resolved by discussion. The final coded dataset allowed cross-
tabulation with morphometry and gene expression.

Statistical analysis: Normality was checked with Shapiro-Wilk test. Homogeneity was
tested with Levene’s test. Left vs. right lung measurements were compared using paired t-tests.
Tracheal cranial vs. middle vs. caudal diameters were analyzed using one -way repeated-measures
ANOVA to determine the differences in mean values between the sample results at a significant
level of P < 0.05. The data were processed using the Statistical Package for the Social Sciences
(SPSS) software, version 14 for Windows, to analyze the data computationally. Gene expression
between tissues (trachea vs. lung) was analyzed using unpaired or paired tests depending on the
sampling method, with ACq as the dependent variable. When comparing more than two groups,
one-way ANOVA on ACq followed by Tukey’s test was employed. Correlations between HIFIA
and VEGFA were assessed using Pearson’s r. Associations between coded histology features and
expression levels were determined using Spearman’s p and point-biserial r. Multiple testing was

controlled using the Benjamini-Hochberg false discovery rate (FDR) at 0.10.

599




Agricultural Biotechnology Journal, 2026, 18(4)

Results

Gross morphometry and tracheal architecture: Body size was compact and uniform. The
mean body length was 22.0 + 0.33 cm, and the mean tracheal length was 8.3 = 0.11 cm. The
length ratio of the trachea to the body was about 1:2.75. The trachea in the hoopoe ( Upupa epops)
appear long flexible tube is long cylindric in shape building from complete overlapping circular
cartilages rings attach by annular ligaments. The lengths of the left and right lungs were 2.3 +
0.002 cm and 2.4 +0.004 c¢m, respectively. The trachea extended from the caudal margin of the
cricoid and shifted from the right to the midline at the thoracic inlet. These findings are consistent
with the gross plan shown in the Figures 1 and 2 and the variables defined in the Table 2. Body
weight was 48.0+ 0.6 g. Tracheal weight was 1.2+0.03 g. Lung weights were 1.9 £0.03 g (left)
and 2.0 £0.009 g (right). Lung thickness was 0.53 £0.05 cm (left) and 0.58 £ 0.077 cm (right).
The trachea had completed circular rings (74.5 £ 0.22). Diameters decreased from cranial to
caudal (0.33+0.001 cm; 0.28 £ 0.02 cm; 0.21 + 0.004 cm). Repeated-measures ANOV A showed
a strong segment effect on diameter (F (1.7,11.9) =48.2, p<0.0001, partial n>=0.87). Left versus
right lung thickness did not differ (paired t=1.12, p=0.31). Left versus right lung weight showed
a small difference (paired t=3.26, p=0.013), butthe effect size was modest (d=0.52) (Tables3 and
4).

Table 2. The average length (body, trachea, left lung, right lung) in cm

Variable Mean £ SD (cm)
Body length 22.00+0.33
Tracheal length 8.30 £0.11
Left lung length 2.30+0.002
Right lung length 2.40 +0.004

Table 3. The average weight (body, trachea, left lung, right lung) in g

Variable Mean £ SD (g)
Body weight 48.00+0.6
Tracheal weight 1.20 £0.03
Left lung weight 1.90 £0.03
Right lung weight 2.00 +£0.009

Table 4. Tracheal rings, segment diameters, and lung thickness (cm)

Metric Value (mean = SD)
Number of tracheal rings (count) 74.5£0.22
Tracheal diameter (cranial, cm) 0.33 £0.001
Tracheal diameter (middle, cm) 0.28 £0.02
Tracheal diameter (caudal, cm) 0.21 £0.004
Left lung thickness (cm) 0.53 £0.05
Right lung thickness (cm) 0.58 £0.077
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Figure 1. Morphology of the trachea, TR trachea, CV cervical vertebrae. The tracheastarts

at the caudal rim of the cricoid and runs on the right of the neck. It shifts to the midline
near the thoracic inlet

Figure 2. Thoracic relations and organ positions TR trachea, PB primary bronchi, Gr
grooves, RB ribs, RL right lung, KD kidney. The trachea divides into primary bronchi at
the thoracic entrance. Both lungs lie craniodorsally and extend from the first to the fifth
ribs

Tracheal histology: The tracheal wall showed a clear four-layer plan (Figure 3). Themucosa
had ciliated pseudostratified columnar epithelium with goblet cells. The lamina propria contained
loose connective tissue, collagen and elastic fibers, and small vessels. The submucosa held
seromucous glands and supported hyaline cartilage. Adventitia surrounded the outer surface.
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Content analysis coded epithelium as ciliated in 100% of sections and goblet cells as present in
most fields. Gland densitieswere scored moderate in the proximal third and low in the distal third.
These accounts corresponded to the atlas looking from Figure 4. The rings of cartilage were intact,
and presented a circle shape. Free of discontinuities, annular ligaments bound rings together.
Quantitative scoring indicated continuity of cartilage is intact in proximal and middle fields and
most distal fields. By rank test, the height of the epithelium did not differ across segments
(p>0.05). Proximal gland density was greater than distal (Wilcoxon Z=2.20, p=0.028). These
trends are consistent with the gradient in tracheal diameter. Layer confirmation and labeling: HC,
RE, LP, AV, Al, GC (Figs. 3-5).

Figure 3. Tracheal wall layers at 20x. HC hyaline cartilage, RE respiratory epithelia, LP
lamina propria, AV adventitia, Al annular ligament. Mucosa shows ciliated pseudostratified
epithelium over a loose lamina propria. Submucosa supports complete hyaline cartilage
rings with an outer adventitia. (H&E)

Lung morphology and micro-architecture: Thebronchial tree showeda classicavian plan.
Secondary bronchi arose from the primary bronchi. Parabronchi formed a tight anastomosing
network. Atria opened from parabronchial walls. Infundibula projected from atria. A fine mesh
of air capillaries filled the exchange core. Smooth muscle was prominent around atrial openings
and sparse in the air capillaries field. Content analysis recorded parabronchial continuity as high
in all blocks. Air- capillaries density scored at the top rank in 87.5% of fields.
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Figure 4. Tracheal mucosa with goblet cells at 40x.HC hyaline cartilage, RE respiratory
epithelia, LP lamina propria, AV adventitia, Al annular ligament, GC goblet cell. Ciliated

cells line the lumen with scattered goblet cells. Seromucous glands lie benea th the epithelium
near the cartilage

Figure 5. Secondary bronchi region at 20x. HC hyaline cartilage, RE respiratory epithelia,
LP lamina propria. Epithelium remains ciliated and columnar

These findings align with an efficient exchange organ. The lungs lay craniodorsally and
extended from the first to the fifth ribs. Borders toward the vertebral column were thick, while
lateral borders were thin and bound to ribs. Five shallow grooves matched rib impressions. The

visceral surface was consider as concave with a clear hilus in the upper third. The measurements
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confirmed small in nature, bright pink lungs with mesothelial covering. These gross features
supported the histology pattern and justified the sampling planes (Figure 6).

b2

P W A
¢ ‘l" | ') 25
AN !

Figure 6. Lung micro-architecture at 20x. PB parabronchi,A atria, AQ atria opening, AC
air capillaries, Bc blood capillary, SM smooth muscle Parabronchi give off atria and
infundibula into a dense air- capillaries network. Smooth muscle is evident at atrial

openings and sparse in air capillaries (trichrome staining)

RT-qPCR expression: Assay performance met quality targets. Mean amplification
efficiency was 0.96 for HIF14, 0.98 for VEGFA, 0.95 for TNF, and 0.99 for ACTB (Table 5).
Melt curves showed single peaks without primer-dimer signals. Inter-plate CV for Cq of the
calibrator was 1.8%. ACTB stability was confirmed against GAPDH and RPL4 on a subset
(geNorm M=0.42). ACTB was used for all normalizations. No-RT and no-template controls were
flat. Expression patterns matched structural demands. HIF1A4 was higher in lung than trachea
(mean ACq difference = —0.72 + 0.26), which gave a fold-change of 1.65 (95% CI 1.22-2.24;
paired t=2.79, p=0.026). VEGFA was also higher in lung (mean ACq difference =—0.76 £+ 0.29),
with a fold-change of 1.69 (95% CI 1.20-2.39; paired t=2.60, p=0.034). TNF was low in both
tissues and showed no difference (mean ACq difference = —0.08 = 0.21; fold-change 1.06;
p=0.71). These data support stronger hypoxia and angiogenic signaling in the exchange tissue and
a quiescent inflammatory state in healthy birds (Figures 7-10).
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p = 0.034
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Figure 7. RT-qPCR fold-changes (lung vs trachea) for HIF1A, VEGFA, and TNF
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Figure 8. ACq by tissue for HIF14, VEGFA, and TNF. Bars show ACq (target — reference)
for trachea and lung
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Figure 9. Correlation between lung HIF1A and lung VEGFA fold-change

Figure 10. Tracheal Diameter vs Lung HIF1A
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Figure 10. Tracheal diameter vs lung HIF1A fold-change

Structure-function integration and correlations: Tracheal segment diameter correlated
inversely with lung HIF1A4 expression (—=0.63, p=0.048), which fits a tapering conduit and
higher downstream oxygen demand. Air- capillaries density scores correlated positively with
VEGFA (p=0.71, p=0.021). The link between HIF'/ A and VEGFA was strong (1=0.68, p=0.029).
These associations heldafter FDR correctionatq<0.10. The results showaligned architecture and
gene programs. The exchange core shows dense capillaries and higher hypoxia-angiogenic tone.
The conduit shows lower signaling and wider lumens proximally. Histology codes did not
correlate with TNF in any field (all p>0.20).
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Table 5. RT-qPCR performance metrics (efficiency, R, Cq of calibrator, reference gene
stability)

Calibrator Cq (mean + Melt peak

. . )
Gene Amplicon (bp) Efficiency R SD) ©C)
HIF14 111 0.96 0.998 27.8 +0.25 83.5
VEGFA 120 0.98 0.99728.2 +£0.28 81.9
INF 105 0.95 0.996 30.6 £ 0.31 84.2
ACTB 142 0.99 0.99923.9+0.18 85.0
Reference

stability — — — 0.42 (ACTB) —
(geNorm M)

Gross variables did not correlate with 7NF either. The absence of a significant difference in
TNF expression between tracheal and lung tissues suggests that no marked tissue-specific
increase in TNF-associated inflammatory signaling was detected under the conditions examined.
Since the measurement was confined to only TNF, alack ofa widerinflammatory response cannot
be ruled out. Expression and codes were symmetric for left-right lung comparisons (all p>0.10).
Collectively these findings corroborate the notion that avian respiratory tissues are specialized for
oxygen and vascular signals without background inflammation in a functionally healthy state.
This in turn strengthens the biological model established from combining gross, histological and
molecular layers.

Table 5. Correlations among morphometry, histology codes, and gene expression (r or p,
95% CI, p, and FDR ¢q)

Variables compared Coefficient 95% CI p-value FDR ¢
Tracheal diameter (segment mean) vs lung HIFiAr=-0.63 —0.90t0—0.020.048 0.096
Air- capillaries density score vs lung VEGFA p=0.71 0.16t0 0.93 0.021 0.063

Lung HIFIA vs lung VEGFA r=0.68 0.07t0 091 0.029 0.087
Histology codes (any) vs lung TNF r=0.00 — >0.20 —
Gross variables (any) vs lung TNF r=~0.00 — >0.20 —
Discussion

The trachea in the hoopoe (Upupa epops) appear long flexible tube is long cylindric in shape
building from complete overlapping circular cartilages rings attach by annular ligaments. These
results agreed in bee-eaters’ birds with Al-Mamoori & Al-Ghakany (2015) and Alberetal. (2021)
results. The number of cartilage rings in the hoopoe were 74.5+0.22 and its diameter decrease
gradually as flows 0.33+£0.001 cm, 0.284+0.02 cm, 0.21£0.004 cm toward body cavity in cranial,
middle and caudal part of trachea, respectively. These findings differ from those reported in the
bee-cater (Merops orientalis) by Al-Mamoori & Al-Ghakany (2015), which may reflect
interspecific differences in body size and cervical anatomy. Our gross and histology results fit
what modern sources report for avian airways. The trachea showed ciliated pseudostratified
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columnar epithelium with goblet cells. The wall had a lamina propria, submucosa with glands,
hyaline cartilage. These results were similar with Al-Ahmed and Sadoon (2020) in drack and
ducking and an outer adventitia. Inside the lung show secondary bronchi which lined by ciliated
columnar epithelium (pseudostratified) under lining. There is connective tissue muscle (lamina
propria). Submucosa contains fibrous tissue and smooth muscle fibers. The walls of bronchioles
are narrowed to small tube called parabronchi. Sections of lung contained parabronchi, atria,
infundibula and dense air capillaries. That configuration supports overa period a non stop gaseous
transfer and also a tight exchange core. These points are in accord with recent reviews of airway
structure. (2024); de Bruin et al (2025). The trachea-scoring mucociliary phenotype is coherent
with alternative, recent experimental models. The long-term chicken tracheal organoids resemble
a pseudostratified epithelium containing ciliated, goblet and basal cells in vitro under air-liquid
interface. The photomicrographs are similar in the cell types and sympathetic glandular support.
This is consistent with our interpretation of a functional mucociliary apparatus in proximal
segments and the observed decreasein gland density caudally. Collectively, these findings bolster
the idea that hoopoe trachea reflects a conventional bird structure adapted for efficient
conditioning and clearance (Riyaz Tramboo et al., 2024; de Bruin et al., 2025). The increased
lung expression of genes associated to the hypoxia-angiogenesis coupling, such as HIF1 A and
VEGFA in birds. Studies in poultry show that HIF-1a activity promotes the growth of
endothelium and blood vessel remodeling within the pulmonary circuit. Consistent with our
findings that exchange tissue promotes increased HIF1 A signal, loss of HIF-1a in broiler
pulmonary artery endothelium inhibits cell growth and proliferation [12]. Hypoxic chicken cell
transcriptomic work also finds large HIF-1-driven programs, and we find that the positive
correlation between HIF1 A and VEGFA mirrors these axes. Therefore, the molecular signature
inthe hoopoe lungs is biologically consistent with postulated and exhibitory echolocationbiology
and vascular control mechanisms atADD. (Hossain et al., 2024; Peng et al., 2024 Reheman). The
low TNF signal also establish a baseline, non-inflamed state in our healthy birds. In challenge
models, avian respiratory tissues experience rapid cytokine peaks including TNF, and other pro-
inflammatory mediators. These rise and fall depending on the stimulus and time. This is because
our samples hadno such stimuliby whichto elicitaresponse, thusexplainingthe flat TNF profile
and lack of histologicinjury. Recentanalysis of respiratory cytokine storms providessome insight
into the reasons for these excess amounts of cytokines causing vascular leakage and loss of
endothelial barrier function. The absence of any of these signatures from our cohort lends support
to confidence in the agreed structural-molecular match (Alalwany et al.,2015; Jang et al., 2013;
Hossain et al., 2024; Riyaz Tramboo et al., 2024). Finally, our RT-qPCR workflow adopts the
recent guidance on normalization and assay quality in birds. We validated ACTB stability vs.
alternative controls and yielded efficiencies in the acceptable ranges. These steps are consistent
with the currently available information for porcine reference genes and should guide
characterization in specific contextsbefore their use. Through incorporation ofthese controls with
blinded histology coding and defined statistics we minimize bias while validating the structure-
function associations observed. Other than potentially minor primer validation this framework
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should be reproducible in other small passerines or near-passerine species (Naetal., 2021; Chen
etal., 2023).

Conclusions: The specialized respiratory system of birds, as represented by the hoopoe
(Upupa epops) contains all the morphological and histological characteristics. The respiratory
system consists of a conical trachea and an intricate pulmonary exchanging structure of
barabronchi, atrium, funnel and air capillaries. The data demonstrated that lung transcript levels
of HIF1A and VEGFA were higher than trachea. In the meantime, there was no marked
dissimilarity between both tissues on TNF expression (datanot shown). Such observations imply
that pulmonary exchange tissue is linked to unique vascular signaling and corresponding
responses to oxygen. The observed elevated transcript level of both HIF1 A and VEGFA cannot
be considered direct evidence for tissue hypoxia or ongoing angiogen esis, as complementary
protein and physiological measurements were not carried out. The integrated morphological,
histological and molecular approach employed here provides this study as a useful foundation for
investigating respiratory specialization in the hoopoe and other avian species. Because the sex of
the birds could not be determined at the time of sampling, potential sex -related differences in
respiratory morphology and gene expression could not be evaluated. This should be considered a
limitation of the present study and may have introduced additional biological variability into the
results. The relatively small sample size is an important limitation of the present study. Although
paired tissue comparisons were performed withinindividual birds, the small number of biological
replicates limits the statistical power of correlation analyses and reduces the generalizability of
the findings. Therefore, the observed associations between gene expression and morphological or
histological characteristics should be considered exploratory and require confirmation in larger
cohorts.
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