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Abstract

The objective of this study is to construct a digital gene expression tag profile to identify genes potentially related to immune
response in the ostrich. Exposure to boron leads to an immune response in the ostrich, although the underlying mechanism
remains obscure. Thus, a dire need of biological resource in the form of transcriptomic data for ostriches arises to key out genes
and to gain insights into the function of boron on the immune response of thymus. For this purpose, RNA-Seq analysis was
performed using the Illumina technique to investigate differentially expressed genes in ostrich thymuses treated with different
boric acid concentrations (0, 80, and 640 mg/L). Compared with the control group, we identified 309 upregulated and 593
downregulated genes in the 80 mg/L treated sample and 228 upregulated and 1816 downregulated genes in 640 mg/L treated
sample, respectively. Trend analysis of these differentially expressed genes uncovers three statistically significant trends.
Functional annotation analysis of the differentially expressed genes verifies multiple functions associated with immune response.
When ostrich thymuses were treated with boron, expression changes were observed in genes predominantly associated with
MAPK and calcium signaling pathways. The results of this study provide all-inclusive information on gene expression at the
transcriptional level that further enhances our apprehension for the molecular mechanisms of boron on the ostrich immune
system. The calcium and MAPK signaling pathways might play a pivotal role in regulating the immune response of boron-
treated ostriches.
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Introduction research of ancient ratites [1, 2]. In recent years, the ostrich has

garnered significant economic importance as a farmed bird in

African ostrich (Struthio camelus), the oldest member of the
ratite lineage, is one type of flightless bird that is regarded as a
living fossil of primitive birds and is a model for evolutionary
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many counties other than South Africa, including the USA,
Australia, China, Canada, New Zealand, Israel, and Europe
[3]- An increased demand for ostrich products has drawn at-
tention to its reportedly low productivity in the industry, which
generally appears to be due to a high mortality rate attributed
to various infections, dehydration, high humidity, less floor
space, diseases or stressors, and nutritional imbalance, partic-
ularly within the first 3 months of age [4—6]. The growth of
ostrich chicks is balanced against their immune function, an
important survival trait [7].

Boron being an essential micro-mineral for animals and
humans [8] is known for its important role in the immune
system [8], the endocrine system, and in mineral metabolism
[9, 10]. The previous researches have proved that high doses
of boron supplementation caused damage in the kidney [11],
bone [12], intestine [13], brain [14], spleen [15], and thymus
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[10] in ostrich, whereas boron benefits at low doses of induc-
tion in the biological system. Several lines of evidence indi-
cate that boron is important for normal immune function and
responses. Appropriate doses of boron can significantly im-
prove immune function and responses during the late devel-
opmental stage of the chicks [9]. However, higher doses of
boron can be toxic. Toxic doses of boron can significantly
inhibit the development of the central and peripheral immune
organs. Previously, Xiao et al. demonstrated that 80 mg/L
boric acid can promote the expression of Foxnl within the
ostrich thymus. In contrast, 640 mg/L boric acid can inhibit
Foxnl expression [10]. Thus, boron appears to regulate the
immune function of the ostrich thymus. However, the detailed
mechanism of action of boron on immune function or re-
sponse remains obscure.

MAPK, a highly conserved mitogen-activated protein ki-
nase, is one of the most important regulatory mechanisms in
eukaryotic cells. MAPK has previously been cloned and cat-
egorized within the following five subfamilies: extracellular
signal-regulated kinases 1 and 2 (ERK1/2), c-Jun NH2-termi-
nal kinases (JNK1/2/3), p38MAPK (p38 «, 3, v, and 9), and
ERKS/BMKI1 [16]. The MAPK signaling pathway can medi-
ate fundamental biological processes and cellular responses to
external stress signals, such as inflammation, stress, cellular
growth and development, differentiation, and apoptosis [17].

MAP kinases play impact essential roles in maintaining the
homeostasis of the immune system, from the innate to adap-
tive immune systems, and from the initiation of immune re-
sponses to activation of programmed cell death [18-20]. The
most extensively studied MAPK groups are ERK1/2, JNKs,
and p38MAPK. The ERK pathway is involved in the regula-
tion of cell growth, cell progression, and apoptosis [16, 20].
Moreover, the Ras-ERK pathway is required for T cell activa-
tion [14, 20], thymocyte development [21, 22], and apoptosis.
The JNK pathway is strongly activated in response to cyto-
kines and stress [23] and can mediate cell differentiation and
cell death [24]. The JNK pathway is also activated during
innate immune responses and plays an important role in reg-
ulating the generation of thymic T cells and the activation,
differentiation, and death of T cells in the peripheral immune
system [18]. The p38MAPK kinase pathway is associated
with inflammation, cell growth, differentiation, and cell death
[25]. In addition, p38 activity is crucial for normal immune
and inflammatory response [26, 27]. In the immune system,
the p38MAPK kinase pathway has been implicated in the
regulation of innate and adaptive immunity [18, 28]. The
JNK and p38MAP signaling pathways are known to regulate
T cells and to play an important role in thymic development
and Th1/Th2 differentiation [18]. Taken together, both boron
and the MAPK signaling pathways can regulate immune re-
sponses in the thymus. However, it is unclear whether boron
regulates immune responses via the MAPK signaling path-
way. The role of boron has been well-reported in regulation
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of immune response in rats, mice, and the Gushi chick.
However, its role in African ostrich thymus is still poorly
understand. Therefore, we have investigated potential mecha-
nisms underlying the boron-mediated regulation of the im-
mune response in thymus of African ostrich in the current
study.

In recent years, high-throughput sequencing techniques be-
come a powerful, efficient, and economical tool [29-31], that
is widely used in gene discovery [32, 33], transcriptomic re-
search [34], gene expression analysis [35, 36], and other
screening research. As a consequence, the ostrich genome
sequence has been published and annotated. However, less
is known about the transcriptional networks that are related
to the effects of boron in the regulation of ostrich immunity. In
this study, we examined thymuses from the ostriches treated
with different doses of boron and used the RNA-Seq analysis
to test for differences in the expression of genes in ostrich
thymuses during boron treatment. RNA-Seq analysis was per-
formed using Illumina technology, provided comprehensive
information about gene expressions at the transcriptional level
to widen our understanding of the molecular mechanisms of
boron on the ostrich immune system.

Materials and Methods
Animal Feed, Sample Preparation, and Collection

Thirty healthy 1-day-old ostrich chicks with similar body
size were divided into six groups. Boric acid was added
to the distilled drinking water at different dosages for
different groups (group I, 0 mg/L; group II, 40 mg/L;
group III, 80 mg/L; group IV, 160 mg/L; group V,
320 mg/L; group VI, 640 mg/L), where group I was
considered as the control group. The ostrich feeding
and administration procedures were performed according
to detailed procedure given in our previous study [10,
37]. Apart from boric acid supplementation in the drink-
ing water, the ostrich chicks were fed with a convention-
al diet for 90 days. After 90 days, the chicks were
weighed after a fasting period of 24 h. The final body
weight, average daily gain, and average daily feed intake
were measured as in our previous study [37]. The thy-
mus samples were collected at 90 days from the different
groups and stored at — 80 °C.

RNA Extraction, Library Construction, and Sequencing

As in our previous study, groups I (control, 0 mg/L), III (B80,
80 mg/L), and VI (B640, 640 mg/L) specimens were selected
for the RNA-Seq analysis [10]. The total RNA of each of
specimen was extracted using Trizol (Invitrogen, USA) ac-
cording to the manufacturer’s protocol. RNA purity was
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assessed using a NanoDrop 2000 spectrophotometer (Life
Technologies), where the standards applied were as follows:
1.8< OD260/280 <2.2and OD260/230 >1.8.RNA quahty (RNA
integrity number > 6.5) was verified using a Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA) and also ver-
ified by 1% RNase-free agarose gel electrophoresis. Equal
amounts of total RNA (1 pg) were taken from each sample
within the same group and pooled together to construct cDNA
libraries.

RNA-seq library preparation and sequencing was per-
formed out by Gene Denovo Co. (Guangzhou, China).
Briefly, total mRNA was isolated using Oligo-dT beads
(Qiagen) and broken into short fragments. Reverse transcrip-
tion with random primers was used to synthesize first-strand
cDNA. Second-strand cDNA was synthesized using DNA po-
lymerase I and RNase H. Short cDNA fragments were puri-
fied using the Qia Quick PCR extraction kit (Qiagen, USA),
with end reparation and poly (A) addition. After agarose gel
electrophoresis, the cDNA fragments were excised and puri-
fied for PCR amplification. Lastly, the cDNA libraries were
sequenced using Illumina sequencing platform (Illumina
HiSeq™ 2000, San Diego, USA) with paired-end sequencing
technology (Guangzhou, China); the read length was desig-
nated at 90 nt. All raw sequencing data are available from the
NCBI Short Read Archive (SRA) with the following acces-
sion numbers (SRR 2097530, SRR 2097529, and SRR
2093956).

Data Filtering, Mapping Reads, and Identifying
Transcriptome Contents

The sequences generated were subjected to an initial filter-
ing process. Raw reads were trimmed by removing adapter
sequences, ambiguous nucleotides, and low-quality reads,
and the resulting high-quality sequences were used in sub-
sequent analysis. The clean reads were mapped into the
ostrich genome database using SOA Paligner/soap2 soft-
ware. Not more than two mismatch bases were permitted,
and unique mapped reads were obtained. After mapping,
the gene expression levels were quantified by simply divid-
ing the number of reads mapped to each gene by the size
of its transcripts (known as reads per kilobase of transcript
per million mapped reads (RPKM)) and were presented as
the distribution of gene coverage, for all 16,560 annotated
ostrich genes in the database (Table S1).

RNA-Seq Data Enrichment Analysis

Differentially expressed genes (DEGs) were evaluated
among the control, B80, and B640 libraries according to
the method described by Audic et al. [38], and DEGs
were clustered by Short Time-series Expression Miner
(STEM, version 1.2.2b) software [39]. The clustered

profiles with P value <0.05 were considered as signifi-
cantly expressed. A false discovery rate (FDR) was used
to determine the threshold of the P value in multiple tests.
In this study, a FDR <0.05 and a value of the [log2 FC|>
1 were used as the threshold to judge the significance of
differences in gene expression. Gene ontology enrichment
analysis of functional significance was applied to map all
DEGs to terms in the GO database, which accept the
corrected P values (<0.05) as a threshold. Enriched
Kyoto Encyclopedia of Genes and Genomes (KEGQG)
pathways with a P value <0.05 were significantly
enriched in RNA-Seq data. Lastly, the differentially
expressed genes were subjected to GO and KEGG path-
way analysis to determine possible related functions (GO
databases: http://www.geneontology.org/; KEGG Orthology
databases: http://www.genome.ip/kegg/) [40].

Quantitative Real-Time PCR Validation
of the RNA-Seq Data

The transcription of 20 selected candidate genes was deter-
mined using quantitative real-time PCR. First-strand cDNA
was generated from 1 pg of total RNA isolated from the os-
trich thymus using the HiScript® I1 Q Select RT SuperMix for
gqPCR (+gDNA wiper). Primers for quantitative real-time PCR
were designed using Primer 3(v.0.4.0) http://bioinfo.ut.ee/
primer3-0.4.0/, tested by primer blast and synthesized by
TsingKe Biotech Co., Ltd. (Beijing). Ostrich GAPDH
(GenBank accession number: XM _009685091.1) was used
as a reference. All of the primers were designed for genes of
interest are shown in Table 1. Real-time PCR was performed
on a Bio-Rad iQ5 Optical System Real-Time PCR System
(Bio-Rad, USA) according to the manufacturer’s protocol.
Each reaction mixture was 20 nuL containing 2 pL of diluted
first-strand cDNAs and 0.4 uL 10 uM of each primer, SYBR
Green PCR Master Mix (Vazyme, Nanjing) 10 pL. Each real-
time analysis was performed in triplicate. Expression levels of

the target genes were determined by CT values and calculated
by zfAACT'

Western Blot Analysis

Proteins were isolated from thymus using RIPA buffer
(Boston BioProducts, USA) which was supplemented with
Halt™ Protease Inhibitor Cocktail (Thermal Scientific,
USA) and 1% PMSEF. Protein concentrations were measured
using a BCA Protein Assay Kit (Pierce Biotechnology, USA).
Equal amounts of total protein were loaded onto 12% PAGE
(PPPP3CA, PPP3R1, ERK, p-ERK) or 10% PAGE (p38, p-
P38, INK, p-JNK) and transferred to a PVDF membrane
(Merck Millipore, USA). The membranes were incubated
with the primary antibodies against ERK1/2 Polyclonal
Antibody (Rabbit 1:5000) (Proteintech™, Cat. No 16443-1-
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Table 1 The primers designed for qRT-PCR

Gene Forward primer(5' — 3') Reverse primer (5’ — 3’) Length (bp)
RAS 5'-GCTGGTGGTGTAGGCAAGAG-3' 5-CAAGAGGCAGGTTTCTCCAT-3' 129
JNK 5-GCTCCTCCACCTCAAATCTATG-3’ 5-CCACACCATTCTTGCTTCTTTC-3' 121
ERK 5-CTCAGCACCTCAGCAACGAT-3' 5-AACACGAGCCAGTCCAAAGT-3' 167
P38 5-GGACCTGAAGCCAAGTAACC-3' 5-TCCAACAGACCAGATGTCAA-3' 184
RSK2 5-GACTGGTGGTCTTTTGGTGTTT-3’ 5-CCTAATCTGTTTGCTGGGTTTC-3' 188
PKA 5-ACAGCCACAGCACTACAGAGAC-3' 5-CCATAGGACAGCAAGTTCAGAG-3’ 135
PPP3CA 5" TGAAAGCGTGCTGACACTGAA-3' 5-GAGATTGCCTTGTTGATGGAG-3’ 228
PPP3R1 5-GGTCTCCCAGTTCAGTGTCA-3’ 5-GCCTCCTACAACAGCACAGA-3’ 244
NFAT-2 5'-ATTCGCTGGTGGTTGAGATA-3’ 5'-TGGAACATTAGCAGGAAGATAG-3’ 137
MEF2C 5-TCTCCCTGCCTTCTACTCAA-3’ 5-TCTTCTCGGTCACTTCCATC-3' 175
EGFR 5-TACCTTCTCAACTGGTGTGTGC-3’ 5-GCGTGATACTCTTTCTCGTCAG-3' 176
IL1R2 5'-CTTACAGTTGGGGAGCGACA-3' 5-CTTCCTGCTTGACCCTTGTT-3""’ 166
CIITA 5-TCAAGAGGGAAGCAATGAGG-3' 5-CACTGTCTGAGCAACGAGGA-3’ 122
FLT3 5-AACGATAGCGGACATTACACC-3’ 5-AGCAAAACTCCTCTTCACCAA-3' 136
FGL2 5-CATCAGGAAACTGTGGAGCATA-3’ 5-CCATTGCGAACACCTTTGTATT-3' 112
EDAR 5-CACAAAGACTGCGAGGGATT-3' 5'-CAAGCACGAGTAGCAAACCA-3’ 150
TLR2 5-TGGTCATTCTCGTCCTTGTG-3’ 5-TGATGTTTTCCACCCAGTCA-3' 177
TLR4 5" TCGGCTCTCCTTCACCAAAT-3’ 5-GGTAGGAGCCAGGACCAATT-3' 173
FLIP 5-GCTCTTGTGATTGACCTGGAG-3’ 5-GCTGAGAATGAACGGAGGAC-3’ 154
1IAP 5-GCGAAGGCTGGATTTTATTACC-3’ 5-TTAGGAAAGTGTCTCCGATGCT-3' 125
GAPDH 5-TGGCATACACAGAGGACCAG-3' 5-ACCAGGAAACCAACTTCACG-3’ 185

AP), Phospho-p44/42 MAPK (ERK1/2) Rabbit mAb (Rabbit
1:2000) (Cell Signaling, Cat. No #4370), p38 (V318) pAb
(Rabbit 1:800) (Bioworld, Cat. No BS1681), p-p38/
MAPK14 (pY322) pAb (Rabbit 1:1000) (Bioworld, Cat. No
BS6381), INK (D-2) (mouse 1:300) (Santa Cruz, Cat. No sc-
7345), p-INK (G-7) (mouse 1:300) (Santa Cruz, Cat. No sc-
6254), PPP3CA Polyclonal Antibody (Rabbit 1:2000)
(proteintech™, Cat. No 13422-1-AP), PPP3R1 Polyclonal
Antibody (Rabbit 1:500) (proteintech™, Cat. No 13210-1-
AP), GAPDH (Rabbit 1:1000) (Hangzhou Goodhere, AB-P-
R 001), and the matching secondary antibody (peroxidase-
labeled anti-mouse IgG or anti-rabbit IgG; 1:50000) (Boster,
China). The antibody-specific protein was visualized by ECL
detection system.

Results
RNA-Seq Data Evaluation and Analysis

Libraries produced from the total RNA isolated from ostrich
thymuses treated with different boric acid concentrations (0, 80,
and 640 mg/L) were referred to control, B80, and B640, respec-
tively. We performed a pairwise comparison using 0 mg/L as the
control, and B80, or B640 as the treatments. Three DEGs se-
quencing quality evaluations and alignment statistics are shown
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in Table S1. The percentage of all low-quality reads was less than
0.05% among the three libraries. In each library, 98.6% of the
raw tags were clean. After filtering the low-quality tags, the total
number of clean tags in each library was 3.175, 3.380, and 3.158
billion (which correspond to 98.61%, 98.60%, and 98.65% of
raw tags, respectively) (Fig. S1). Among the clean tags, the num-
bers of sequences that could be mapped to ostrich genome se-
quences amounted to 15.88, 16.90, and 15.79 million respective-
ly, which correspond to 75.68%, 76.68%, and 72.86%, respec-
tively, in the three libraries. In the control, B80, and B640 librar-
ies, 11.93, 12.85, and 11.41 million reads, respectively (which
correspond to 75.14%, 76.04%, and 72.28%, respectively), were
uniquely mapped to the ostrich genome. The number of clean
reads that mapped to a gene was calculated and normalized to
RPKM values to measure the extent of genes’ coverage (Fig.
S2). Our results showed that 72%, 71%, and 69% of the
expressed genes had exhibited a sequencing coverage of 90—
100% (the green portion, Fig. S2) in the control, B8O, and
B640 libraries, respectively.

Variation in Gene Expression Among the Three
Different Groups

To identify the differentially expressed genes among the dif-
ferent groups, different genes between the two samples were
identified according to the detection method. The libraries
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produced over 3G of 100 nt double-end read data with a Q20
percentage of approximately 98%. The variations in gene ex-
pression were analyzed by comparing the control and B640,
B80, and B640, and the control and B80 groups. A total of
2044 genes, including 228 upregulated and 1816 downregu-
lated genes, were identified in the B640 group compared to
the control group. There were 902 genes, of which 309 were
upregulated and 593 were downregulated in the B80 group
compared with the control group. The total number of differ-
entially expressed genes was 1085, of which 222 were upreg-
ulated and 863 were downregulated between in the B80 and
the B640 groups (Fig. 1).

Trend Analysis and Gene Expression Clustering

To examine the expression profiles of the 6, 260 differentially
expressed genes, the expression data v were normalized to 0,
log2 (L80/VO), and log2 (L640/v0). Using Short Time-series
Expression Miner software (STEM), we classified 6260
DEGs into 7 profiles, of which 3, 807 were clustered into three
profiles (P value < 0.05) (Fig. 2a). Profiles 0, 1, and 3 exhib-
ited significant clustering trends (Fig. 2b—d). Profile O repre-
sents genes for which the expression consistently decreased
with increasing boron concentrations. Profile 1 represents the
genes for which the expression initially decreased and then
maintained invariably as the boron concentrations increased.

Profile 3 represents genes for which expression was initially
stable but then decreased. Profiles 0, 1, and 3 contained 1290,
1030, and 1487 differentially expressed genes, respectively.

GO Functional Classification Analysis of Differentially
Expressed Genes

To further investigate the biological functions of differentially
expressed genes, gene ontology (GO) analysis was performed
to map all the DEGs (Jlog2 FC|> 1, P value < 0.05) to terms in
the GO database. In this study, GO analysis was conducted for
profiles 0, 1, and 3, all which exhibited significant trends (Fig. 1).
The profiles were classified into three categories including cellu-
lar components, molecular functions, and biological processes,
which were further classified into 25 functional groups. Under
the biological processes category, most of the genes in profile 0
were classified into cellular, single-organism, and metabolic pro-
cesses, as well as biological regulation, response to stimulus,
signaling, location, multicellular organismal processes, establish-
ment of localization, development processes, cellular component
organization or biogenesis, and positive regulation of biological
processes. For the molecular function category, metabolic pro-
cess, catalytic activity, cellular processes, single-organism pro-
cesses, biological regulation, and regulation of biological pro-
cesses were the top-ranked subcategories (Fig. S3A). Genes in
profiles 1 and 3 were associated with many biological processes,
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such as cellular, single-organism, and metabolic processes, as
well as biological regulation, response to stimulus, signaling,
and location. For the molecular function category, binding, met-
abolic processes, catalytic activity, cellular and single-organism
processes, and biological regulation were the top-ranked subcat-
egories (Fig. S3B, C). These profiles exhibited similar results in
terms of their “cellular components,” which included cell parts,
cell, organelles, membranes, and membrane parts (Fig. S3).

KEGG Pathway Enrichment Analysis of Differentially
Expressed Genes

Differentially expressed genes were subjected to KEGG path-
way enrichment analysis. The top 10 KEGG pathways with
the highest representation of the DEGs are shown in Table 2.
The result of the KEGG enrichment analysis revealed that the
main pathways associated with the differentially expressed
genes were significantly enriched (P value <0.05) in
“metabolic pathways (ko01100),” “neuroactive ligand-
receptor interaction (ko04080),” “cytokine-cytokine receptor
interaction (ko04060),” “pathways in cancer (ko05200),”
“calcium signaling pathway(ko04020),” “MAPK signaling
pathway (ko04010),” “regulation of actin cytoskeleton
(ko04810),” “focal adhesion (ko04510),” “endocytosis
(ko04144),” and “purine metabolism (ko00230).”
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The differentially expressed gene-associated KEGG path-
ways with the significant trends (profiles 0, 1, and 3) are
shown in Table S2. For profile 0, the significantly enriched
inflammation- and immunity-related pathways included
cytokine-cytokine receptor interaction (ko04060), RIG-I-like
receptor signaling pathway (ko04622), Toll-like receptor sig-
naling pathway (ko04620), Jak-STAT signaling pathway
(ko04630), apoptosis (ko04210), primary immunodeficiency
(ko05340), natural killer cell-mediated cytotoxicity
(ko04650), T cell receptor signaling pathway (ko04660), and
NOD-like receptor signaling pathway (ko04621). For profile
3, the main pathways were significantly enriched in cytokine-
cytokine receptor interaction (ko04060), adipocytokine sig-
naling pathway (ko04920), calcium signaling pathway
(ko04020), apoptosis (ko04210), and chemokine signaling
pathway (ko04062), which were correlated with inflammation
and immunity with statistically significant differences (P val-
ue <0.05). Although there were many significant pathways
for profile 1, we did not find any significant pathways corre-
lated with immunity or inflammation.

Differentially Expressed Genes in the MAPK Signaling
Transduction Pathway in Response to Boron

We also focused on the genes related to inflammation and
immune response and chose specific genes involved in the
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Table2 10 top KEGG pathways with high representation of the DEGs
Pathways No. of DEGs with pathway annotation Pathway ID
All profiles Profile 0  Profile 1  Profile2 Profile3  Profile4 Profile5 Profile6  Profile 7
(% 0f940) (% 0f276) (% of 143) (% of89) (% 0f269) (% of36) (% of 64) (% of46) (% of17)
Metabolic pathways 194 (20.64) 57 (20.65) 30(20.98) 15(16.85) 48 (17.84) 6 (16.67) 16 (25.00) 16 (34.78) 6(35.29) ko01100
Neuroactive 98 (1043) 16(5.80) 24(16.78) 10(11.24) 18(6.69) 10(27.78) 14 (21.88) 6(13.04) 0(0.00) ko04080
ligand-receptor
interaction
Cytokine-cytokine 64 (6.81) 21 (7.61) 7(4.90) 5(5.62) 21(7.81) 1278 4625 4(8.70) 1(5.88)  ko04060
receptor interaction
Pathways in cancer 57 (6.06) 17 (6.16) 10(6.99) 9 (10.11) 11(4.09) 3(833) 2(3.12) 5(10.87) 0(0.00) ko05200
Calcium signaling 52(5.53) 13(4.71) 8(5.59) 5(5.62) 17(6.32) 4(11.11) 2@3.12) 3(6.52) 0(0.00) ko04020
pathway
MAPK signaling 50 (5.32) 16 (5.80) 5 (3.50) 6(6.74) 16(595) 1(2.78) 1(1.56) 2435  3(17.65) ko04010
pathway
Regulation of actin 47 (5.00) 14 (5.07) 6(4.20) 5(5.62) 15(5.58) 1(2.78) 2(3.12) 4(8.70) 0(0.00) ko04810
cytoskeleton
Focal adhesion 41 (4.36) 13 (4.71) 5(3.50) 6(6.74) 13(4.83) 2(5.56) 1(1.56) 1@2.17) 0(0.00) ko04510
Endocytosis 40 (4.26) 16 (5.80) 1(0.70) 2225 145200 1(2.78) 0(0.000 2(435  4(23.53) ko04144
Purine metabolism 36 (3.83) 11(3.99) 4(2.80) 5(5.62) 8297 1278 5(7.81) 1(2.17) 1(588) ko00230

MAPK signaling pathway that exhibited significantly dif-
ferent expression among the three groups (Figs. 3 and 4).
The heat map diagram showed that most genes of the
MAPK pathways were downregulated in the B640 group
compared with the control group. In the B80 group, the
expression of specific genes was increased, whereas
others remained unchanged compared to the control
group. In the MAPK signaling pathway, 24 out of the
27 DEGs exhibited downregulated trends, of which 3 ex-
hibited upregulated trends in the B640 group, indicating
that high-dose boron (640 mg/L) could downregulate the
MAPK signaling pathway in the ostrich thymus.
Simultaneously, 22 out of the 27 DEGs exhibited upreg-
ulated or unchanged expression trends, of which 5 exhib-
ited downregulated trends in the B80 group, indicating
that low-dose boron (80 mg/L) can also regulate the
MAPK signaling pathway in the ostrich thymus. The
MAPK signaling pathways generally comprises extracel-
lular signal-related kinases (ERK1/2), Jun amino-terminal
kinases (JNK1/2/3), p38 proteins, and the ERKS signaling
pathway. In the classical MAPK pathway, also known as
the Ras/ERK pathway, boron predominantly regulated the
Sca R002724 (FGF), Sca R004594 (EGFR),
Sca R011737 (Gaplm), Sca R007189 (Ras),
Sca R010278 (PKA), Sca R009322 (Rapl),
Sca R006605 (MP1), Sca R004261 (ERK), and
Sca R005585 (RSK2) genes involved in the signaling
pathway. In the JNK pathway, boron predominantly regu-
lated the Sca R007279 (MEKK1), Sca R014908 (JNK),
Sca R012401 (JIP1/2), Sca R0O11070 (Evil),
Sca R001662, Sca R007824 (HSP72), Sca R008551

(PPP3CA), Sca_R006610 (PPP3R1), and Sca R002897
(NFAT-2) genes. In the p38MAPK signaling pathway, bo-
ron predominantly regulated the Sca R007425 (IL-1R),
Sca RO11264 (p38), Sca R002488 (MKP),
Sca R004878 (MEF2C), and Sca R006958 (MSK1/2)
genes. However, we did not observe any genes that were
differentially expressed in the ERKS5 signaling pathway.

Real-Time Quantitative RT-PCR Validation of DEG
Analysis

Twenty genes were examined for their expression levels using
qRT-PCR to validate the conclusions drawn from the RNA-
Seq data; all the examined genes behaved as predicted
(Fig. 5). The results revealed differential expression among
the six groups and were identical to those obtained by DGE
expression profiling (control, B80, B640). Real-time quanti-
tative PCR analysis suggested that genes involved in the in-
flammation, immune response, and growth factor activity
comprised a network of interactions, providing the mecha-
nism of action of boron affecting the immune response of
ostrich chicks. Thus, the data generated in this study were
sufficient for investigating the mechanism of action of boron
affecting immune response, which revealed comparative ex-
pression levels among different boron concentrations.

Expression Levels of the Candidate Genes in Response
to Different Doses of Boron

Based on KEGG pathway enrichment analysis, most of the
genes associated with calcium, cancer, and MAPK signaling
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Fig. 3 Heat map diagram of
differential expression in MAPK
signaling pathway analyzed by
KEGG. Each column represents
an experimental sample (e.g.,
control, B80, and B640), and each

row represents a gene. Expression -1 0

differences are shown in different
colors. Red indicates high
expression, whereas green
indicates low expression

Color Key

1
Row Z—Score

Sca_R013195
Sca_R004594
Sca_R005585
Sca_R006610
Sca_R014908

pathways were induced by boron. We selected 20 candidate
genes and analyzed their expression levels during treatment
with a gradient of boric acid (0, 40, 80, 160, 320, and 640 mg/
L). We also checked 8 candidate proteins and analyzed their
expression among the different boric acid groups.

The calcium signaling pathway is predominantly involved
in cell survival/-apoptosis, cell cycle progression, and differ-
entiation. The crucial role of the calcineurin/NFAT signaling
pathway in T cell downstream activation of TCR engagement
is responsible for the initiation of a productive immune re-
sponse [41]. The calcineurin complex is composed of a cata-
lytic subunit A (CnA) and a regulatory subunit B (CnB). CnA
and CnB are crucial for calcineurin activity. Thus, we assessed
the expression of PPP3CA (CnA) and PPP3R1 (CnB) in this
study (Figs. 5a, b and 6g, h). The qRT-PCR results revealed
that the expression trends of the PPP3CA and PPP3R1 were
both initially increased at the lower dosage of boron and then
decreased after the peak at the higher doses of boron. In addi-
tion, boron predominantly regulates the expression of
PPP3R1 in ostrich thymus. Eighty milligrams per liter of boric
acid significantly upregulated the mRNA levels of PPP3R1,
up to 26 times that of the control group (Fig. 5b). Although the
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B640

B80 Control

mRNA levels of PPP3CA were lower than those of the
PPP3R1, 80 mg/L of boric acid also significantly increased
the mRNA levels of PPP3CA. However, 640 mg/L boric acid
could downregulate the mRNA level of PPP3CA compared
with the control group (Fig. 5a). The protein expression levels
of PPP3CA and PPP3R1 in the ostrich thymus exhibited a
similar trend, and the results were consistent with the qRT-
PCR results (Fig. 6g, h). Activation of NFAT proteins follows
precisely the activation pattern of calcineurin. According to
our DEG results, the expression of NFAT-2 in the ostrich thy-
mus was detectable (Fig. 5¢). The results revealed that the
mRNA levels of NFAT-2 in the ostrich thymus initially in-
creased and declined sharply with increasing boron dosage.
The mRNA levels of NFAT-2 peaked in the 80 mg/L of boric
acid group, whereas they significantly reduced in the 640 mg/
L of boric acid.

We demonstrated that both mRNA and protein expression
levels of ERK, JNK, and p38 were significantly increased in
the 80 mg/L of boric acid group (Figs. 5fh and 6b, d, f). The
mRNA levels of ERK and JNK increased 18.3-fold and 15.7-
fold in 80 mg/L respectively, in the 80 mg/L of boric acid
group, whereas the mRNA levels of p38 only increased
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Fig. 4 MAPK signaling transduction pathway. The components marked with rectangles indicate differentially expressed genes. The green rectangle
repesents the downregulated genes, and the red rectangle represents the upregulated genes

moderately 2- to 3-fold in the 80 mg/L of boric acid group. As
shown in Fig. 4, the mRNA levels of the MAPK signaling
pathway genes gradually increased and then decreased in a
boron dose-dependent manner. The effects of boron on the
activation of extracellular signal-regulated kinase (ERK), C-
Jun N-terminal kinase (JNK), and p38 were also confirmed at
the protein level by Western blot analysis (Fig. 6). The ostrich
thymuses in the 80 mg/L of boric acid group exhibited in-
creased expression levels of p-ERK, p-JNK, and p-p38 com-
pared with the control group. The expression levels of p-ERK,
p-INK, and p-p38 was gradually attenuated in a boron dose-
dependent manner after 80 mg/L, reaching the lowest levels at
640 mg/L. These results suggested that the immune response
to boron is mediated by the MAPK signaling pathway in the
ostrich thymus.

The activity of the Ras/ERK pathway is required for cell
survival and normal growth. The results presented in Fig. 5
show that 80 mg/L of boric acid significantly elevated the
mRNA level s of the ERK compared with the control group,

whereas higher dosages of boron reduced the mRNA levels of
ERK. Although the mRNA levels of the ERK were increased
in the high-dose boron group (640 mg/L), the protein expres-
sion levels of p-ERK (42kd, 44kd) were reduced in the high-
dose boron group compared to that observed in the control
group (Fig. 6a, b).

The JNK signaling pathway plays a crucial role in T cell
differentiation and cytokine production. The results presented
in Figs. 5 and 6 demonstrate that the expression levels of INK
and p-JNK are the same as that of ERK and p-ERK. Boron
induced the expression of JNK and ERK at the same time. Our
data indicate that boron predominantly regulates the expres-
sion levels of ERK and JNK but not p38.

Discussion

Boron is essential for growth and is known to play an impor-
tant role in immune response [6]. Boron deficiency has been
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Fig. 5 Real-time quantitative PCR results of differentially expressed
genes in different boric acid groups. Data from the real-time quantitative
PCR are mean values of three biological replicates. a PPP3CA. b

related with poor immune function, increased risk of mortal-
ity, whereas its toxic level passed on injury to cells and toxic-
ity in animals and humans. Experimental animals have shown
pronounced signs of enhanced immunity following adminis-
tration of boron. When rats were offered with two different
levels of boron supplementation with low boron diet (0.2 mg/
kg) and high boron diet (3 mg/kg), enhancement in immune
response was seen in the low boron diet group [42], evident
from the study of Hu et al. demonstrated that 40 mg/L boron
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could increase body weight, organ indexes, and antioxidant
capacity of spleen and improve the spleen tissue structure, and
low boron supplementation played a protective role in the
spleen development, whereas high boron supplementation
damaged the rat organs and even produced toxic effect [43].
In an another study, it was reported that laying hens from 26 to
42 weeks of age should be fed with 60 mg/kg boron and
150 mg/kg copper supplementation in the diet [44]. An appro-
priate boron level supplementation can promote thymus
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development in rats, as well as enhance cellular immune func-
tion and attract more natural killer (NK) cells [45].
Furthermore, appropriate supplements of boron (<100 mg/
L) could improve the growth of immune organs in broilers
after 4 weeks [9]. Our previous studies have also demonstrat-
ed that boron can regulate the immune response in ostriches
[10]. Ostrich chicks supplemented with 80-160 mg/L of bo-
ron exhibited a positive effect on the final body weight [37].
Appropriate dosage of boron supplementation can improve
ostrich chick growth performance by upregulating BW,
ADFI, and ADG, whereas high-dose boron supplementation
can inhibit growth performance [37]. Thymus mediates cel-
lular immunity and supports the maturation of T lympho-
cytes, and low-dose boron supplementation promotes the
Foxnl expression and facilitates the ostrich chick thymus
development; however, high-dose boron supplementation
can damage ostrich thymus structure and suppress the

Boric acid (mg/L)

immune function [10]. After high-dose boron supplemen-
tation, the amount of apoptotic thymic cells tends to in-
crease, and the expression of autophagy and proliferation
markers (ssDNA, LC3A/B, PCNA) increase significantly
in ostrich chick thymuses [47]. However, little is known
about the mechanisms underlying the boron-induced im-
mune response of ostriches. This is the first study to gen-
erate a significant amount of cDNA sequence data that can
facilitate further detailed studies about the mechanism of
action of boron and identify the genes that boron-induced
immune response. The availability of transcriptomic data
for different doses of boron will provide the initial infor-
mation necessary for mechanistic studies of boron in the
ostrich thymus. Twenty of the differentially expressed
genes identified by RNA-seq were validated by qRT-
PCR. Although the differences in gene expression based
on qRT-PCR did not match the magnitude of those detected
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using RNA-seq, the upregulation and downregulation
trends were similar, indicating a desirable quality of
transcriptomic data.

In our present study, we found that boron is closely related
with cancer pathways. In agreement with our findings, boron
revealed the actions as an anti-inflammatory and antioxidant
agent in cancer, modulating mitochondrial membrane activity,
wound healing, and disease control [9, 42, 45]. Thus, boron is
very useful to overcome breast cancer cells in vitro, and the
cancer therapy can be ensured by boron capture agents.
Furthermore, the experimental and epidemiological studies
have demonstrated that boron has a positive effect on human
prostate cancer cells, and the anti-cancerous effects of boron
may be associated with its action on NAD and calcium chan-
nel. Boron inhibited the proliferation of tumor cell lines PC-3,
DU-145, and LNCaP in a dose-dependent manner and had a
good inhibitory effect on tumor cell growth [46, 54]. When
boron was added to the diet of the immune system damaged
mice, the human prostate cancer tumor that was transplanted
into the mice showed a downtrend. It was also observed that
dietary boron can reduce the risk of breast cancer and lung
cancer in women [42]. In conclusion, according to our find-
ings in the present study and the previous findings, boron
agents have an important role in cancer treatment.

The calcium/calcineurin/NFAT signaling pathway was ini-
tially identified in mature T cells and is important at specific
stages of their biology (pre-TCR signaling, TCR-mediated pos-
itive selection) during thymocyte development [48]. In this
study, boron predominantly regulates the expression of
PPP3R1 to control calcineurin activity. PPP3R1 is the regula-
tory subunit B of the calcineurin. Low-dose boron (80 mg/L)
promoted the expression of PPP3CA and PPP3R1, whereas
high-dose boron (640 mg/L) downregulated or inhibited the
expression of PPP3CA and PPP3RI1 in the ostrich thymus.
Previous studies have demonstrated that a high dose of boron
(400 mg/L) significantly inhibited lymphocytes multiplication
in Gushi Chick, and in parallel, the concentration of both cal-
cium and magnesium ions remarkably decreased in the blood
[49]. In addition, Goihl et al. demonstrated that low level of
boron supplementation to the swine feed was favorable, caus-
ing better weight gain, feed efficiency, and calcium mainte-
nance in the body [50]. Prolonged increases in calcium ion
levels were required in T cells to maintain calcineurin and
NFAT proteins in an activated state [51]. The results from this
study demonstrated that high-dose boron (640 mg/L boric acid)
inhibits calcineurin activity by downregulating the mRNA
levels of PPP3CA and PPP3R1 in the ostrich thymus, which
might be attributed to the decreased calcium levels associated
with high-dose boron treatment. Consequently, low levels of
calcium ions would be insufficient for T cells to maintain an
activated state of the calcineurin and NFAT proteins. At the
same time, a boron deficiency might upset the intrinsic plasma
concentration balance between calcium, magnesium, and
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phosphorus [7]. Eighty milligrams per liter of boric acid pro-
moted calcineurin activity to participate in thymocyte develop-
ment and immune responses in the ostrich thymus [10, 47]. As
a consequence, an appropriate dose of boron is necessary for
the health of body. The activity of NFAT proteins is tightly
regulated by the calcium/calmodulin-dependent phosphatase
calcineurin. NFAT proteins are expressed in the lymphoid line-
age, and their best characterized function is their crucial in-
volvement in the development, differentiation, and function of
multiple T/B cell subsets [53]. In this study, 80 mg/L of boric
acid significantly upregulated the protein expression levels of
NFAT-2, whereas 640 mg/L of boric acid significantly inhibited
its expression. These results suggest that high-dose boron in-
hibit T cells activation by inhibiting thymocyte development, T
cell differentiation, and self-tolerance by inhibiting NFAT pro-
teins [53]. On the other hand, appropriate doses of boron
(80 mg/L of boric acid) can promote thymocyte development.
Barranco et al. reported that the anti-carcinogenic effects of
boron may be associated with its action on NAD and calcium
channel. Boron causes a dose-dependent decrease of Ca** re-
lease from ryanodine receptor-sensitive stores [46]. In addition,
boric acid inhibits NAD* and NADP" as well as mechanically
induced release of stored Ca** in growing DU-145 prostate
cancer cells [54]. It was suggested that boric acid binds to a site
on the ryanodine receptor so that it can keep Ca®* channel
inactive in the cancer lines [42]. These reports are consistent
with our findings, 640 mg/L boric acid significantly inhibited
the calcium pathway, maybe the toxicity of boric acid stems
from the ability of high concentrations to impair Ca®* signaling
[54]. In short, boron can regulate ostrich thymus development
and induce immune responses by regulating the calcium signal-
ing pathways, particularly the calcineurin/NFAT signaling path-
way. In addition, the toxic mechanism of high concentration
boric acid originates from the ability to impair calcium pathway.

The MAPK signaling pathway is an evolutionarily con-
served signaling pathway, which is important for many pro-
cesses in immune responses from the innate to the adaptive
immune system and from the initiation of immune responses
to the activation-induced cell apoptosis [20]. The ERK path-
way was the first identified downstream of Ras and is in-
volved in the regulation of cell growth and differentiation.
The Ras-ERK transduction pathway is required for immature
thymocyte differentiation from the DN to the DP stage, posi-
tive selection of T cells, and T cell lineage commitment [28].
ERK activation is important for T cell activation. In this study,
ERK was expressed in a boron dose-dependent manner. Low-
dose boron (80 mg/L of boric acid) significantly increased the
expression levels of ERK and p-ERK, which might be asso-
ciated with the activated body protection mechanisms in os-
triches. When the boron dosage was increased, the expression
levels of ERK and p-ERK were decreased. It is likely that a
high dose of boron damages thymocytes and induces apopto-
sis in the ostrich thymus [10], retards normal cell growth and
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differentiation in the thymus, inhibits body protection mecha-
nisms, and leads to reduced expression levels of ERK in the
thymus. There is a strong consensus on the role of the ERK
pathway in thymocyte selection. Other studies have shown
that ERK1-deficient mice exhibit defective thymocyte matu-
ration [52]. Taken together, these data suggest that boron is
involved in the thymocyte selection by regulating ERK kinase
activity.

JNK activity in the cell is tightly controlled by both
protein kinases and protein phosphatases [23]. In this
study, the expression patterns of JNK and p-JNK were
the same as those of ERK and p-ERK. In terms of the
MAPK signaling pathway, boron predominantly regulates
the ERK and JNK signaling pathways. Furthermore, it is
worth noting that in this study, low-dose boron signifi-
cantly and simultaneously increased the mRNA levels of
ERK and JNK. Specifically, INK signaling has been re-
ported to be pro-apoptotic [23], and JNK can reduce the
proliferative responses of the activated T cells and regu-
late apoptosis in T cells [18]. To restrict excessive inflam-
mation, the number of activated lymphocytes in the body
is tightly regulated. The MAPK signaling pathway is im-
portant for the regulation of cellular survival and apopto-
sis in lymphocytes. We therefore speculate that JNK
might be antagonized by ERK in the ostrich thymus.
Activation of ERK promoted T cells activation in the thy-
mus in the low-dose boron group (80 mg/L). In order to
prevent excessive T cell activation, the expression levels
of INK were upregulated significantly in ostrich thymuses
in the low-dose boron group (80 mg/L), thus maintaining
T cell activation at a normal level.

In this study, a low-dose boron (80 mg/L) elevated the
expression of p38 and p-p38 in the ostrich thymus, indicating
that p38 MAP kinase activity was increased in the 80 mg/L of
boric acid group. Following the activation of p38 MAP ki-
nase, early T cell development is triggered in the thymus [18,
27]. Previous reports indicate that p38 MAPK can modulate
and increase the expression of several transcription factors
(e.g., myocyte enhancer factor 2C (MEF 2C) [53]. This might
explain why the expression levels of MEF 2C in this study
were the same as those of p38 MAP kinase. Furthermore, the
p38 signaling pathway plays significant roles in many cellular
processes and responses in T and B cells, and the function of
p38 in regulating gene expression is important in adaptive
immunity [27]. Other studies have shown that regulation of
the p38 MAP kinase pathway in T cells is essential for the
maintenance of CD4/CD8 homeostasis in the peripheral im-
mune system [53]. We therefore speculate that a low dose of
boron (80 mg/L) can improve adaptive immunity by regulat-
ing p38 MAP kinase activity. Conversely, a high dose of bo-
ron (640 mg/L) inhibits p38 expression, specifically, p38
MAP kinase activity. The inhibition of p38 MAP kinase
causes defects in early thymocyte development [21].

Barranco et al. showed that boron caused a dose-dependent
reduction in MAPK protein and cyclins A-E, showing the
contribution to proliferative inhibition in DU-145 prostate
cancer cells. Previous studies also demonstrated that the effect
of boric acid on growth and cell proliferation in zebrafish,
trout, and the mammalian Hela and Hek cells follows an
inverted U shape with higher concentrations causing cell
growth inhibition [42, 54]. In addition, our previous study
found that a high dose of boron results in induced the reduced
and exhausted lymphocytes in the ostrich’s thymus [10].
These data demonstrated that a high-dose of boron inhibits
early T cells development and proliferation in ostrich thymus
by downregulating MAP kinase activity, which attenuates
adaptive immunity in the ostrich.

Conclusion

RNA-Seq analysis based on Illumina sequencing technology pro-
vided comprehensive gene expression information of the ostrich
thymus. These data represent useful tools for the investigation of
the mechanisms underlying the functional roles of boron in the
ostrich immune system. In addition, the calcium and MAPK
signaling pathways might play a crucial role in the regulation of
the immune responses of the ostriches treated with boron.
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