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ABSTRACT: Allergies are immune system diseases affecting a large population in the world. Allergen identification is
important for accurate diagnosis and treatment of diseases. It has been shown that Bet v 1 family proteins are the major allergens
in European white birch pollen. However, little is known about the allergens in Asian white birch pollen, one of the main
allergenic sources in East Asia. Here, I report the identification of 19 Bez p 1 genes in the Asian white birch genome. They have
two exons and one intron and are distributed on three chromosomes. The deduced proteins are highly divergent. All of them
contain the Bet v 1 domain with hydrophobic ligand-binding sites and a glycine-rich loop and can form a unique cavity in 3D
structures. Phylogenetic analysis shows that 13 Bez p I proteins cluster with the major allergens from the plant family Betulaceae,
whereas the remaining six cluster with those from other families. Transcriptome-wide analysis shows that six Bez p I genes are
highly expressed in pollen. The results identify and characterize 19 Bez p 1 genes, six of which appear to encode the major pollen

allergen. It provides insight into the major allergens in Asian white birch pollen.
KEYWORDS: Biology, Plant Biology, Allergen, Pollen, Asian White Birch.

B Introduction

Allergic diseases, such as asthma, allergic rhinitis, urticar-
ia, eczema, and anaphylactic shock, are a category of globally
prevalent chronic disorders caused by abnormal immune sys-
tem responses, called hypersensitivity reactions. Substances
that can provoke an allergic reaction in allergic patients are
termed allergens.’ At the molecular level, allergens are defined
as the molecules that induce and bind specific IgE antibod-
ies.’? The sources of allergens are quite diversified, including
pollen, foods, house dust mites, chemicals, drugs, and so on.
Among them, tree pollen is one of the main allergenic sources
and the most important respiratory allergen source.?

In the temperate areas of the Northern hemisphere, pollen
from Fagales trees, such as European white birch (Betula verru-
cosa/B. pendula) and Asian white birch (B. platyphylla), is one of
the main causes of hay fever and allergic asthma in spring and
winter.”* Gene cloning, recombinant protein production, and
clinical studies show that Bet v 1 family proteins are the major
allergens in the pollen of these trees.** This family is named
after Bet v 1, the first major birch pollen allergen identified.
For nomenclature, members of the family are usually named
based on the three letters of the genus and the first letter of the
species where the proteins are found.® So far, 140 Bet v 1 family
proteins from various plant species, such as B. verrucosa, Corylus
avellana, and Quercus alba, have been officially confirmed to be
allergens and included in the WHO/IUIS allergen nomencla-
ture database.® Among them, 27 proteins are from European
white birch, a tree species widely distributed from Europe to
central Siberia and Northwest of China. However, there is no
such protein allergen from Asian white birch in the database.

Asian white birch is a deciduous tree species belonging to the
family Betulaceae in the order Fagales and widely distributed

in China, Russia, Mongolia, North Korea, and Japan.” Its pol-
len is one of the main allergenic sources in East Asia and the
far east of Russia.®’ Compared with the allergens in European
white birch that have been intensively studied, the informa-
tion on Asian white birch pollen allergens is very limited.** No
gene sequence coding for Asian white birch pollen allergens
has been identified and characterized. To understand the al-
lergens in Asian white birch, the gene family encoding Bet v
1-like proteins has been identified in the Asian white birch ge-
nome. The deduced proteins are comparatively analyzed with
European white birch Bet v 1 proteins. Transcriptome-wide
analysis of gene expression in Asian white birch pollen is also
performed. The study will provide useful information for fur-
ther investigation of the major allergens in Asian white birch
pollen.

B Methods

Genome-Wide Search:

The known Bet v 1 protein sequences are downloaded from
the WHOV/IUIS allergen nomenclature database.® The whole
genome assembly of Betula platyphylla Sukaczev published
by Chen ez al in 2021 is downloaded from JGI Data Portal
(https://data.jgi.doe.gov/refine-download/phytozome?rorgan-
ism=Bplatyphylla&expanded=679&phytozome_version=14).”
The BLAST software used for genome-wide search of the
major allergen genes is downloaded from the NCBI web-
site (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
LATEST/).** Genome-wide search of known Bet v 1 protein
sequences against the genome of B. platyphylla is carried out
using the tBLASTn algorithm.®”'* An e-value cutoff of 1 x
10~ is applied.
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Gene Model Prediction:

The corresponding DNA sequences are extracted from the
B. platyphylla genome assembly using the Fasta Extraction
function of TBtools-IL.”"" Gene model prediction is carried
out through alignment of the retrieved genomic DNA se-
quences with Bet v 1-like protein sequences from other plant
species using the BLASTx algorithm with the default parame-
ters (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Comparison of
the predicted gene models with the results from whole genome
annotation is performed using the BLASTn algorithm with
the default parameters.”

Chromosomal and Subcellular Localization:

The location of a gene on the chromosome is determined
through comparison analysis of gene sequence with the whole
genome assembly of B. platyphylla and visualized using the
Show Genes on Chromosome function of TBtools-II1.7"
Protein subcellular localization is predicted using the WoLLF
PSORT tool by selecting the organism type to be plant
(https://www.genscript.com/wolf-psort.html?sre=leftbar).

Sequence Feature Analysis:

The length of the coding sequence, the length of the deduced
protein, the molecular weight, and the theoretical isoelectric
points are determined using the ProtParam tool (https://web.
expasy.org/protparam/). The conserved domain, hydropho-
bic ligand binding site, and glycine-rich loop are analyzed by
searching the Conserved Domain Database using the CD-
Search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi). Gene structures are determined by comparing the
OREF with the B. platyphylla genome assembly.” The alignment
of the amino acid sequence is carried out using the Clustal W
function of MEGA12 with the default parameters.? Protein
sequence identities are analyzed using the BLASTp algorithm
with the default parameters (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). The “align two or more sequences” function is se-
lected.

Protein 3D Structure Modeling and Phylogenetic Tree Con-
struction:

Protein 3D structures are computed by the SWISS-MOD-
EL server homology modeling pipeline (https://swissmodel.
expasy.org/interactive).”® For phylogenetic tree construction,
protein sequences are aligned using ClustalW in MEGA12
with the default parameters. Then, phylogenetic analysis is
performed using the neighbor-joining method with a boot-
strap value of 1000 replicates.'

Transcriptome Analysis:

B. platyphylla pollen transcriptomic data is downloaded from
the National Genomics Data Center (https://ngdc.cncb.ac.cn/
bioproject/browse/insdc/PRJNA994611)."* The data is ana-
lyzed, and Transcripts Per Million (TPM) is calculated using
the Salmon software (v1.10.3)." TPM in log scale is visualized
using the HeatMap Illustrator function of TBtools-II."

B Results and Discussion

Genome-Wide Identification of 19 Major Allergen Genes in
Betula platyphylla:

In order to identify the major allergen genes in Asian white
birch, tBLASTn analysis of known Bet v 1 protein sequences
against the genome of B. platyphylla is performed.®”!° Subse-
quent gene model prediction results in the identification of
19 putative major allergen genes in B. platyphylla (Table 1).
Based on the nomenclature of allergens, the identified genes
are designated as Ber p 1.0101-Bet p 1.0103, Bet p 1.0201,
Bet p 1.0202, Bet p 1.0301, Bet p 1.0401-Bet p 1.0403, Bet p
1.0501-Bet p 1.0503, Bet p 1.0601, Bet p 1.0701, Bet p 1.0801,
Bet p 1.0901, Bet p 1.1001, Bet p 1.1101, and Bet p 1.1201,
respectively.? In the names, Ber is the first three letters of the
genus Betula, p is the first letter of the species platyphylla, and
the number is given based on its relationship with known Ber
v 1 genes.® Gene model comparative analysis shows that five
of the gene models identified in this study, including Bez p
1.0101, Bet p 1.0202, Bet p 1.0401, Bet p 1.0801, and Bet
1.1101, are identical to BPChr01G13767, BPChr05G14788,
BPChr01G13827, BPChr02G00364, and BPChr01G13654
predicted through whole genome annotation.” In addition, a
portion of Bet p 1.0201 is annotated as BPChr05G14860. The
other 13 gene models have not been identified previously.
Table 1: Features of Bez p 1 genes and their deduced proteins. The length of

the deduced protein, the molecular weight, the theoretical isoelectric points,
and the subcellular localization are similar among Bet p 1 proteins.

Length of Length

Gene name ﬁ’;’;’;‘z";:’:‘e s:::i':‘%e pr:;in weight .:-so_electric srubc_euu_lar

(bp) AA) (kDa) points (p/) localization
Betp 1.0101 Chr01 480 160 17.56 5.59 Cytoplasmic
Betp 1.0102 Chr01 480 160 17.55 5.59 Cytoplasmic
Betp 1.0103 Chr01 480 160 17.55 5.59 Cytoplasmic
Bet p 1.0201 Chr05 480 160 17.61 5.97 Cytoplasmic
Bet p 1.0202 Chr05 480 160 17.52 5.74 Cytoplasmic
Betp 1.0301 Chr01 480 160 17.42 5.74 Cytoplasmic
Bet p 1.0401 Chr01 480 160 17.64 4.89 Chloroplast
Bet p 1.0402 Chr01 480 160 17.81 5.67 Cytoplasmic
Bet p 1.0403 Chr01 438 146 16.03 5.40 Cytoplasmic
Bet p 1.0501 Chr01 480 160 17.51 5.83 Cytoplasmic
Bet p 1.0502 Chr01 480 160 17.41 5.83 Cytoplasmic
Bet p 1.0503 Chr01 480 160 17.43 5.96 Cytoplasmic
Bet p 1.0601 Chr01 480 160 17.51 6.43 Cytoplasmic
Betp 1.0701 Chr01 483 161 17.60 4.78 Cytoplasmic
Bet p 1.0801 Chr02 474 158 17.43 5.36 Cytoplasmic
Bet p 1.0901 Chr01 486 162 18.13 5.58 Cytoplasmic
Betp 1.1001 Chr01 480 160 17.23 5.22 Cytoplasmic
Betp 1.1101 Chr01 483 161 17.54 444 Cytoplasmic
Betp 1.1201 Chr01 483 161 18.12 9.12 Cytoplasmic

Characteristics of Bet p 1 Genes:

Chromosome localization analysis shows that the 19
identified Ber p 1 genes are distributed on three of the 14 B.
platyphylla chromosomes, including Chr01, Chr02, and Chr05
(Figure 1).” The distribution is uneven, with 16 on Chr01,
one on Chr02, and two on Chr05. The 16 Bez p 1 genes on
Chr01 are clustered together, indicating they are generated
through tandem duplication and subsequent mutation.'® Gene
structure analysis shows that all of the identified Bez p I genes
contain two exons and one intron (Figure 2). The length of the
coding sequence varies from 438 to 486 base pairs (bp), with
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the majority being 480 bp (Table 1). These features are similar

to Bet v 1 genes from other plant species.'”!®
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Figure 1: Chromosome localization of Bez p 1 genes. Nineteen Bez p 1 genes
are unevenly distributed on three chromosomes.

Betp 1.0101
Betp 1.0102
Betp 1.010.
Bet p 1.0201
Bet p 1.0202
Betp 1.0301
Bet p 1.0401
Bet p 1.0402
Bet p 1.040.
Bet p 1.0501
Bet p 1.0502
Bet p 1.050
Bet p 1.0601
Bet p 1.0701
Bet p 1.0801
Bet p 1.0901
Betp 1.1001
Betp 1.1101
Betp 1.1201
5ll) 10'0 2‘00 360 40‘0 5‘00 GéO

h
700 bp

Figure 2: Structures of Bet p 1 genes. Green boxes indicate exons. Black lines
represent introns. Gene structure analysis shows that all of the 19 Bez p 7 genes
have two exons and one intron.

Sequence Features of the Deduced Bet p 1 Protein:

Sequence feature analysis shows that the length of the de-
duced Bet p 1 proteins varies from 146 to 162 amino acid
residuals (AA) with the majority to be 160 AA, the molecular
weight varies from 16.03 to 18.13 kDa with the majority to be
about 17.00 kDa, and the theoretical isoelectric points varies
from 4.44 to 9.12 with the majority to be 5.50 to 6.00 (Table
1). It suggests that the majority of Bet p 1 proteins are small
and slightly acidic. These features are consistent with the Bet v
1 family proteins from other plant species.>'** Computation-
al subcellular localization analysis predicts that 18 of the 19
Bet p 1 proteins are cytoplasmic (Table 1), which is a common
feature of Bet v 1 family proteins.?

Sequence identity analysis shows that the identity among
Bet p 1 proteins varies from 98% to 34% (Table 2). More than
half of the data shown in Table 2 is less than 60%. Even for the
Bet p 1 proteins clustering on Chr01, some of them share very
low identity. For instance, the identity between Bet p 1.0901
and Bet p 1.1101 is only 34%, which is the lowest identity
among Bet p 1 proteins. Low sequence identity is also found
among other Bet v 1 family proteins.’® It suggests that Bet v 1
family proteins are highly divergent.

Table 2: Percentages of sequence identity among Bet p 1 proteins. The data
highlight the divergence of the Bet v 1 family proteins.

Protein

Noxr 1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 19

1

2 98 -

3 94 94 -

4 86 86 88 -

5 87 87 88 98 -

6 771 74 74 T4 -

7 47 47 46 48 48 51 -

8 47 47 48 50 51 52 63 -

9 43 43 45 47 48 50 58 87 -

10 86 86 86 88 89 75 47 50 46 -

1 86 86 86 89 89 74 47 51 47 96 -

12 85 85 86 88 89 73 46 50 46 96 98 -
13 7171 71 71 71 78 47 48 47 72 73
14 65 65 66 69 69 66 53 53 50 68 70 69 65 -

-

15 62 61 62 65 66 64 47 51 49 64 64 63 61 61 -

16 56 56 54 54 56 60 45 45 43 56 56 56 62 56 57 -

17 47 47 48 48 50 49 48 52 48 50 49 48 51 52 48 53 -

18 41 41 40 39 41 39 38 42 40 41 41 40 37 39 36 34 39 -

19 69 69 69 69 69 67 44 44 40 72 69 71 63 51 49 46 43 38 -

*1.Betp 1.0101; 2. Bet p 1.0102; 3. Bet p 1.0103; 4. Bet p 1.0201; 5. Bet p 1.0202; 6. Bet p 1.0301; 7.

Bet p 1.0401; 8. Bet p 1.0402; 9. Bet p 1.0403; 10. Bet p 1.0501; 11. Bet p 1.0502; 12. Bet p 1.0503; 13.

Bet p 1.0601; 14. Bet p 1.0701; 15. Bet p 1.0801; 16. Bet p 1.0901; 17. Bet p 1.1001; 18. Bet p 1.1101;
B19. Betp 1.1201.

- — e

Previous studies show that the known Bet v 1 family proteins
with allergenicity contain highly conserved Bet v 1 domains.?
To determine whether the identified Bet p 1 proteins contain
such a domain, BLASTp analysis of the 19 identified Bet p
1 proteins against the Conserved Domain Database is per-
formed. The results show that all of the identified Bet p 1
proteins contain the Bet v 1 domain (Figure 3). In the domain,
up to 35 hydrophobic ligand-binding sites and a glycine-rich
loop consisting of nine amino acid residues are identified (Fig-
ure 3). The hydrophobic ligand-binding sites can bind various
physiological ligands, such as flavones, sterols, cytokinins, and
fatty acids, whereas the glycine-rich loop can serve as an IgE
epitope.”? The existence of a glycine-rich loop in all of the
identified Bet p 1 proteins indicates their allergenicity.
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Figure 3: Sequence alignment of Bet p 1 proteins. The conserved Bet v 1
domain is underlined. The hydrophobic ligand binding site is indicated by
black solid triangles and blue letters. The glycine-rich loop is indicated by red
solid triangles and red letters. All of the 19 Bet p 1 proteins contain the Bet v
1 domain with up to 35 hydrophobic ligand-binding sites and a glycine-rich
loop.
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Characterization of the 3D Structure of Bet p 1 Proteins:

Typical Bet v 1 family proteins share a structure with sev-
en-stranded antiparallel f-sheets and three a-helices arranged
as P-o-Pe-.>?*** They form a unique cavity for binding li-
gands.? To analyze whether the identified Bet p 1 proteins can
form such a cavity, their 3D structures are computed using the
SWISS-MODEL server homology modeling pipeline.”® As
shown in Figure 4, all of the 19 Bet p 1 proteins can form a
cavity. The cavities formed by 17 of the 19 Bet p 1 proteins
are similar to those of Bet v 1.0101. However, those formed
by the other two, including Bet p 1.0403 and Bet p 1.1201,
are slightly different. Bet p 1.0403 lacks the 5th B-sheet. Its 4™
B-sheet is shorter than that of Bet v 1.0101 and other Bet p
1 proteins. For Bet p 1.1201, its 3 ' a-helix is short compared
with Bet v 1.0101 and other Bet p 1 proteins (Figure 4). It
indicates that the capability of Bet p 1.0403 and Bet p 1.1201
in binding ligands is different from that of Bet v 1.0101 and
other Bet p 1 proteins. In addition, the glycine-rich loop con-
necting the 2" and the 3% B-sheets is located on the surface
of the 3D structure of all proteins analyzed (Figure 4).%* The
result is consistent with the function of the glycine-rich loop

as an IgE epitope.?*
)
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Figure 4: Predicted 3D structures of Bet v 1.0101 and Bet p 1 proteins. The
results show that all of the proteins analyzed can form a cavity.

Bet p 1.1201

Bet p 1.0901 Betp 1.1101

Phylogenetic Relationships of Bet p 1 Proteins:

It was observed that multiple sequences of Bet v 1 family
proteins from a plant family formed a monophyletic group.'**
To investigate whether the observation can be applied to Bet
p 1 proteins, a neighbor-joining tree is constructed for 19
Bet p 1 proteins and 48 known Bet v 1 family proteins from
other plant species. As shown in Figure 5, 13 of the Bet p 1
proteins, including Bet p 1.0101-Bet p 1.0103, Bet p 1.0201,
Bet p 1.0202, Bet p 1.0301, Bet p 1.0501-Bet p 1.0503, Bet p
1.0601, Bet p 1.0701, Bet p 1.0801, and Bet p 1.1201, cluster
with proteins from the plant family Betulaceae. The results for
these proteins are consistent with previous observations.'**
However, the other six proteins, including Bet p 1.0401-Bet p

1.0403, Bet p 1.0901, Bet p 1.1001, and Bet p 1.1101, cluster
with proteins from other plant families, such as Actinidiaceae,
Apiaceae, Anacardiaceae, and Fabaceae (Figure 5). It suggests
the complex phylogenetic relationships of Bet p 1 proteins.
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Figure 5: The neighbor-joining tree of Bet p 1 proteins and known Bet v
1 family proteins from other plant species. The percentage of replicate trees
is shown next to the branches. Bet p 1 proteins are shown in red. Act ¢, gold
kiwi fruit (Actinidia chinensis); Act d, green kiwi fruit (Actinidia deliciosa);
Aln g, alder (Alnus glutinosa); Api g, celery (Apium graveolens); Ara h, peanut
(Arachis hypogaea); Bet p, Asian white birch (B. platyphylla); Bet v, European
white birch (B. werrucosa); Car b, hornbeam (Carpinus betulus); Cor a, hazelnut
(Corylus avellana); Dau ¢, carrot (Daucus carota); Fra a, strawberry (Fragaria
ananassa); Gly m, soybean (Glycine max); Jug r, English walnut (Juglans regia);
Mal d, apple (Malus domestica); Man i, mango (Mangifera indica); Pru ar,
apricot (Prunus armeniaca); Pru av, sweet cherry (Prunus avium); Pru p, peach
(Prunus persica); Pyr ¢, pear (Pyrus communis); Que ac, sawtooth oak (Quercus
acutissima); Que m, Mongolian oak (Quercus mongolica); Rub i, red raspberry
(Rubus idaeus); Vig r, mung bean (Vigna radiata). The tree shows that the Bet
v 1 family proteins from a plant family form a polyphyletic group.

Transcriptome Analysis of Bet p 1 Gene Expression in Pollen:

In order to further identify the major allergens in Asian
white birch pollen, the expression of Bez p 1 genes in B. platy-
phylla pollen is carried out using the transcriptomic data
published previously.™* The data set includes three biological
replicates, and a pollen sample for each replicate is collected
from three B. platyphylla plants.** As shown in Figure 6, the
expression patterns can be divided into two groups. Six Bet p 1
genes, including Ber p 1.0101-Bet p 1.0103, Bet p 1.0201, Bet
P 1.0202, and Bet p 1.0301, cluster in a group with relatively
higher expression levels than other Bez p I genes. Among them,
Bet p 1.0101 has the highest expression level, followed by Ber
p 1.0102, Bet p 1.0202, Bet p 1.0201, Bet p 1.0103, and Bet p
1.0301 (Figure 6). All of them encode a protein with typical
allergen features, such as 160 amino acid residues in length,
a theoretical pl within 5-6, a molecular weight of about 17
kDa, containing the Bet v 1 domain, and being able to form
a 3D structure similar to the well-known Bet v 1 protein. In
addition, their deduced proteins show close phylogenetic re-
lationships with the major allergens identified in European
white birch pollen (Figure 5). These Bet p 1 genes seem to be

the major allergen genes in Asian white birch pollen.
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Figure 6: Heatmap of Ber p 1 gene expression in B. platyphylla pollen.
Relative gene expression level is analyzed using the transcriptomic data
published previously and quantified by TPM on a log scale.™ Pollen_1,
pollen_2 and pollen_3 indicate three biological replicates. Bez p 1 genes are
clustered based on the similarity of gene expression profiles. The color scale
represents standardized expression levels with red for high and blue for low.
Gene expression analysis shows that six Bez p 1 genes, including Bez p 1.0101-
Bet p 1.0103, Bet p 1.0201, Bet p 1.0202, and Bet p 1.0301, are highly expressed
in pollen.
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B Conclusion

Allergies, a category of immune system diseases affecting a
large population in the world, are a significant public health
burden. Identification of allergens that can trigger severe im-
mune responses in hypersensitive individuals is important for
accurate diagnosis and subsequent treatment of allergic dis-
eases. Despite extensive efforts having been made in this area,
current knowledge of allergens is still limited. For instance,
no allergen gene has been identified and characterized from
Asian white birch pollen, one of the main allergenic sources
in East Asia in spring. Through a comprehensive approach,
integrating genome-wide identification, gene sequence char-
acterization, protein feature analysis, conserved domain
identification, 3D structure computation, phylogenetic tree
construction, and transcriptome-wide gene expression analy-
sis, a total of 19 Bez p 1 genes are identified and characterized.
Six of them are found to be the major allergen genes in Asian
white birch pollen.

Among the 19 Bet p 1 genes, 13 gene models have not been
identified previously through whole genome annotation, and
one is partially annotated. Chromosome localization analysis
identifies a genomic region with 16 Bez p 1 genes clustered.
All of the 19 Ber p 1 genes encode proteins containing the
conserved Bet v 1 domain with up to 35 hydrophobic li-
gand-binding sites and a glycine-rich loop that can serve as
an IgE epitope. 3D structure computation shows that 17 of
the 19 deduced Bet p 1 proteins share a structure similar to
the typical Bet v 1 family proteins, whereas the other two are
slightly different. In addition, different from previous obser-
vations that show Bet v 1 family proteins from a plant family

forming a monophyletic group,'** the results from this study

suggest that 13 of the Bet p 1 proteins cluster with proteins
from the plant family Betulaceae, whereas the other six cluster
with proteins from other plant families. One possibility caus-
ing the difference is that previous studies are not based on a
whole-genome scale.

This study identifies six Bez p I genes as putative major
allergen genes in Asian white birch pollen. They are highly
expressed in pollen and encode a protein with typical aller-
gen features. The results do not exclude the allergenicity of
the other 13 Bet p 1 proteins. On the contrary, they could also
be allergens, since all of them contain the glycine-rich loop
located on the surface of protein 3D structures. The tissues in
which these Bez p 1 genes are expressed remain to be identified.
Further experimental tests will confirm the allergenicity of Bet
p 1 proteins and will be beneficial to the diagnosis and treat-
ment of allergic diseases caused by Asian white birch.
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