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Abstract

Brucellosis is a disease triggered by various Gram-negative bacteria (Brucella spp.), impacting animals
through miscarriages and causing fever in humans. The verified reality that peptidoglycan-associated
lipoprotein (Pal) proteins exist in multiple bacteria and display remarkable vaccine potential shifts the
spotlight to this protein and its importance within bacterial systems. Furthermore, gaining insight into
the implications of mutations in this protein becomes of utmost importance. Biological informatics
software was utilized to carry out a comparative study of the Pal gene across different species of
Brucella bacteria. Computational methods were employed to represent sequences using both CGR and
FCGR techniques. The Pal protein's secondary and tertiary structures were built, and comparisons were
drawn regarding mutations present among various Brucella species. An assessment of instances of
infection was conducted, and statistical analyses were executed concerning brucellosis in the Nineveh
region. While no significant differences were observed in the Pal gene among Brucella species, noticeable
variations became evident when employing CGR and FCGR methodologies. FCGR proves to be more
precise for visualization compared to CGR. Particularly, B. endophytica exhibited the most notable
changes in the Pal protein when compared to the standard type within the species. The frequency of
brucellosis infections increases in correlation with rising population numbers. The initial CGR images
might not exhibit noticeable differences, but utilizing the FCGR method makes it easier to distinguish
these variations. This affirms that FCGR is more effective for assessing the degree of dissimilarities. The
presence of brucellosis poses a concern, especially in regions characterized by dense populations. It is
important to emphasize public education regarding the adoption of suitable health precautions to thwart
the disease, coupled with the importance of vaccination..
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INTRODUCTION

Brucellosis is a disease caused by a type of Gr-ve bacte-
ria (Brucella spp). that affects animals causing miscar-
riage and humans causing fever (Malta fever, undulant
fever, or Mediterranean fever). This disease is charac-
terized by intermittent and irregular fever, headache,
general weakness and fatigue, profuse sweating with
chills, joint pains, back pain, weight loss, and enlarge-
ment of the liver and spleen. The infected person may
suffer from the disease for a long period, which can
extend to years if not treated promptly?.

Domesticated animals (such as camels, sheep, and
cattle) are the main source of the disease. Intensive
livestock farming accelerates the spread of the disease
among animals. Uterine discharges, placenta, raw meat,
liver, and milk contain disease-causing microbes®. The
disease can be transmitted through skin contact, espe-
cially among those handling infected animal meat, like
butchers. It can also be transmitted through mucous
membranes, like the conjunctiva and the respiratory
system, as well as by consuming unpasteurized milk or
its products and raw liver from infected animals**.

A combination of two or more treatments is usu-
ally employed, especially for chronic cases, and partic-
ularly if complications arise. Doxycycline at a dose of
2-4 mg/kg/day for four to six weeks is used along with
trimethoprim, both for the same duration. For severe
complications such as bone inflammation, meningitis,
and pericarditis, streptomycin or gentamicin is admin-
istered. Rifampicin is used to reduce the risk of relapse.
Doxycycline is not given to children under the age of
eight®’.

'The peptidoglycan-associated lipoprotein (Pal) is
an evolutionarily conserved lipoprotein situated within
the outer membrane of Gram-negative bacteria. In the
context of the Tol-Pal family, Pal assumes a critical role
in maintaining the structural integrity of the cell wall.
However, its function extends beyond this foundational
role to include an inflammatory trigger. For example,
in B. abortus infections, Pal is one of the lipoproteins
responsible for inducing the production of cytokines
that promote inflammation in cases of brucellosis®’.
The Tol-Pal proteins collectively form a complex that
spans both the inner and outer membranes of the bacte-
rial cell. This intricate arrangement is indispensable for
upholding the robustness of the cell wall. Furthermore,
this complex mechanism can be harnessed to facilitate
the entry of large molecules, such as bacteriocins and
bacteriophages'®.

The primary goal of this study was to apply the
Chaos for game representation method to facilitate a
comparative analysis of the DNA sequences of the Pal
gene within specific strains of Brucella. Additionally,
the research encompassed the construction of the
three-dimensional structure of the Pal protein, fol-
lowed by a comparison with corresponding structures
found in mutant strains. Furthermore, the investigation
incorporated a statistical analysis to assess the preva-
lence of brucellosis within the province of Nineveh.

MATERIALS AND METHODS

MSA and Phylogenetic tree:
MAFFT version 7 was employed to align a set of eight
Pal protein sequences and five Pal gene sequences from
diverse Brucella species. Subsequently, a phylogenetic
tree was constructed based on these aligned sequences.
The Chaos Game Representation (CGR) is a visu-
alization technique used to represent DNA sequences
in a fractal-like manner'. It’s a method to graphi-
cally display the distribution of nucleotides within a
DNA sequence. The Pal gene from five Brucella spe-
cies was chosen from the NCBI database for this study.
These species include: B. melitensis (NC_003317.1), B.
canis (NC_010103.1), B. abortus (NC_007618.1), B.
anthropic (NZ_CP064063.1), and B. intermedia (NZ_
UGSHO01000003.1). B. melitensis served as the wild
type reference for comparison with the other species.
The approach to assigning sequential numbers to
nucleotides within a given DNA sequence. The meth-
odology involves the establishment of a counting sys-
tem that aligns each nucleotide with a unique numer-
ical value corresponding to its position within the
sequence. This process is crucial for data organization
and subsequent analysis, facilitating the identification
of specific nucleotides within a broader genomic con-
text. The 2D grid or plot was utilized, with the origin
conventionally positioned at the center of the grid. This
grid was divided into four quadrants to symbolize the
four DNA nucleotides (A, T, G, C). Each nucleotide
was placed on the grid based on its location in the
DNA sequence, aligned along the x- and y-axes (x,y).
Here is how the first 6 nucleotides (ATGCGC) were
positioned:
A:The A quadrant is the top-left quadrant. The mid-
point between the current position (0, 0) and the posi-
tion of A (0,1)is ((0+0)/2,(0+1)/2)=(0,0.5).
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T:'The T quadrant is the top-right quadrant. The mid-
point between the current position (0,0.5) and the posi-
tionof T (1,1)is ((0+1)/2,(0.5+1)/2)=(0.5,0.75).
G: The G quadrant is the bottom-left quadrant. The
midpoint between the current position (0.5, 0.75) and
the position of G (0, 0) is ((0.5 +0) / 2,(0.75 + 0) / 2)
=(0.25,0.375).

C:'The C quadrant is the bottom-right quadrant. The
midpoint between the current position (0.25, 0.375)
and the position of C (1, 0) is ((0.25 + 1) / 2, (0.375 +
0) /2) =(0.625,0.1875).

G:The G quadrant is the top-left quadrant. The mid-
point between the current position (0.625,0.1875) and
the position of G (0,1) is ((0.625 + 0) / 2,(0.1875 + 1)
/2) =(0.3125,0.59375).

C:'The C quadrant is the top-right quadrant. The mid-
point between the current position (0.3125, 0.59375)
and the position of C (1,1) is ((0.3125+1)/2,(0.59375
+1)/2)=0.65625.

Subsequently, after each nucleotide assignment, the
counter is increased by 1, thus preparing it for the sub-
sequent iteration. Ultimately, the mapping of nucle-
otides to their corresponding numbers is established
through the cumulative impact of this iterative proce-
dure. This cumulative process is captured by the accu-
mulation equations presented as follows:

new_x = current_x + (¥ (target_x - current_x) / 2n)
new_y = current_y + (X (target_y - current_y) / 2"n).
'The process of Frequency Chaos Game Representation
(FCGR) entails computing how often a specific pat-
tern occurs within a sequence and then depicting this
occurrence frequency using a chaos game plot®. This is
accomplished by associating varying color intensity or
grayscale shades with each point on the plot, which is
determined by the frequency of the motif element at
that position in the sequence. The resulting FCGR plot
provides a visual insight into the pattern’s distribution
in the sequence, where increased motif frequency is
depicted through darker areas. The FCGR method was
executed following the described approach:
Frequency(M) = (Number of times motif M occurs in
sequence S) / (n-k + 1)

S: Represents the sequence you are analyzing.

n: Represents the length of the sequence. If S is a DNA
sequence, n would be the number of nucleotides in the
sequence.

M: Represents the motif that it is interested in identi-
fying within the sequence.

k: Represents the length of the motif.

Construction of 2D and 3D structures of Pal protein:
'The 2D structure of Pal proteins was generated using
the PROTEUS2 and PRED-TMR2 tools. The
prediction of the tertiary structure for the Pal pro-
tein in five Brucella species, including B. melitensis
(WP_005972694.1), B. abortus (WP_002964783.1),
B. gallinifaecis (WP_140905268.1), B. thiopheniv-
orans (WP_094505464.1), and B. endophytica
(WP_188824549.1), was conducted using the 3Dpro
tertiary structure prediction tool from the SCRATCH
Protein Predictor. The protein sequences were graph-
ically represented, and mutations were detected and
then manipulated utilizing the PyMol software tool.

Information regarding brucellosis cases, including
their numerical counts, was collected from the Nineveh
Health Department. A comprehensive statistical anal-
ysis was carried out on this data, followed by the cre-
ation of graphical plots to visualize the trends. Using
SPSS version 20, significant values were identified and
extracted from the analyzed data.

RESULTS

B. melitensis was deemed a reference point for all bac-
terial species in various examinations. Analysis of
multiple sequence alignments revealed the existence
of 28 significant mutations within the P/a gene classi-
fications. These mutations do not exert a direct influ-
ence on the final protein configuration. In relation to
the phylogenetic tree investigation, predicated on the
scrutiny of multiple sequence alignments, it becomes
apparent that B. melitensis and B. abortus are the nearest
species. The remaining species align themselves based
on their genetic proximity, as demonstrated in Figure
1. Upon analyzing the DNA sequence plots of the Pal
gene among different Brucella species, no substantial
alteration was noted among the five species. The graph-
ical representation of the DNA sequence exhibits a
nearly identical curve, with a similarity level surpassing

96%, as illustrated in Figure 2.
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Figure 2: Graphical representations were created to compare the Pa/ gene of various Brucella species: Plot 1 displays a comparison
between the Pal gene of B. melitensis. Plot 2 contrasts the Pa/ gene of B. melitensis and B. canis. Plot 3 illustrates a comparison between
the Pal gene of B. melitensis and B. abortus. Plot 4 showcases a comparison between the Pa/ gene of B. melitensis and B. antropi. Plot 5
demonstrates a comparison between the Pa/ gene of B. melitensis and B. intermedia.

Concerning the multiple sequence alignments of  the sequence spanning positions 45 to 48 residues. The
the Pal protein, 8 distinct fundamental mutations are ~ protein-based phylogenetic analysis within the species
evident among bacterial species, except for B. endophyt-  bears a resemblance, to some extent, to the gene-de-
ica. Notably, there exists a substantial divergence within ~ rived phylogenetic tree, as depicted in Figure 3.
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After conducting a comprehensive DNA sequence
imaging of the Pa/ gene across various Brucella spe-
cies, with B. melitensis as a baseline model presented
in Figure 4. a noteworthy level of resemblance was
observed among the species, reaching an approximate
value of 70%. B. melitensis displayed an 80% similarity
rate with both B. canis and B. abortus. Conversely, the
degrees of similarity with B. anthropic and B. interme-
dia differed, showing an affinity of around 60%. This
visualization provides a comprehensive overview of the
genetic disparities within the Pa/ gene among different
Brucella species, enabling a quick and intuitive under-
standing of the extent of genetic variation.

To provide a clearer insight into the levels of sim-
ilarity among the strains, frequency imaging was
employed. This process entailed incorporating four
nucleotides into the representation of the DNA
sequence. By analyzing the results of frequency imaging
for the DNA sequence among the five species depicted
in Figure 5, utilizing the same previously mentioned
methodology, it becomes evident that the species B.
melitensis, B. canis, and B. abortus exhibit a similarity of
approximately 85%. In contrast, the species B. anthropic
and B. intermedia diverge from the rest, showcasing a
dissimilarity of about 65%. By utilizing this visualiza-
tion, the genetic disparities within the Pa/ gene across
different Brucella species are effectively showcased
based on the gradual accumulation of base pairs, offer-
ing insights into the degree of genetic variation among
these species.
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Figure 3: Performing a Multiple Sequence Alignment (MSA)
on the Pal protein sequences derived from eight distinct Brucella
species, and subsequently generating a phylogenetic tree that
illustrates the interrelationships among these sequences.

B. melitensis (507bp)

B. Canis (507bp) B. abortus (507bp)

L~ e
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B. anthropi (507bp)

Figure 4: CGR of the Pal gene across various Brucella species
reveals distinct variations. In this representation, specific differences
between nucleotides are denoted using different colors and circle
sizes. The blue square highlights variations between 2 nucleotides,
showcasing moderate disparities. The red square indicates
differences involving 4 nucleotides, representing more substantial
distinctions. Notably, the yellow square signifies variations
exceeding 5 nucleotides, indicating significant dissimilarity.
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B. abortus Frequency

B. anthropi B. intermedia Control

Figure 5: FCGR of the Pal gene in various Brucella species,
organized by the gradual accumulation of 4 base pairs along the
DNA sequences. This representation employs different colored
squares to indicate variations between species: The pink square
denotes differences in one set of base pairs between species,
highlighting minor distinctions. The blue square signifies
differences in 2 sets of base pairs between species, representing
more significant differences. The yellow square indicates variations
of more than 2 sets of base pairs between species, pointing to
substantial dissimilarities.
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Through the application of two-dimensional struc-
tural prediction to the Pal protein across 8 different
Brucella species, a notable finding emerges: these
diverse species exhibit a substantial 90% similarity. A
noteworthy differentiation becomes evident within the
amino acids positioned at residues 165- 168. This sim-
ilarity is observed in distinct species, included B. meli-
tensis, B. abortus, B. gallinifaecis, and B. thiophenivorans.
However, B. endophytica deviates from this established
pattern, demonstrating a similarity rate of 70% when
compared to the other species, Figure 6. This compar-
ison sheds light on the difterences within the Pal pro-
tein across these species.

A 3D configuration was crafted for the Pal protein
within the examined species. Figure 7 depicts the 3D
structures representing four specific species: B. meliten-
sis, B. suis, B. oryzae, and B. intermedia. The distinctive
residues among these four Brucella species, setting
them apart from the others, have been recognized.
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Figure 6: Analyzing the Pal protein across 8 Brucella species via two-dimensional structure prediction reveals distinct variations.
The presence of a blue rectangle indicates discrepancies between species at residues 165-168. Notably, B. endophytica stands out
with additional alterations in amino acids at residues: 50-54, 150-153, and 157-160.
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Figure 7: Anticipated 3D configuration of the Pal protein in B.
melitensis, B. suis, B. oryzae,and B. intermedia, revealing the presence
of the ten original residues: Serl3, Alal3, Ala23, Ala45, Thr46,
Phe47, Thr50, Phe66, Asn135, and Ala153.

Pal: B. abortus

Pal: B. thiophenivorans

These residues encompass Ser13, Ala13, Ala23, Ala45,
"Thr46, Phe47, Thr50, Phe66, Asn135, and Ala153.
Figure 8 exhibits the remaining Brucella species
carrying modifications in the Pal protein. In B. abor-
tus, a sole mutation A13V is evident. Meanwhile, B.
gallinifaecis displays 4 mutations: SION, F66L, N1358,
and A153N. Similarly, B. thiophenivorans show-
cases 4 mutations: A23V, F66L, N135S, and A153N.

Noteworthy is the case of B. endophytica, manifesting
5 mutations: A45G, T46A, P47N, T50V, and N135S.

Pal: B. gallinifaecis

Figure 8: Genetic mutaions observed in the Pal protein within B. abortus, B. gallinifaecis, B. thiophenivorans, and B. endophytica.

Brucellosis is categorized as an indigenous ailment
prevalent in Iraq overall and notably concentrated in
the Nineveh. This concentration is attributed to its
transmission among cattle and sheep, as well as the
insufficiency of vaccination endeavors by the veterinary
sector. The frequency of occurrence varies relative to
the population size. An assessment of infections was
executed spanning the years 2018-2022. While fluc-
tuations in infection rates are apparent, it was noted
that the peak instances transpired in 2022, without any

noteworthy divergence in infection counts between
males and females. Infections tend to be most com-
monly documented within the age bracket of 15-45
years, which aligns with a universally acknowledged
trend. The instances are least frequent among those
under 4 years old. A statistically significant relation-
ship exists among infection numbers, age groups, and
genders with a significance level of p < 0.01, illustrated
in Table 1 and Figure 9.
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Table 1: Brucellosis cases by age group and gender 2018 - 2022, Nineveh- Iraq.

<1y 1-4y 5-14y 15-45y > 45y TOTAL Grand
Years Total
M F M F M F M F M F M F
2018 0 1 10 16 106 105 292 379 77 98 485 599 1084
2019 0 0 7 4 74 62 335 393 90 107 506 566 1072
2020 0 0 0 9 52 66 241 243 67 64 360 382 742
2021 0 0 4 2 64 51 209 281 72 92 349 426 775
2022 0 ‘ 0 1 ‘ 0 54 58 300 408 145 188 500 654 1154
TOTAL 0 1 22 31 350 342 1377 1704 | 451 549 2200 2627 4827

p— R F o= Ed . Ee In terms of the distribution of infections across
different regions within Nineveh, it was observed that
the highest concentration of infections was situated
on the eastern side of Mosul, attributed to the dense
population in that area. Areas characterized by inten-
sified cattle and sheep farming activities, like Hadhar,
Ba’aj, Hamdaneya, and Makhmoor, registered the

most infections during the five-year scope of this study.

However, when considering the years of statistical
analysis, no substantial correlation emerges between
infection numbers and the impacted areas, with a
p-value surpassing 0.05. This is presented in Table 2
and Figure 10.

WE T
GenderiAge

Figure 9: Brucellosis cases by age group and gender 2018 - 2022,
Nineveh- Iraq.

Table 2: Brucellosis cases by districts 2018-2022, Nineveh-Iraq.

V -
g 3 £
b= < i
Q a [= >~ =3 o
i = 5 & 8 2 g g g 3
Q g — =1 ;
Years g %: § = e '": & % < é\ % = = “Té
2% 5 E|l& | E £ F | E =] % |E
g E 17 f S 5
= 3 S
= o
2018 202 468 20 57 30 13 53 127 3 80 31 0 1084

2019 130 354 1 7 34 58 32 246 11 99 98 2 1072

2020 39 151 7 3 49 33 88 89 3 143 135 2 742
2021 27 126 0 1 111 20 49 55 167 85 129 5 775
2022 35 154 3 2 400 6 34 81 38 255 146 0 1154
Total 433 1253 31 70 624 130 256 598 222 662 539 9 4827
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Figure 10: Brucellosis cases by districts 2018-2022, Nineveh-Iraq.

DISCUSSION

'The Pal protein derived from Brucella bacteria possesses
the ability to stimulate dendritic cells, prompting the
release of the cytokine TNF-o. Additionally, Pal can
activate macrophages, driving them to produce an array
of cytokines, thereby playing a crucial role in the bac-
teria’s virulence. Recent reports highlight the Brucella
Pal protein as a novel Pathogen-Associated Molecular
Pattern, capable of activating dendritic cells within liv-
ing organisms. This activation triggers a Th1 immune
response and positions it as a potential self-adjuvant-
ing vaccine candidate against both systemic and orally
acquired Brucellosis'®.

Study’s findings have pointed out disparities in the
roles of Brucella Pal proteins in stimulating macro-
phages to secrete cytokines. The precise reasons behind
these functional variations necessitate additional
experimental validation. Brucella exhibit the capability
to survive within professional phagocytes, and inter-
nalized Brucella particles are transported alongside
macrophages to different host sites'®!".

A study demonstrated that deleting the pal gene
led to a reduction in Brucella proliferation within mac-
rophages. In the macrophage environment, Brucella
employs diverse strategies to counteract acidic and
oxidative stress, as well as antimicrobial peptides, to
enhance its survival and subsequent multiplication®*.

Further investigation delved into assessing the vir-
ulence of the pal mutant in BALB/c mice. The results
indicated that mice challenged with 16MApal displayed
notably enlarged spleens, surpassing even those chal-
lenged with the wild-type strain 16 M. However, the
bacterial load in the spleen of 16MApal was lower than

that in 16 M. Reports have indicated that Brucella’s Pal
protein can impede the secretion of IL-1f and IL-6
by macrophages. Conversely, in the absence of the Pal
gene, the expression of IL-1p and IL-6 is elevated,
which corresponds to a decrease in the virulence of the
mutant strain®» 2!,

The Chaos Game Representation (CGR) picture
and the FCGR expression matrix derived from DNA
sequences offer an innovative technique for scientists to
manipulate genetic information. Historically, research-
ers have employed CGR and fractal analyses of genetic
sequences to determine the fundamental bases for cat-
egorization and grouping'>®. Our approach introduces
a computational method for the automatic recogni-
tion of Pal gene strains within the Brucella species.
Furthermore, this approach facilitates the identifica-
tion of mutant strains within taxonomy by utilizing the
variant coefficient linked to the DNA sequence label.
As a result, our study of identifying the mutant strain
not only validates our inspiration but also contributes
to discerning dissimilarities among strains.

The devised methodology showcases an effective
means of attributing sequential numbers to nucleotides
within DNA sequences. The approach offers a straight-
torward and clear method for organizing genetic data
in a manner conducive to subsequent analytical inves-
tigations. The application of numerical assignment is
particularly valuable in studies involving sequence
comparisons, motif identification, and other bioinfor-
matics analyses.

The utilization of conventional techniques for
detecting distinctions within DNA sequences, pro-
teins, or what is commonly referred to as sequence
alignment, remains the most precise method for iden-
tifying variations among strains. Nevertheless, vari-
ations in the manner by which these distinctions are
identified can be observed when employing different
bioinformatics programs. In this research, traditional
approaches were employed to identify sequence align-
ment for the Pal gene and protein, using available and
selected strains from the NCBI database.

Subtle variances were discerned among the various
Pal gene types within the Brucella species. Utilizing the
CGR method to discern differences among these spe-
cies clarified that distinct differences exist among the
five Brucella species when compared to the outcomes
from the MAAFT program. By generating visual
representations, significant differences were identi-
fied among the species to varying degrees, employing
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both mathematical and computational methodologies.
In regard to the utilization of the frequency-based
FCGR, a selection of four nucleotides was made and
organized into geometric patterns. These patterns were
distributed at random around clusters of nitrogen bases
within each geometric shape, based on the position of
each nucleotide in the sequence. Furthermore, when
juxtaposed with the traditional method of measuring
sequence alignment, differences were observed in the
Pal gene for Brucella species, and the values of variables
were established to ascertain whether the alteration
encompassed two sets between each pair of species, or
three or more sets, with the ultimate goal of estimating
differentiation among the five species™?.

While the initial CGR images may not reveal sig-
nificant apparent differences, the application of the
FCGR method enables these variations to be easily
discerned, thus confirming that FCGR is better suited
for gauging the extent of difterences. Finally, through
an examination of Pal protein sequences across the
eight Brucella species, this study uncovered exceedingly
slight differences in the formation of secondary protein
structures. Conversely, after integrating specific muta-
tions for Pal protein species into the three-dimensional
framework, it became evident that four species shared
a similar structural arrangement in their tertiary struc-
tures. In contrast, the remaining species exhibited dis-
similarities among themselves based on the positions
of these mutations, ultimately leading to alterations in
the protein’s shape. Notably, B. endophytica displayed
significant dissimilarity from the other species due to
possessing the top five mutations characteristic of the
identified wild type**.

Brucellosis is classified as one of the endemic ail-
ments in Nineveh. The frequency of infections varies
annually, contingent upon economic and health con-
ditions. Moreover, infection rates between males and
females exhibit minimal divergence. Additionally, the
majority of documented infections occur within the
age range of 15- 44 years. When comparing infection
figures between the city and its surrounding areas,
including districts and regions, it becomes evident that
infection prevalence corresponds directly to the popu-
lation size.

CONCLUSION

'The process of assigning sequential numbers of nucle-
otides in a DNA sequence proves to be a fundamental

tool for genomic research. The established approach
facilitates systematic organization and analysis of
genetic information, enhancing the comprehension
and utilization of DNA sequence data in various sci-
entific contexts. The confirmed fact that Pal proteins
present in numerous microorganisms exhibit remark-
able potential as vaccines directs focus towards this pro-
tein and its significance within bacteria. Additionally,
understanding the consequences of mutations in this
protein becomes pivotal. In a nation such as Iraq, the
existence of brucellosis represents a threat, particularly
in areas with high population density. It holds signifi-
cance to educate the public about adopting appropriate
health measures to prevent the illness, alongside receiv-
ing vaccination.
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