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Abstract

Recent outbreaks of adenovirus (FAdV) infections in poultry flocks have been determined in
many countries in Europe, Asia and Australia connected with economic consequences, and loses
in poultry production. To better understand the evolution and transmission of FAdV viruses, de-
tailed codon usage analysis was performed for 137 recently obtained FAdV strains. A high effec-
tive number of codons, and an indication the presence of low codon usage were determined. The
presence of mutations, and their influence on codon usage was confirmed by a correlation be-
tween nucleotide compositions at the 3 codon positions, HVRs1-4, and ENCs. This presence
indicate some influence of natural selection, and antigenic properties of examined FAdV strains.
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Introduction

Adenoviruses (FAdVs) are wildely distributed world-
wide in the poultry industry. Their pathogenic role is
not always clear. They can cause latent infection or seve-
ral diseases. Data concerning the adenovirus genome,
structure, function of selected proteins, genome orga-
nization and replication are based on human adenovi-
rus strains (Rux et al. 2003, Benko et al. 2005).
In Poland the presence of five species with eight types
of adenovirus strains: FAdV-1/A, 2/D, 4/C, 5/B, 7/E,
8a/E, 8b/E, and 11/D was described recently (Niczyporuk
2014). The biggest group was formed by the strains
classified as type FAdV-2/11/species D, and the smallest

group by the type FAAV7/E (Niczyporuk 2014). More-
over, a relationship between types/species and the in-
ternal organs from which the strains were isolated was
indicated. It was demonstrated that types/species
FAdV-2/11/D were most commonly isolated from the
liver and intestines while type FAdV-4/C was represent-
ed less frequently (Niczyporuk 2014). Avian adenovirus
genome size is 44-45 kb depends from types/species
representation. For comparison, mastadenoviruses
have a genome size of 31-36 kb. The genome of adeno-
viruses belongs to different species and has different
GC pair content. The value in avian adenoviruses is
between 53.8% and 66.9% and in mastadenoviruses
is 43.6% - 63.9% (Benko et al. 2005, Harrach and Kajan

Correspondence to: J.S. Niczyporuk, e: mail: jowita.niczyporuk@piwet.pulawy.pl



460

www.czasopisma.pan.pl P N www.journals.pan.pl

IS

J.S. Niczyporuk

2011). Different sizes of the genome have an influence
on gene organization, are specific dependent, and have
from 23 to 46 genes which code several proteins
(Chiocca et al. 1996). Number of genes and their func-
tions is different among types/species strains; however
their basic genome organisation is characteristic for the
Adenoviridae family, especially in the central part.
The genome contains over a dozen transcriptional
units, which code between 1 and 8 sequences with open
reading frames (ORF). Thanks to alternative splicing,
between 50 and 70 different adenovirus proteins can be
created. Till now, not all the genes and their functions
are known (Corredor et al. 2008, Harrach 2008).
The avian adenovirus genome has unique transcrip-
tional units, so it has parts which are not well characteri-
sed yet. Adenoviruses have the ability for interferon
induction (Toth et al. 1987) what was demonstrated in
experimentally infected animals (Berencsi et al. 1993)
and cell cultures (Beladi et al. 1979). The adenovirus
genome can be also used as system for gene expression
analysis (Kay et al. 1995, Russell 2000, Xu et al. 2007
Knowles 2011,). Natural selection and mutation pres-
sure have an influence on the synonymous codon used
during protein translation (Choludhury et al. 2017).

Relative synonymous codon usage (RSCU) is a
simple measure of the heterogeneity in the usage pat-
tern of synonymous codons. The value was calculated
and performed by others (Sharp and Li 1986, Hassan et
al. 2009, Fox and Erill 2010, Gu et al. 2012, Cholund-
hury et al. 2017, Halder et al. 2017). RSCU value >1
means, that the codon is more frequently used than ex-
pected, while the RSCU value <1 means that the co-
don is less frequently used than expected (Choludhury
et al. 2017). The effect of mutational pressure on codon
usage was confirmed by correlation between nucleotide
compositions at the 3' codon position (Singh and Tyagi
2017). Sharp and Li, 1986 also defined the RSCU value
as the ratio of observed frequency of a specific codon to
the frequency expected, and the effect of mutational
pressure was assessed by correlations of the 3™ nucleo-
tide position in the codon. The presence of RSCU
values for type FAdV-1/A, and FAdV-7/E was reported
by Niczyporuk, 2017.

Materials and Methods

Sequences of adenovirus field strains. Sequences of
the Loop L1 region of the hexon gene covered HVRs1-4
from 137 adenovirus field strains designated as different
types/species FAdV-2/11, 4, 5, 7, 8a, and 8b/FAdV-A-E
were selected for sequence analysis.

Sequence of virus reference strain. The full-length
sequence of reference strains, belonging to the types/

species FAdV-2/11/D, 4/C, 5/B, 7/E, 8a/E, and 8b/E
derived from the GenBank database (NCBI) were used
for nucleotide and amino acid sequence comparisons.

Strain isolation. The DNA of 137 FAdV strains
was extracted from CEFs by using a QIAamp mini-kit
(Qiagen, Germany) according to the manufacturer’s
instructions. The negative DNA controls were extracted
from non-infected CEFs. The DNA was stored at -20°C
for the next step of the study, as the template for se-
quencing. Extracted FAdVs DNA was tested by PCR to
confirm the absence of other pathogens such as avian
reovirus (ARV), chicken anemia virus (CAV), infec-
tious bursa disease virus (IBDV), and Marek’s disease
(MD).

Sequencing and phylogenetic analysis. After ampli-
fication, 137 PCR products were purified using Nucle-
oSpin Extract II (Marcherey-Nagel, France), and pre-
pared for sequencing. The sequencing was performed
by Genomed (Warsaw, Poland) using a GS FLX/Titani-
um sequencer (Roche, Switzerland). The phylogenetic
analysis was performed by the alignment of nucleotide
sequences of Loop L1 hexon gene originating from 137
field strains and designated according to the general
obligatory classifications. An FAdV reference sequence
was taken from the GenBank database. A phylogenetic
tree was generated by the Neighbour-Joining method
with the use of a p-distance model (on 1,000 boot-
strapped data sets). The analyses were performed
using: MEGA7, Geneious6 and BLAST. On the basis
of these analyses, the relation between the examined
strains were determined.

Nucleotide sequence analysis. The alignment of
137 FAdVs consensus sequences was prepared by align-
ing DNA sequences of strains classified to one types/
species with MEGA7 and Geneious6.2 software. On
this way seven consensus sequences representing seven
adequate types/species were created. During the con-
firmation process for the correctness of the created
consensus sequences, analysis of similarity with the
reference sequence was conducted.

Amino acid sequence analysis. Obtained nucleotide
consensus sequences were translated on adequate ami-
no acid sequences. The analysis was conducted with
Geneious6.2 software. Seven amino acid consensus
sequences were created, and differences between type/
species were determined.

HVRs amino acid sequence analysis. The presence
of similarity and differences in amino acid HVRs-1-4
sequences was designated using Geneious6.2 software.

Codon usage analysis. In order to evaluate poten-
tial presence of codon preferences, relative synony-
mous codon usage and nucleotide codon composition
in the examined region of the Loop L1 hexon gene was
performed using Geneious6 software.
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Fig. 1. Phylogenetic tree of 137 fowl adenovirusa (FAdVs) strains isolated in Poland. The phylogenetic tree have been root by the
sequence derived from database GenBank: human adenovirus seguences (HAdV-2 i HAdV-5), Falconid adenowirus 1, PIAdV-1),
goose adenovirus (GoAdV-4-5), (Psittacine adenowirus 1, PsSAdV), and turkey adenovirus (TAdV-1). Colours indicate separate
FAdVs types/species: green — FAdV-7, red — FAdV-8b, blue — FAdV-8a, yellow — FAdV-2/11 (FAdV-D), pink — FAdV-5, orange —
FAdV-1, and deep blue — FAdV-4. The phylogenetic tree was generated by the Neighbour-Joining method with use of a p-distance
model (on 1000 bootstraped data sets) based on nucleotide sequences of the hexon gene - L1 Loop HVRs-1-4 of fowl adenovirus-

es and reference strain sequence.

Compositional properties. The nucleotide compo-
sitions (A, T, G, and C) and their location on the 1%, 2",
and 3" position in the codon in the coding sequence of
the Loop L1 hexon gene, and the presence of (CG)
contents were determined using Geneious6.2 software.

Results

137 strains were divided into types/species: The
branch for FAdV-1/A was formed by 6 strains.
The branch for FAdV-2/11/D was created by 51 strains,

the branch for FAdV-4/C was created by 4 strains, the
branch for FAdV-5/B was formed by 13 strains,
the branch for FAdV-7/E by 22 strains, the branch for
FAdV-8a by 21 strains, and the branch for FAdV-8b by
10 strains (Fig. 1). From these strains seven consensus
sequences characteristic for type/species were created
(Fig. 2). Almost no sequence variability was seen in
separate types/species. Moreover, the translation
of these sequences was conducted and seven amino
acid consensus sequences were created (Fig. 3).
For this analysis the sequence of reference strain
FAdV-A/1(AF339914) was obtained. On this basis we
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Fig. 4. Alignment of consensus amino acid sequences 1-177 aa of the examined adenovirus strains. Red arrows indicate the presence

of predicted antigenic regions on the basics of amino acid sequence.

can indicate the differences and similarities between
examined regions of the Loop L1 HVR-1-4 hexon gene
of FAdVs strains.

The next step of the study was the designation
if there was a codon preference in the examined region
of HVR-1-4. For this reason the RSCU was calculated
according to our own and reference strains. The analy-
sis was conducted on 137 adenovirus strain sequences
for which seven consensus sequences were created,
and for the whole genome of the reference strain
FAdV-A/1(AF339914) was determined in order to show
the differences in codon preferences and antigenic
regions (Fig. 4).

Seven consensus nucleotide (Fig. 2) and amino acid
(Fig. 3) sequences of all examined strains demonstrated
that from six codons which code Leu (L) for which op-
timised codon is prefered - codons, composed of three

nucleotide bases which specify amino acids during pro-
tein assembling CUG, (RSCU 2.53), and CUC (RSCU
1.42) respectively. Among four codons for Val (V), co-
don GUG (RSCU1.62), and GUC (RSCU 1.43) are
preferred, optimised codons codes for Ala (A) are
GCC (RSCU 1.76), and, in the case of codes for Ser (S)
AGC (RSCU 2.04) and AGU (RSCU 0.73) are pre-
ferred. The presence of similarity and differences on
HVRs-1-4 regions have been indicated by red arrows
indicating preferred codons. Amino acids are in red
columns (Fig. 3).

The sequence of codon analysis of the HVRs-1-4
region of the hexon gene for types/species indicated the
differences in codon preference. For example, in most
cases, types/species preferred codon CUG codes for
Leu (L); however, in the case of strains from types/
/species FAdV-2/11/D and FAdV-4/C, codon CUC was
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Fig. 5 (A-G) RSCU for FAdV-A-E. Analysis of the number of successive codons and relative synonymous codon usage. Synony-
mous codons are indicated in colours. The colour intensity indicates how highly an amino acid is preferred in a particular position
amongst species. Deeper colours are used for the preferable codons.

preferred for codes for Leu (L) (RSCU accordingly
2.4 and 3.43). In the case of FAdV-4/C, only codons
CUC and CUG were present out of six possibilities.
Similarly, FAdV-1/A, FAdV-4/C, FadV8a/E, and strains
from FAdV-2/11/D prefer codon CCC which codes for
Pro (P); however, in the case of FAdV-5/B, FAdV-7/E,
or FAdV-8b/E the most frequent codon was CCU
(Fig 5. A-G).

The codon preference is a sign of natural selection,
and is present in the whole genome sequence, however,
its intensity was lower than in the Loop L1 region
(Niczyporuk, 2017). The average values of RSCU in the
genome of the FAdV-1A reference strain was similar to
the average values of RSCU in the Loop L1 HVRs-1-4

of the examined strains. For example, the RSCU value
was 2.53 for the codon CUG codes for Leu (L), where-
as this value was 1.37 for the genome of the FAdV-1/A
reference strain. Values for the remaining codon codes
for Leu (L) were higher indicating more regular fre-
quency of codon appearance. In the case of codon
codes for Arg (A) in Loop L1, codon CGC, and CGG
appeared with the RSCU values 1.4 and 0.6 respective-
ly, but in the whole genome sequence for FAdV-1/A
these values were accordingly 1.13 and 1.16. Similarly,
in the case of codon codes for Ala (A) in Loop L1, co-
don GCC was preferable with RSCU 1.76, whereas in
the FAdV-1/A genome it was codon GCG (RSCU 1.22)
(Fig. 5 A-G).
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Analysis of nucleotide codon composition in the
examined region for type/species FAdV-1/A, and
FAdV-7/E was presented by Niczyporuk, 2017. In this
study the RSCU obtained for the other types/species
isolated in Poland is presented in Fig. 5 (A-G).

A very interesting interdependence can be seen in
the case of nine codon preferences. The codons in
which G or C can appear on the 3 site are preferable
in HVRs-1-4. Analysis of nucleotide composition and
codon adequacy proved this dependency. In the case of
consensus sequence in examined types/species in 68.7%
of codons on the 3™ position were G (26.8%) or C
(41.9%). For separate FAdV species this value ranged
from 63.3% in the case of FAdV-2/11/D to 79%
in the case of FAdV-4/C; the values for GC for separate
species ranged from 54.2% for FAdV-2/11/D and
FAdV-5/B, to 59.7% for FAdV-4/C. This indicates
the higher percentage of GC presence on the 3% posi-
tion in the codon than in other positions, which has a
great impact on codon composition and amino acid
coding.

Discussion

The degeneracy of the genetic code is establish with
a group of 2-6 synonymous codons, and some codons
can be preferred to others. This specific use of codons
is called codon usage bias. Among the causative various
of factors, natural selection, mutational pressure, RNA
structure, and gene length are most important for co-
don usage bias (Singh and Tyagi 2017). Codon usage
analysis is a well-established technique for understand-
ing the process of evolution at the molecular level
(Choludhury et al. 2017). In our study the nucleotide
frequency in codons was determined by GC pairs con-
tent, and was different for different types/species.
The value obtained was between 54.2% for FAdV-2/11/D
and FAdV-5B, to 59.7% for FAdV-4/C, with an average
of about 56.3%. The data obtained are comparable to
those reported by Raue et al. (2005). It may be possible
that genes of higher transcriptional importance could
have a higher GC content (Epstein et al. 2000, Hassan
et al. 2009). Similar research concerning different spe-
cies has been done by Halder et al. (2017). Every devi-
ation in codon usage is based on the codon preference
by using the exact codon during the translation process.
A specific codon is used more frequently than the other
synonymous codon in genes under high expression.
Such a codon is referred to as prefereble or optimal.
This adaptation is to force expression, gene size,
genome structure, and the percentage of GC content or
the frequency of recombinations. In this study an anal-
ysis of codon usage for FAdV-2/11, 5, 8a, and 8b was

performed to establish and evaluated if, in the HVRs-1-4
region of the hexon gene, the preference codon
appeared or not. RSCU for FAdV-1/A and 7/E was
reported by Niczyporuk (2017), and preference of
codons was indicated. Fig. 6 (A-G) shows the analysis
of the number of codons and the relative synonymous
codon usage.

The next step, the analysis of the amino acid se-
quence, was performed. The Loop L1 with HVRs-1-4 is
the main indicator of variability, as confirmed by other
researchers (Crawford-Miksza and Schnurr 1996, Raue
et al. 2005, Pichla-Gollon et al. 2007, Yu et al. 2012).
Amino acid sequences were obtained after the “virtual”
translation of consensus nucleotide sequences for each
examined adenovirus type/species. The sequences of
176aa long were created and analysed. Alignment ana-
lysis confirmed the locations of the HVR1-4 regions
with 122 amino acids positions. Variations in amino
acids in four HVR1-4 were determined. The analysis
indicated that the amino acid HVR1-4 sequence of
FAdV-4/C is the most divergent from the examined
consensus sequences. Not every amino acid substitu-
tion has an influence on structure and protein function.
Most of the substitutions are of similar size, charge, or
hydrophobic property. These are the amino acids with
conservation function. This fact can explain that a pro-
tein may have self-structure and function with different
amino acid sequences coded by highly different nucleo-
tide sequences. Amino acid analysis in Loop L1 indi-
cated, that only 61 amino acid positions (36.2%)
of 177 examined were identical in all examined strains
(consensus sequences), but in HVR1-4 regions, only
29 amino acid positions (23.8%) were conservative.

We can establish, that every codon can appear with
equal frequency; however in this study indicated that,
from several possibilities, only one codon can be prefer-
able. This preferences can appear in genes with strong
expression (Hassan et al. 2009, Behura and Severson
2012). The frequency of the presence of some codons in
front of others (codon synonymity) is called RSCU.
The optimal codon can lead to fast and exact or accu-
rate translation. This is extremely important for
proteins which are synthesised in greater amounts
(Xu et al. 2007). This means that they have an impact in
evolution. Analysis of examined consensus sequences
based on the evaluation of mutation quantity, their
localization and possibility of the influence on protein
tertiary structure (data not yet published) has been per-
formed. Many authors suggest (Crawford-Miksza and
Schnurr 1996, Epstein et al. 2000, Behura and Severson
2012) that the mutations which are located on the
1t and 2" codon positions are the most important for
study. These are mutations which have an influence on
amino acid coding influencing differences in protein
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structure and function. Changes in variability have, in
consequence, an impact on virus pathogenicity. Princi-
pal component analysis also supported the view, that
most codons showed a biased effect on G and C at the
3w codon position and preferred codons which ended
with either G or C. Halder et al. (2017) also indicated
that a positive significant correlation in gene expression
parameter with a few amino acids such as Val (V),
Arg (A), Ser (S), and Ile (I) might influence gene
expression.

The analysis of nucleotide sequence indicated, that
different codons can code this same amino acid, howev-
er, some of them are preferable. Codon CUC existing
in strains: FAdV-4/C or FAdV-2/11/D codes for lysine
Lys (L); however this function was used by the CUG
codon on the rest of the examined strains. The study
indicated that the usage of percentage GC pairs
for separate types/species was between 54.2% for
FAdV-2/11/D and FAdV-5/B, and 59.7% for FAdV-4/C,
with an average value of 56.3%. The data obtained are
similar to those presented by Raue et al. 2005. We can
assume that genes of higher transcription importance
value have a higher percentage of GC pair content.

Gu et al. (2012) compared the RSCU of ovine
287(0AdV287) and human HAdV2/5 adenovirus
strains. They found that OAdV287 had more conserva-
tive codon usage than HAdV 2/5. The preference co-
dons of HAdV2/5 mostly had GC ends and this was a
similar result compared with our own study. Das et al.
(2012) indicated that one of the major determinants is
the GC content in the 3™ codon position (C3S and
G38S), and significant variations are observed in synon-
ymous codon choice in structural and nonstructural
genes of HAdV. A previous study by Niczyporuk, 2017
described the RSCU in the Loop L1 region of the hexon
gene for types/species FAdV-1/A, and FAdV-7/E.
The most important mutations were those in the 1%
and 2" codon positions, since these mutations are more
likely to result in an amino acid change affecting the
structure and protein function. Nucleotide sequence
analysis indicated that different codons can code the
same amino acid, but some of them are preferred.
Codon analysis of the Loop L1 region of the hexon
gene indicated differences in codon preference pat-
terns between adenovirus strains representing diverse
types. It was found that C was the most frequent
nucleotide for each type ranging from RSCU 29.3
to RSCU 34.4.

RSCU analysis revealed that AGA and CTG
codons were over-represented in Y-linked genes
(Choludhury et al. 2017). Analysis of the average num-
ber of codons indicated that the variation in codon
usage is presented in every FAdV species. Similar
RSCU analysis was carried out by Singh and Tyagi

(2017) for ZIKYV, in humans and mosquitoes.

In most cases in codon preferences in adenovirus
genome are closely similar which we can observe in
the case of every values of examined types/species.
As the example of the CUG codon coding for Leu (L)
with RSCU 2.53 shows, compared to whole genome
FAdV-A/1 with (RSCU 1.37), its value for the rest of
Leu (L) codons is higher, as indicated in this study.

In conclusion, codon usage analysis of the FAdVs
HVR-1-4 region of the hexon gene can be further sup-
portive for developing novel diagnostic methods or in-
heriting the evolutionary origin of HVR-1-4 with other
AdVs strains. Such analysis provide information
regarding the high or low expression genes which can
be selected. The study indicated that the greater the
distance between types/species, the greater is the varia-
tion in codon usage. Analysis indicated that variations
in codon usage for FAd Vs are types/species specific and
it is determined by random mutation over the evolu-
tionary process. The present work is the codon analysis
of a FAdV Loop L1 region of the hexon gene, and this
is the first study conducted on RSCU on the FAdVs
2/11/D, 4/C, 5/B, 8a/E, and 8b/E in Poland.

Conclusion

The analysis indicated antigenic properties of the
examined viruses, the presence of relative synonymous
codon usage, and the presence of mutations. The effect
of mutational pressure on the codon can be tested in
future in order to understand its impact on FAdV
pathogenicity.
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