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Fish products are highly vulnerable to microbial contamination due to their soft tissues, making them perishable and harmful to
consumers. The clinical and subclinical infections reported by fish consumers are mainly associated with pathogenic
microorganisms in fish products. Therefore, this study aimed at establishing the molecular profiles and diversity of the
bacterial isolates from fish and fish products obtained from Kirinyaga County markets in Kenya. A total of 660 samples were
randomly sampled in six Kirinyaga County markets and transported to Kenyatta University for bacterial isolation. The fish
skin surface was cut using a sterile knife and blended in buffered peptone water. The blended product was serially diluted and
plated on nutrient agar. After 24 hours, the bacteria cultures were subcultured to obtain pure bacterial isolates. The pure
isolates were grouped and characterized based on their morphology and biochemical characteristics. One representative of each
group was selected for bacterial DNA extraction. The 16S rRNA gene was amplified using the 27F and 1492R primers, and the
obtained PCR product was subjected to Sanger-based sequencing using the same primers. Morphological characterization
yielded 54 morpho groups. Phylogenetic analysis revealed diverse bacterial strains, including Escherichia coli, Salmonella
enterica, Citrobacter freundii, Bacillus sp. and Alcaligenes faecalis. Bacillus sp. was the most dominant group, as compared to
other isolates in the study. The study, therefore, revealed diverse bacterial strains from the fish products. This high microbial
diversity calls for heightened surveillance to prevent possible foodborne disease outbreaks.

1. Introduction

Traditionally, fish has formed a large part of the human diet,
and it is the main supply of animal protein in many parts of
the world [1]. According to Thilsted et al. [2], fish meat has a
high nutrient profile and is more nuanced than animal meat.
Fish and fish products are tremendously digestible with high
levels of omega-3 polyunsaturated fatty acids (PUFAs) and
vitamins [3]. Fish also plays a protective role, especially in
controlling high blood pressure, obesity, coronary heart dis-
ease, stroke, and others [4]. In most developing countries,
fish act as the sole source of affordable nutrition, causing a
rise in demand which is expected to rise by up to 7 kg per
capita in early 2030 [5]. According to FAO [5], global fish
production increased dramatically by 2018 hitting 179 mil-

lion tons. However, the safety of fish products has been
highly compromised due to contamination by pathogenic
microbes leading to spoilage and outbreak of foodborne dis-
eases [1].

Fish products are highly susceptible to microbial con-
tamination, which creates a health hazard. Contaminated
fish products have been associated with the transmission of
many established foodborne microbial infections and intox-
ications [4, 6]. The contamination may originate from
uncleaned hands and surfaces during cleaning and eviscera-
tion of fish [7]. Spoilage and pathogenic microbes can be
introduced into fish products at any point throughout the
supply chain. According to Böhme et al. [8], freezing alone
does not prevent microbial contamination of fish because
of autolytic activities and chemical changes occur in fish
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after harvest. Fish spoilage is accelerated by microorganisms
associated with aquatic environments as well as contami-
nants during postharvest handling.

Pathogenic bacteria associated with fish and fish prod-
ucts are categorized into three general groups. The first
group is the indigenous bacteria which belong to the natural
micro-flora of fish. These include Clostridium botulinum,
pathogenic Vibrio sp., and Aeromonas hydrophila [8]. The
second group is the enteric bacteria, commonly known as
non indigenous bacteria. This group of bacteria is present
in fish and fish products due to fecal contamination. Salmo-
nella sp., Shigella sp., pathogenic Escherichia coli, and Staph-
ylococcus aureus are common examples [9]. The third group
is bacterial isolates from fish and fish products and is consid-
ered as potential contaminants that can occur during pro-
cessing, storage, or cooking. These bacteria include Bacillus
cereus, Listeria monocytogenes, Staphylococcus aureus, Clos-
tridium perfringens, and Salmonella sp. [10]. In addition,
improper storage and handling of fishery products may lead
to increased growth of spoilage bacteria such as Lactobacillus
sp., Proteus sp., Shewanella putrefaciens, and Pseudomonas
sp. [11].

In Africa, there is a rapid expansion of fish markets due
to intensive culture by smallholder farmers. However, vari-
ous bacterial contaminants have negatively affected fish
and its products, contributing to contamination. The fish
and fish products spoilage problem have been associated
with high temperatures, poor infrastructure, and long mar-
ket distances. These factors contribute to the proliferation
of bacterial contaminants [12]. The current traditional han-
dling and preservation methods of fishery products signifi-
cantly contribute to the loss of quality. Bulk storage of fish
by farmers in the region also leads to a partial or complete
deterioration of fish quality. Fish handling during processing
determines the quality of the final product. In Kenya, there is
an increase in fish consumption, hence the need to under-
stand microbial contamination, which is a great public
health concern. This is due to the apparent occurrence and
increase of bacterial contaminants in fish products from
markets which poses significant health implications to con-
sumers and fish vendors. Currently, there is little or no
information regarding profiles of bacterial contaminants
that can allow an informed opinion of risks associated with
handling and consumption of fish products in the
region [13].

This study hypothesized that bacterial isolates from fish
and fish products in Kenyan markets have distinct profiles
and genetic diversities. The study objectives were to isolate
and characterize the bacterial isolates based on their mor-
phological and molecular characteristics and to determine
their genetic diversities.

2. Materials and Methods

2.1. Experimental Site and Sampling Design. The study was
carried out in Kirinyaga County, Kenya. The region lies at
latitude 0°34′23.43″S and longitude 37°19′31.7″E. The main
economic activities in this county are livestock, crop, and
fish farming. The inclusion criteria of the selected markets

included markets that sell fish and fish products directly to
the consumers, sell at least fish and other three fish
related-products, and operate daily and in known geograph-
ical locations. The cluster sampling design was employed in
this study [14], where each market was clustered into five
quadrants by use of the main road in the food markets. In
each quadrant, proportionate sampling based on the number
of fish products vendors in each cluster was done to get the
number of participants. Random tables were used to ran-
domly identify the participants, while the convenient sam-
pling strategy described by Maina et al. [15] was used to
randomly sample the fish and fish products in the selected
fish retail markets in the county. These markets included
Kerugoya, Ndia, Kianyaga, Mwea, Sagana, and Tebere.

2.2. Sample Collection. A purposive study design was used in
this study. A total of 60 samples of each fish product (raw fish,
sausages, samosas, skewers, fried fish, soup, balls, cakes, hot
dogs, fingers, and burgers) were randomly sampled from fish
vendors in the six selected markets in Kirinyaga County. The
samples were separately packaged in zip-locked bags and
transported in cool boxes to microbiology laboratory at Ken-
yatta University for analysis. Raw fish were sampled and
skinned aseptically. About 10g of flesh and skin from the fish
was used and homogenized with 90ml of buffered peptone
water for 3 minutes using a Kenwood blender model
BLP15.150BK, UK (model number, country of origin). Other
fish products were prepared by cutting 10g of each sample
into small pieces using a sterile knife. The cut samples were
further ground in a Kenwood blender with 90ml of buffered
peptone water. Each fish sample was a composite sample
obtained from 3 fish products of the same type.

2.3. Isolation of Bacteria and Morphological
Characterization. Ten fold serial dilution was prepared in
physiological saline (0.85% NaCl). After blending, a mixture
of 1ml was diluted using sterile peptone water at ratios 1 : 10,
1 : 100, 1 : 1000, and 1 : 10000. A 0.1ml of each dilution was
spread on nutrient agar (NA) medium and incubated at
37°C for 24 hours; after which, plates with bacterial colonies
ranging from 30 to 300 colony forming units (CFUs) were
selected; and the colonies were counted to establish the
colony-forming units (CFUs) of each sample. The inocu-
lated plates of each sample were checked for distinct colo-
nies. The distinct colonies were then picked for subsequent
subculturing to obtain pure isolates. Purified bacterial iso-
lates were grouped based on their morphological character-
istics. All the isolated bacteria were subjected to Gram
stain procedure to help group the bacteria into Gram-
negative and Gram-positive groups [16]. After that, the iso-
lates were characterized based on microbiological analysis
using the following biochemical tests: citrate utilization, tri-
ple sugar iron test, urease test, indole test, carbohydrate fer-
mentation, and sulfide indole motility test [17]. The bacterial
isolates were grouped based on their similarities in morphol-
ogy, Gram stain, and biochemical characteristics. After the
morphological and biochemical characterization, a represen-
tative of each group was selected randomly for molecular
characterization.
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2.4. Molecular Characterization of Bacterial Isolates

2.4.1. DNA Extraction. Purified bacterial isolates were inocu-
lated on nutrient agar and incubated at 37°C 24hr. before
the DNA extraction. The Qiagen bacterial DNA extraction
kit (Siegen, Germany) was used to extract the genomic
DNA following the manufacturer’s protocol. The quality of
the extracted DNA was determined by subjecting the sam-
ples to gel electrophoresis. Three microliters (3μl) of each
sample were stained using the SYBR green dye and loaded
in a 1% agarose gel at 80V in 0.5X TBE buffer (Bio lab)
for 30 minutes.

2.4.2. PCR Amplification. The isolated DNA was amplified
based on a protocol developed by Ramanadevi et al. [18].
The 16S rRNA gene was amplified using the primers 27F
(5-′AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-
TACGGYTACCTTGTTA CGACTT-3′). The PCR amplifi-
cation was done in a total reaction volume of 25μl PCR mas-
ter mix containing 1μl DNA template, 12.5μl dots, 1× Taw
polymerase buffer (Mgcl2), 5× buffer 3μl PCR water, and
0.25μl of each primer. Amplification conditions were initial
denaturation at 94°C for 2min then at 94°C for 45 s, anneal-
ing at 62°C for 45 s, and extension at 72°C for 2min. This
was followed by a final extension at 72°C for 5min and a
final hold at 4°C. The final PCR products were visualized
on 1% agarose gel electrophoresis to confirm whether the
PCR process was successful. The PCR product was stained
with ethidium bromide, loaded onto the gel wells, and visu-
alized using a transilluminator (Biostep, Germany) [19].

2.4.3. Sequencing. The obtained PCR products were purified
using the QIAquick PCR purification kit (QIAGEN, Nether-
lands) following the manufacturer’s instructions. These
products were then directly sequenced using automated
DNA sequencer ABI 377 (Applied Biosystems, Foster City,
USA), using fluorescence-labeled dideoxynucleotide chain
terminators (ABI Prism BigDye™ Terminator Cycle
Sequencing Reaction kit; Applied Biosystems).

2.4.4. Data Analysis. Forward and reverse sequences of the
bacterial 16S rRNA gene-based sequence data were analyzed
using Finch-Tv software Version 1.4.0. Consensus sequences
were generated using CLC Genomics Workbench 10 soft-
ware. Similar sequences of the consensus were searched
using BLAST available in the NCBI site (https://blast.ncbi
.nlm.nih.gov/Blast.cgi). The matching organism sequences
were obtained from the same database and used as the refer-
ence sequences. Multiple sequence alignment were done
using the CLUSTAL W. option in the MegaX software.
The phylogenetic analysis was done using the neighbor-
joining method based on Tamura-Nei with 1000 bootstrap
replication and the phylogenetic tree drawn using the
MEGA X (version 10.1.8). The resulting consensus
sequences were deposited on the NCBI Gene Bank database,
and accession numbers were obtained. Furthermore, the
nucleotide diversity of the 16S rRNA gene sequences was
calculated using DnaSP 6 software. Additionally, genetic
diversity and conversion of sequence data to haplotypes

were done using DNA SP6 software. The analysis of genetic
differentiation was computed using the Arlequin software
version 3.5.2.2, and genetic differentiation was determined
by computing pairwise FST matrix (Fixation index) where
the distance among haplotypes was used.

3. Results

3.1. Morphological Characteristics. A total of 158 pure bacte-
rial isolates were obtained from the fish and fish products
sampled from different markets. Based on the morphological
and biochemical characteristics, the isolates were placed into
54 morphological groups. Majority of the isolates (27 iso-
lates) were from raw fish. The isolated bacteria had round
colonies of approximately 3mm and were translucent
(Table 1). In addition, other isolates were cream white and
had shiny golden yellow colonies ranging from 1 to
1.5mm, while some had black spots at the center. Besides,
some colonies were round and whitish with slightly smooth
margin in nutrient agar (NA) (Figure 1). Processed fish
products had fewer number of isolates compared to raw fish.
The isolates obtained from samosa had five distinct bacterial
colonies, ranging from cream to white, while some were
translucent with a black spot at the center. Besides, they
had round flat colonies with smooth margins. Sausages had
afew large bacterial isolates of approximately 4mm, translu-
cent, and black spot at the center (Figure 1). Based on the
Gram staining reaction, 24 of the total isolates were Gram-
positive, while the rest were Gram-negative. All the Gram-
positive isolates were rod-shaped except three isolates, which
were cocci-shaped. Majority (25 isolates) of the isolates were
urease negative, while 21 isolates were urease positive since
they were able to hydrolyze urea. Some isolates (16) were
indole test positive by formation of pink-red suspension,
while the others were negative. In addition, 20 isolates were
able to utilize glucose under low pH hence methyl-red posi-
tive and 26 isolates appeared yellow, hence methyl-red neg-
ative (Table 2).

3.2. Phylogenetic Analysis. Phylogenetic analysis of the 16S
ribosomal RNA gene revealed that Bacillus sp. were the most
predominant bacterial strains isolated from the fish products.
The sequences from this group clustered the bacterial isolates
into three main clusters (1–3). Cluster 1 comprised bacterial
isolates I1FcNTM1, L9WWTM5, and I2SkCTM4 which were
closely related to Bacillus amyloliquefaciens. In addition, cluster
1 had bacterial isolates K3SmCTM4 and L11WTTM5 closely
matched to Bacillus sp. Majority of the bacterial isolates clus-
tered in cluster 2 (Figure 2). Bacterial isolates H17BTCM5,
H14BCTM5, and H23WCTM1 in cluster 2 were closely related
to Bacillus thuringiensis, while isolates H12BCTM5,
H11SmCTM5, H21FCTM4, E1WCTM1, H7BCTM5,
H10WTTM5, H3FCTM4, H15SmCTM5, H6SmCRM5, and
H2BuCTM4 were closely related to Bacillus cereus. Cluster 3
had only two isolates H10WTRM5 and H18SaCTM1, which
had no close referencematches in the NCBI database (Figure 2).

The 16S rRNA gene-based sequence also revealed other
diverse bacterial isolates (Figure 3). Phylogenetic analysis
grouped these isolates into three main clusters (clusters A,
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Table 1: Morphological characteristics of bacterial isolates from fish products.

Culture characteristics Cell characterization
Source Isolate ID Color Shape Size (mm) Texture Transparency Margin Elevation Cell shape Gram stain

Raw fish
F1 FfNRM1 SW R 3 FR T E F Rd —

A1 FfNRM1 SW R 2 FR T E R Rd —

A4 WTRM5 CW IR 2 M T U F Rd +

D3B WTRM2 Y R 3 FR T E F Rd —

F3 WTRM5 CW R 3 FR T E C Rd —

H18 WTRM5 CW IR 4 M T E R Rd +

J1 BCRM5 Y IR 4 FR O E C Cc +

H12 BCTM5 CW R 3.5 M T E R Rd +

M10 WTRM5 CW R 3 FR O E C Rd —

K1 WTRM5 W SW M T F Rd —

A6 WTRM6 W R 1 FR O E F Rd —

A11 WCRM6 W R 2 FR O E R Rd —

H26 WCRM6 CW IR 3 FR O E R Rd +

L3 WCTM1 W R 3 M T E F Rd —

D15 WTRM5 Y R 3 M O E F Rd —

A7, FfNRM1 CR SW _ FR TP E R Rd —

J12 FfcRM1 GY R 1 FR O E F Rd —

F1 FfcRM1 W R 3.5 FR T E F Rd —

A9 WCTM6 CW R 3 FR O E F Rd —

A10 WCTM6 W R 2 M T E R Rd —

L10 WTTM5 GY IR 3 FR O E R Rd —

H16 WCRM6 GY R 2 M T E C Rd —

C1 FCTM1 C R 2 M O E F Rd —

H3 FcCTM4 CW IR 3.5 FR O E R Rd +

G11 FfNRM1 GY SW FR T Rd —

J17 WTRM6 Y IR 3 FR O E C Cc +

K1 WTRM5 Y SW FR T Rd —

Sausage

B1 SaCTM1 W R 3 G T E R Rd —

B2 SaCRM1 CW R 4 FR T E R Rd —

Samosa

D1 SmCTM1 CW R 2 FR T U F Rd —

D2 SmCTM2 CW R 3 M O U F Rd —

H19 SmCTM1 CW IR 2 M T E F Rd +

L13 SmCTM1 Y R 3.5 FR T E C Rd —

L12 FcCTM6 W SW M T Rd —

Skewer

F2 SkCTM4 W R 2 FR T E F Rd —

H17 WTTM(5) CW IR 3 FR T U F Rd +

H4 SkCTM4 W IR 2.5 FR T E F Rd +

I2 SkCTM4 CW IR 4 M T U R Rd +

Treated (deep fried)

E1, E2 WCTM1 CW R 1 G T E F Rd —

E2 WCTM1 CR IR 6 FR O U R Rd —

H23 WCTM5 CR IR 4 M T U F Rd +

J6 WTTM5 GY R 5 M O E R Cc +

H5 WTTM5 CR IR 3 FR T E R Rd +

4 International Journal of Food Science



(a) (b)

(d)(c) (e)

Figure 1: Purified bacterial isolates from fish and fish products on nutrient agar medium. (a) H21-FCTM4, (b) A9-WCTM6, (c) J6-
WTTM5, (d) H12-BCTM5, and (e) green metallic sheen characteristic in EMB medium for isolate M10-SMCTM1.

Table 1: Continued.

Culture characteristics Cell characterization
Source Isolate ID Color Shape Size (mm) Texture Transparency Margin Elevation Cell shape Gram stain

H13 SACTM3 W SW M T F Rd —

Balls

H1 BcTM4 CW IR 2 G T U F Rd +

I1 BcTM4 CW IR 3 FR T U R Rd +

H7 BcTM5 CW R 4.5 M O E R Rd +

H6 BcTM5 CW IR 6 M O E R Rd +

Fried

H8 WTTM5 P R 3 FR T E F Rd +

H10 WTTM5 CW IR 5 M O E R Rd —

M8 WTTM5 P R 3.5 FR T U E Rd +

H11 SMCTM5 CW IR 3 FR O U R Rd +

H15 WWTM5 CW IR 4.5 M O E R Rd —

M9 SACRM5 P R 1 G T E C Rd +

G7 SMCRM5 GY R 3 FR O E C Rd —

D16 WTTM5 Y IR 5 M T E F Rd —

D15 WTRM5 Y R 3 FR T E F Rd —

Cakes

C1 FcCTM1 C IR 3 FR T U F Rd —

H14 SmCRM5 CW IR 4 M T U F Rd +

Burger

H2 BuCTM4 CW IR 5 M O E R Rd +

Hot dog

G1 HdCTM4 Y R 3 FR O E R Rd —

Soup

C3 SMCTM1 SW R 3 FR T E F Rd —

K3 SMCTM4 CW IR 5 M O U R Rd +

M7 SMCTM3 P R 3 G O E R Rd —

Key: SW: slightly whitish; CW: cream white; GY: golden yellow; W: white; Y: yellow; P: pink; SW: swarming; R: round; IR: irregular; FM: firm; M: mucoid; O:
opaque; T: translucent; TP: transparent; E: entire; U: undulate; F: flat; R: raised; C: convex; Rd: rods; Cc: cocci; −: Gram-negative; +: Gram-positive.
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Table 2: Biochemical and Gram staining characteristics of the bacterial isolates.

Tests TSI SIM MIU MR-VP Possible identity
Isolates Origin S B H2S G H2S I M M I U U C MR VP Cell shape

A4 WTRM5 Y Y + + + — + + — + + + + — Rd Proteus sp.

A6 WTRM6 P Y + + + — + + — + — + + — Rd Citrobacter sp.

A7 FtNRM1 Y Y + — + — + + — + + — + — Rd Proteus sp.

A9 WCTM6 Y Y + — + + + + + + + + + — Rd Aeromonas sp.

A11 WCRM6 P Y + + + + + + + + + — — + Rd Citrobacter sp.

B1 SaCTM1 P Y + + + — + + — — — — + — Rd Citrobacter sp.

B2 SmCTM1 Y Y — — — + — — + + + + — + Rd Klebsiella sp.

C1 FCTM1 P Y + + + — + + — — — — + — Rd Salmonella sp.

C2 FCTM5 P Y + + + + + + + + + + + — Rd Citrobacter sp.

C3 SmCTM1 P Y + + + — + + — + + — + — Rd Citrobacter sp.

D1 SmCTM1 Y Y — + — — + + — — — — — + Rd Citrobacter sp.

D2 SmCTM2 Y Y — + — — + + — — — — — + Rd Enterobacter sp.

D3B WTRM2 Y Y — + — — + + — — — — — + Rd Enterobacter sp.

E1 WCTM1 Y Y + + + — + + — — — + — + Rd Bacillus sp.

E2 WCTM1 P Y — + + — + + — — — — + — Rd Enterobacter sp.

F1 FfNRM1 P Y — — — + — — + — — — — — Rd Citrobacter sp.

F2 SkCTM4 P Y — + — + — — + — — — + — Rd Citrobacter sp.

F3 WTRM5 Y Y — + — — — — — — — — + — Rd Escherichia sp.

G7 SmCRM5 Y Y + + + — + + + + + — + — Rd Raoultella sp.

G11 FfNRM1 Y Y + + + — + + — + + — + — Rd Proetus sp.

H2 BuCTM4 Y Y + + + — + + — — + + — + Rd Bacillus sp.

H3 FcCTM4 Y Y + + + — + + — — + + — + Rd Bacillus sp.

H14 SmCRM5 Y Y — + — — — — — — + — — — Rd Bacillus sp.

H15 WTTM5 P Y — + — — + + + + + + + + Rd Bacillus sp.

H16 WCRM6 P Y + + + + + + + + + — — + Rd Bacillus sp.

H17 WTTM5 Y Y — — — — — — — — — + — — Rd Bacillus sp.

H18 WTRM5 P Y — — — — — — + — + + + — Rd Klebsiella sp.

H19 SmCTM1 Y Y — + — — — — — — + — — — Rd Bacillus sp.

H23 WCTTM6 P Y — — — — — — + + + + + — Rd Alcaligenes sp.

H26 WCRM6 P Y + — + + + + + + + — + — Rd Bacillus sp.

I2 SKCTM4 Y Y — + — — — — — + + — — — Rd Bacillus sp.

J1 BCRM5 Y Y + — + + + + + + + — — + Cc Macrococcus sp.

J6 WTTM 5 Y Y — + — — — — — + + — — — Cc Staphylococcus sp.

J12 FFCRM6 Y Y — + — + — + — — — — + — Rd Bacillus sp.

J17 WTRM6 P Y — + — + + + + + + — + — Rd Bacillus sp.

K1 WTRM5 P Y — + — + + — + — — — + — Rd Bacillus sp.

K3 SMCTM4 Y Y + + + + — — — — + — — + Rd Bacillus sp.

L3 WCTM 4 Y Y — + — — + + — — — — — + Rd Enterobacter sp.

L10 WTTM 5 Y Y — + — — — — — + + — — — Cocci Staphylococcus sp.

L13 SMCTM1 Y Y — + — — + + — — — — — + Rd Enterobacter sp.

M7 SmCTM5 Y Y — + — — — — — — + — — — Rd Klebsiella sp.

M8 WTTM5 P Y + + + + + + + + + — — + Rd Klebsiella sp.

M9 SACRM 5 P Y — + — + + + + — — — — + Rd Bacillus sp.

M10 WTRM5 P Y + + + + + + + + + + — + Rd Escherichia sp.

Key: P: pink; Y: yellow; TSI: triple sugar iron; S: slant; B: butt; H2S: hydrogen sulfide; G: gas; SIM: sulfide indole motility; I: indole; M: motility; MIU: motility
indole urease; U: urease; C: citrate; MR: methyl red; VP: Vogues Proskauer; +: positive; −: negative.
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B, and C). Cluster A had majority, and it comprised of bac-
terial isolates, C2FCTM5, E2WCTM1, D1SmCTM1,
A11WCRM6, F2SkCTM1, and F1FfNRM1, which were
closely related to Citrobacter freundii. Bacterial isolates
B1SmCTM1 and C3SmCTM1 were closely matched with
Citrobacter braakii, while isolates B2SmTM1, M8SaCTM3,
and M7SmCTM5 were closely related to Klebsiella michiga-
nensis. Isolates M8WTTM5 and M7WTRM5 were closely
related to Klebsiella oxytoca, while bacterial isolate
G7SmCRM5 was closely related to Raoultella omithinolytica.
Bacterial isolates D2SmCTM2, D3BWTRM2, D15WTRM5,
D16WTTM5, D8WCRM6, D4SkCTM4, and L3WCTM1
were closely matched to Enterobacter cloacae also in cluster
A. Cluster B had the lowest number of isolates with bacterial
isolate C1FCTM1 closely matched to Salmonella enterica
and bacterial isolates; F3WTRM5, M10SmCTM1, and
M10SaCRM5 closely related to Escherichia coli among other
isolates (Figure 3). In cluster E, bacterial isolates
A8FtNRM1, A7FtNRM1, G11FfNRM1, K1WTRM5, and
A4WTRM5 were closely matched to Proteus mirabilis. Iso-
late H23WCTM6 was closely matched to Alcaligenes faecalis.
Isolate K6BCTM4 was closely matched to Myroides odorati-
mimus. Isolates J1BCRM5 and J17WTRM6 were closely
related to Macrococcus caseolyticus. Isolates J6WTTM5,
J6BCTM5, and L10WTTM5 were closely matched to Staph-
ylococcus xylosus. Isolate A9WCTM6 was closely matched to
Aeromonas veronii (Figure 3).

3.3. Genetic Diversity. A neighbor-joining method based on
Nei unbiased genetic distance using pairwise matrix clus-
tered bacterial strains from the different fish products into
two main clusters, cluster A and cluster B. Cluster A had
seven bacterial isolates from different fish products. Cluster
B had the least number of bacteria isolated from; burgers,
fish balls, and treated catfish clustering together (Figure 4).
Cluster analysis grouped bacterial isolates from Kirinyaga
County into two main clusters. Bacterial strains from Keru-
goya, Kianyaga market, Mwea market, and Tebere market
were grouped in cluster A which had the majority. Cluster
B had only two bacteria population from Ndia market and
Sagana market (Figure 5).

4. Discussion

In this study, 158 pure bacterial isolates were obtained from
fish and fish products from six markets in Kirinyaga County.
A majority of the isolates were obtained from raw fish,
unlike other processed fish products such as fish burgers,
hotdogs, and cakes which recorded the least number of bac-
terial isolates. Fish products have been documented to har-
bor diverse bacteria, including pathogenic bacteria and
other microorganisms [20]. The availability of pathogenic
bacterial isolates in fish and fish products may be attributed
to the environmental conditions and preservation processes
used by fish handlers that promote the survival and spread
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of these pathogenic microbes [21]. However, it has been
reported that proper fish processing methods can signifi-
cantly reduce bacterial isolates present on the fish skin and
other fish surfaces, hence reducing bacterial contamination
[22]. Previously, Basti et al. [23] and Ghaly et al. [21] dem-
onstrated that fish processing controls microbial growth
and reduces fish contamination compared with unprocessed
raw fish. In contrast, Pal et al. [24] reported the possibility of

contaminating the processed fish products when processing
and postprocessing are done in an unhygienic environment.

The bacteria isolated in this study had diverse morpho-
logical characteristics. Therefore, isolates with similar mor-
phological characteristics are clustered together.

The high number of bacterial isolates from the raw fish
compared to the processed fish could be due to contamination
of the fish habitats. A few isolates, such as K1-WTRM5 and
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L12-FCCTM6, had a unique characteristic of swarming on the
plate; hence, it is difficult to establish the colony size. Accord-
ing to Zhou et al. [25], bacteria produce extracellular sub-
stances as a defense mechanism. Based on Gram staining
reaction, majority of the bacterial isolates in this study were
Gram-negative. The finding agrees with those of Cabra et al.
[26], where the majority of the isolated bacteria from different
fish species were Gram-negative bacteria. The common genera
of bacteria from the fish were those from genera Pseudomonas,
Flavobacterium, and Achromobacter and species Escherichia
coli andVibrio sp. [27]. However, Gram-positive bacteria were
also isolated in this study. According to Al-Reza et al. [28],
Gram-positive bacteria in the genera Clostridium, Bacillus,
andMicrococcus have been isolated from different fish species.

The Bacillus sp. were the majority of the isolates in this
study. The predominance of the Bacillus species can be attrib-
uted to their ubiquitous nature and the ability to produce
endospores which allows them to survive in fish and fish pro-
cessing condition [29]. Processing of these fish poses a chance
of contamination from the processing environment mainly
from the fish processing handlers and processing materials.
The bacteria contribute to fast food spoilage because they do
not produce extracellular enzymes and toxins [1].

On the other hand, clustering of I1FcNTM1, I2SkCTM4,
and L9WTM5 isolates confirms their genetic relatedness
with Bacillus amyloliquefaciens, which is mostly isolated
from the soil [30]. In the aquaculture industries, Bacillus
amyloliquefaciens has been used in the remediation of aqua-
culture water [31]. The isolation of Bacillus amyloliquefa-
ciens from fish products indicates a possibility of
contamination. Similarly, bacterial isolates from this study
clustered with organisms, Bacillus thuringiensis [32], Bacillus
safensis, and Bacillus pumilus, confirm the diversity of iso-
lates. The isolation of Bacillus sp. poses a considerable con-
cern since these organisms have the potential of causing
infections and food poisoning.

Moreover, human pathogens were also detected in
these fish products. Klebsiella species isolated and domi-
nant in this study was Klebsiella oxytoca. These organisms
were isolated from samosas and sausages, suggesting possi-
ble fecal contamination during processing. Besides, the
fecal contamination could be associated with poor sanita-
tion observed from the sampled markets. This bacterial
species has been cited to be the most common cause of
nosocomial infections [33]. Other Enterobacter species
and strains are known to be etiological agents of human
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Figure 4: Evolutionary relationships of taxa of bacteria isolates from fish products inferred using the neighbor-joining method based on Nei
unbiased genetic distance.
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intestinal and extra intestinal infections. Previously, these
bacteria have been isolated from the tegument and gut of
reared and retailed fish [34].

The isolation of Salmonella enterica in fish products was
of health concern, and it indicates poor handling and sanita-
tion exhibited by fish handlers. Other bacterial isolates such
as F3WTRM5, M10SmCTM1, and M10SaCRM5 were
closely related to Escherichia coli. Previously, these bacterial
species have been isolated from fecal samples of humans,
animals, and avian [35]. Isolation of E. coli in this study
may indicate inadequate clean water in the markets and pos-
sible fecal contamination of fish and fish products. Also,
closely related to Proteus mirabilis was isolated in this study.
Previously, Proteus sp. has been isolated from urine and is
known to virulence factors which enhance the adhesion of
this pathogen in urinary tract thus causing the urinary tract
infections (UTIs), as demonstrated by Fusco et al. [36]. Pro-
teus mirabilis is a human pathogenic bacteria isolated from
fish by Thongkao and Sudjaroen [37]. The pathogen has also
been isolated from tilapia fish, and it could also have found
its way to the fish via poor sanitation from the fish handlers.

Aeoromonas veronii was also isolated from the study sam-
ples. According to Tang et al. [38], the bacteria is a causative
agent of bacteremia, which is a threat to human health. In addi-
tion, the bacterium has been documented as being a fish path-
ogen that causes hemorrhagic septicemia and epizootic
ulcerative syndrome in fish, hence resulting in losses to farmers.
Globally, this pathogen has been isolated from different water
bodies [39]; therefore, it is in agreement with this study that
Aeromanas veronii can be isolated from fish or fish-related
products since fish are obtained from water sources which have
been previously associated with this group of bacteria. Further-
more, isolate H23WCTM6 was closely related to Alcaligenes
faecalis.According to Zhang et al. [40], this isolate has been har-
nessed to remove nitrogenous substances from industrial and
domestic wastewater. Alcaligenes faecalis has also been implica-
ted as a fish spoilage microflora as demonstrated by Austin et al.
[41]; hence, it can be isolated in fish products. Studies have
shown that Staphylococcus xylosus is among CoNS (coagulase-
negative staphylococci) found in leafy vegetables such as lettuce,
parsley, mint, and cress. Isolate K6BCTM4 was closely related
to Myroides odoratimimus. It is among Myroides sp. predomi-
nantly isolated from different pathogen sources, including urine
and wound discharges [42]. This bacterium is an important
human pathogen that has been isolated from clinical specimens,
and its presence in fish can be attributed to contamination due
to poor handling of the fish and fish products, poor sanitation,
and personal hygiene.

The majority of bacterial isolates from different fish
products had high haplotype diversity. This depicts that
diverse bacterial strains contaminated the fish products.
Variability in genetic diversity in different fish products
could be attributed to different fish products processing
methods in Kirinyaga County [43]. The finding agrees with
a previous study by Koo et al. [44], who reported that differ-
ent beef products in South Korean retail markets had a rela-
tively high diversity index due to differences in the fish
processing methods. Other factors that contribute to the
genetic diversity of the bacteria isolates from fish products

include storage facilities, handling procedures after process-
ing, packaging, and methods of transportation [40]. Poor
handling and unavailability of storage facilities among the
fish vendors may have contributed to this high diversity.
According to Polz et al. [45], high allelic diversity may be
possible within fish products with high diversity variations.

Knowing this high diversity within bacterial isolates is vital
in formulating appropriate processing methods that can reduce
the risks associated with bacterial contamination of fish and fish
products. The limited genetic distance of bacterial isolates from
fish products obtained from markets in Kirinyaga County may
be attributed to the genetic recombination of some bacterial iso-
lates. According to Polz et al. [42], horizontal gene transfer
might contribute to low genetic differentiation of bacterial iso-
lates from a common source. There was a narrow diversity of
bacterial isolates from different markets within Kirinyaga
County. This indicates that most of the bacterial strains isolated
from fish obtained fromKirinyaga Countymarkets were closely
related and may have shared a common ancestral origin [46].
The existence of short genetic distance is also attributed to iso-
lation of bacterial strains from a narrow host range, common
geographical region, and isolation of bacteria isolates adapted
to a specific common niche. However, the low variance between
the bacterial strains can be advantageous in devising effective
processing methods.

5. Conclusion

Phylogenetic analysis from the 54 bacterial morphological
groups revealed the genetic diversity of the bacterial isolates
from the markets in Kirinyaga County, Kenya. Bacillus sp.
was the dominant group of bacteria. The bacterial isolates
H10WTRM5 and H18 SaCTM1 were unique, and they
should be subjected to complete genome sequencing to con-
firm their identity and investigate possible risks in fish prod-
ucts. Some human pathogens were also isolated, indicating
health risks posed to the fish consumers in Kirinyaga
County. Based on the level of contamination reported in this
study, there is a need for continuous surveillance of the fish
and fish products in these markets to prevent possible food-
borne disease outbreaks in the future.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

Domitila N. Kyule, John M. Maingi, Ezekiel M. Njeru, and
Anthony K. Nyamache conceptualized and designed the
research and data collection tools and participated in draft-
ing the manuscript. Domitila N. Kyule collected the data,
performed data analyses, and wrote the draft manuscript.
All authors read and approved the final manuscript.

10 International Journal of Food Science



Acknowledgments

The authors wish to express their sincere gratitude to Kenya
National Research Fund (NRF) and farmers/fish vendors
from Kirinyaga County for their support during this work.
Part of this work has been deposited in Kenyatta University
in the form of a student thesis, https://irlibrary.ku.ac.ke/
bitstream/handle/123456789/19914/Profiles%2c%
20Diversity%20and%20Antibiotic%20Response%
20Patterns%20of%20Bacterial%20Isolates%20from%20Fish.
...pdf?isAllowed=y&sequence=1. The authors are grateful to
Kenya National Research Fund (NRF) for funding this
research.

References

[1] L. Sheng and L. Wang, “The microbial safety of fish and fish
products: recent advances in understanding its significance,
contamination sources, and control strategies,” Comprehensive
Reviews in Food Science and Food Safety, vol. 20, no. 1,
pp. 738–786, 2021.

[2] S. H. Thilsted, A. Thorne-Lyman, P. Webb et al., “Sustaining
healthy diets: the role of capture fisheries and aquaculture for
improving nutrition in the post-2015 era,” Food Policy,
vol. 61, pp. 126–131, 2016.

[3] B. P. Mohanty, T. V. Sankar, S. Ganguly et al., “Micronutrient
composition of 35 food fishes from India and their significance
in human nutrition,” Biological Trace Element Research,
vol. 174, no. 2, pp. 448–458, 2016.

[4] S. Forsythe, The Microbiology of Safe food, John Wiley and
Sons, 3rd edition, 2020.

[5] Food and Agriculture Organization (FAO), “The state of world
fisheries and aquaculture 2020,” 2020, http://www.fao.org/
state-of-fisheries-aquaculture.

[6] S. Baixas-Nogueras, S. Bover-Cid, M. T. Veciana-Nogués,
A. Mariné-Font, and M. C. Vidal-Carou, “Biogenic amine
index for freshness evaluation in iced Mediterranean hake
(Merluccius merluccius),” Journal of Food Protection, vol. 68,
no. 11, pp. 2433–2438, 2005.

[7] P. Tryfinopoulou, E. Tsakalidou, and G. E. Nychas, “Charac-
terization of Pseudomonas spp. associated with spoilage of
gilt-head sea bream stored under various conditions,” Applied
and Environmental Microbiology, vol. 68, pp. 65–72, 2002.

[8] K. Böhme, I. C. Fernández-no, J. Barros-velázquez, J. M. Gal-
lardo, B. Cañas, and P. Calo-Mata, “Rapid species identifica-
tion of seafood spoilage and pathogenic Gram-positive
bacteria by MALDI-TOF mass fingerprinting,” in Electropho-
resis, vol. 32, no. 21, pp. 2951–2965, 2011.

[9] A. Pantosti, “Methicillin-resistant Staphylococcus aureus asso-
ciated with animals and its relevance to human health,” Fron-
tiers in Microbiology, vol. 3, p. 127, 2012.

[10] M. F. Elsherief, M. M. Mousa, and H. A. El-galil, “Enterobac-
teriaceae associated with farm fish and retailed ones,” Journal
of Veterinary Science, vol. 42, no. 1, pp. 99–104, 2014.

[11] O. A. Odeyemi, O. O. Alegbeleye, M. Strateva, and D. A. Stratev,
“Understanding spoilage microbial community and spoilage
mechanisms in foods of animal origin,” Comprehensive Reviews
in Food Science and Food Safety, vol. 19, no. 2, pp. 311–331, 2020.

[12] M. N. I. Lokuruka, “Food quality perspectives in African fish
products: practices, challenges and prospects,” International

Journal of Aquaculture and Fishery Sciences, vol. 6, pp. 15–
32, 2016.

[13] P. Masniyom, “Deterioration and shelf - life extension of fish
and fishery products by modified atmosphere packaging,
Songklanakarin,” Songklanakarin Journal of Science & Tech-
nology, vol. 33, pp. 181–192, 2011.

[14] D. Kombo and D. Tromp, “Proposal and thesis writing: an
introduction,” Paulines Publication Africa, vol. 5, pp. 814–
830, 2006.

[15] J. Maina, P. Ndung’u, A. Muigai, and J. Kiiru, “Antimicrobial
resistance profiles and genetic basis of resistance among non-
fastidious Gram-negative bacteria recovered from ready-to-
eat foods in Kibera informal housing in Nairobi, Kenya,”
Access Microbiology, vol. 3, no. 6, 2021.

[16] D. Claus, “A standardized gram staining procedure,” World
Journal of Microbiology and Biotechnology, vol. 8, no. 4,
pp. 451-452, 1992.

[17] K. Sharma, “Biochemical characterization of Enterobacteria-
ceae,” Man. Microbiol. Tools Tech, NewDelhi, India, 2007.

[18] V. Ramanadevi, S. Rajeshwari, and M. Thangaraj, “Molecular
characterization of some bacterial pathogens causing ulcera-
tive syndrome in ladyfish, Elops machnata in captivity,”
vol. 1, pp. 183–188, 2013.

[19] P. Y. Lee, J. Costumbrado, C.-Y. Hsu, and Y. H. Kim, “Agarose
gel electrophoresis for the separation of DNA fragments,”
Journal of Visualized Experiments, vol. e3923, no. 62, 2012.

[20] C. C. Lazado, C. M. A. Caipang, and E. G. Estante, “Prospects
of host-associated microorganisms in fish and penaeids as pro-
biotics with immunomodulatory functions,” Fish & Shellfish
Immunology, vol. 45, no. 1, pp. 2–12, 2015.

[21] A. E. Ghaly, D. Dave, S. Budge, and M. S. Brooks, “Fish
spoilage mechanisms and preservation techniques: review,”
American Journal of Applied Sciences, vol. 7, no. 7,
pp. 859–877, 2010.

[22] M. Sivertsvik, W. K. Jeksrud, and J. T. Rosnes, “A review of
modified atmosphere packaging of fish and fishery products
- significance of microbial growth, activities and safety,” Inter-
national Journal of Food Science and Technology, vol. 37, no. 2,
pp. 107–127, 2002.

[23] A. A. Basti, A. Misaghi, T. Z. Salehi, and A. Kamkar, “Bacterial
pathogens in fresh, smoked and salted Iranian fish,” Food Con-
trol, vol. 17, no. 3, pp. 183–188, 2006.

[24] M. Pal, A. Ketema, M. Anberber, S. Mulu, and Y. Dutta,
“Microbial quality of fish and fish products microbial quality
of fish and fish products,” Beverage Food World, vol. 43,
pp. 46–49, 2016.

[25] G. H. H. Zhou, X. L. L. Xu, and Y. Liu, “Preservation technol-
ogies for fresh meat – a review,” Meat Science, vol. 86, no. 1,
pp. 119–128, 2010.

[26] J. P. S. Cabral, “Water microbiology. Bacterial pathogens and
water,” International Journal of Environmental Research and
Public Health, vol. 7, no. 10, pp. 3657–3703, 2010.

[27] P. R. Dhanya and S. Mathew, “Microbial spoilage in fish,”
International Journal of Impotence Research, vol. 3, pp. 2011–
2015, 2017.

[28] S. Al-Reza, S. Karmaker, M. Hasan, S. Roy, R. Hoque, and
N. Rahman, “Effect of traditional fish processing methods
on the proximate and microbiological characteristics of Lau-
buka dadiburjori during storage at room temperature,” Jour-
nal of Fisheries and Aquatic Science, vol. 10, no. 4, pp. 232–
243, 2015.

11International Journal of Food Science

https://irlibrary.ku.ac.ke/bitstream/handle/123456789/19914/Profiles%2c%20Diversity%20and%20Antibiotic%20Response%20Patterns%20of%20Bacterial%20Isolates%20from%20Fish....pdf?isAllowed=y&sequence=1
https://irlibrary.ku.ac.ke/bitstream/handle/123456789/19914/Profiles%2c%20Diversity%20and%20Antibiotic%20Response%20Patterns%20of%20Bacterial%20Isolates%20from%20Fish....pdf?isAllowed=y&sequence=1
https://irlibrary.ku.ac.ke/bitstream/handle/123456789/19914/Profiles%2c%20Diversity%20and%20Antibiotic%20Response%20Patterns%20of%20Bacterial%20Isolates%20from%20Fish....pdf?isAllowed=y&sequence=1
https://irlibrary.ku.ac.ke/bitstream/handle/123456789/19914/Profiles%2c%20Diversity%20and%20Antibiotic%20Response%20Patterns%20of%20Bacterial%20Isolates%20from%20Fish....pdf?isAllowed=y&sequence=1
https://irlibrary.ku.ac.ke/bitstream/handle/123456789/19914/Profiles%2c%20Diversity%20and%20Antibiotic%20Response%20Patterns%20of%20Bacterial%20Isolates%20from%20Fish....pdf?isAllowed=y&sequence=1
http://www.fao.org/state-of-fisheries-aquaculture
http://www.fao.org/state-of-fisheries-aquaculture


[29] P. Setlow, “Germination of spores of Bacillus species: what we
know and do not know,” Journal of Bacteriology, vol. 196,
no. 7, pp. 1297–1305, 2014.

[30] P. Boottanun, C. Potisap, J. G. Hurdle, and R. W. Sermswan,
“Secondary metabolites from Bacillus amyloliquefaciens iso-
lated from soil can kill Burkholderia pseudomallei,” AMB
Express, vol. 7, no. 1, p. 16, 2017.

[31] F. Xie, T. Zhu, F. Zhang, K. Zhou, Y. Zhao, and Z. Li, “Using
Bacillus amyloliquefaciens for remediation of aquaculture
water,” Springerplus, vol. 2, no. 1, p. 119, 2013.

[32] S. Andrzejczak and E. Lonc, “Selective isolation of Bacillus
thuringiensis from soil by use of L-serine as minimal medium
supplement,” Polish Journal of Microbiology, vol. 57, pp. 333–
335, 2008.

[33] A. Davin-Regli and J. M. Pagès, “Enterobacter aerogenes and
Enterobacter cloacae; versatile bacterial pathogens confronting
antibiotic treatment,” Frontiers in Microbiology, vol. 6, p. 392,
2015.

[34] C. A. Boari, G. I. Pereira, C. Valeriano et al., “Bacterial ecology
of tilapia fresh fillets and some factors that can influence their
microbial quality,” Ciência e Tecnologia de Alimentos, vol. 28,
no. 4, pp. 863–867, 2008.

[35] S. A. Abdallah, “Detection and differentiation of Escherichia
coli populations from human, animal and avian feces, and dif-
ferent water sources,” Polish Journal of Environmental Studies,
vol. 14, pp. 639–646, 2005.

[36] A. Fusco, L. Coretti, V. Savio, E. Buommino, F. Lembo, and
G. Donnarumma, “Biofilm formation and immunomodula-
tory activity of Proteus mirabilis clinically isolated strains,”
International Journal of Molecular Sciences, vol. 18, no. 2,
2017.

[37] K. Thongkao and Y. Sudjaroen, “Human pathogenic bacteria
isolation from tilapia fishes (Oreochromis nniloticus), a possi-
ble reservoir for zoonotic transmission,” vol. 10, 2017.

[38] H. Tang, C. Lai, H. Lin, and C. Chao, “Clinical manifestations
of bacteremia caused by Aeromonas species in southern Tai-
wan,” PLoS One, vol. 9, no. 3, article e91642, 2014.

[39] M. A. Hassan, E. A. Noureldin, M. A. Mahmoud, and N. A.
Fita, “Molecular identification and epizootiology of Aeromo-
nas veronii infection among farmed Oreochromis niloticus in
Eastern Province, KSA,” Egyptian Journal of Aquatic Research,
vol. 43, no. 2, pp. 161–167, 2017.

[40] J. Zhang, P. Wu, B. Hao, and Z. Yu, “Heterotrophic nitrifica-
tion and aerobic denitrification by the bacterium Pseudomonas
stutzeri YZN-001,” Bioresource Technology, vol. 102, no. 21,
pp. 9866–9869, 2011.

[41] B. Austin, “The bacterial microflora of fish, revised,” Scientific
World Journal, vol. 6, pp. 931–945, 2006.

[42] A. Jacobs and H. Y. Chenia, “Biofilm-forming capacity, surface
hydrophobicity and aggregation characteristics of Myroides
odoratusi isolated from South African Oreochromis mossambi-
cusfish,” Journal of Applied Microbiology, vol. 107, no. 6,
pp. 1957–1966, 2009.

[43] C. Piras, P. Roncada, P. M. Rodrigues, L. Bonizzi, and
A. Soggiu, “Proteomics in food: quality, safety, microbes, and
allergens,” Proteomics, vol. 16, no. 5, pp. 799–815, 2016.

[44] O.-K. Koo, H.-J. Kim, C. A. Baker, S. H. Park, and S. C.
Ricke, “Microbial diversity of ground beef products in south
Korean retail market analyzed by PCR-DGGE and 454
pyrosequencing,” Food Biotechnology, vol. 30, no. 1,
pp. 63–77, 2016.

[45] C. C. Smith, L. K. Snowberg, J. Gregory Caporaso, R. Knight,
and D. I. Bolnick, “Dietary input of microbes and host genetic
variation shape among-population differences in stickleback
gut microbiota,” The ISME Journal, vol. 9, no. 11, pp. 2515–
2526, 2015.

[46] M. F. Polz, E. J. Alm, and W. P. Hanage, “Horizontal gene
transfer and the evolution of bacterial and archaeal population
structure,” Trends in Genetics, vol. 29, no. 3, pp. 170–175,
2013.

12 International Journal of Food Science


	Molecular Characterization and Diversity of Bacteria Isolated from Fish and Fish Products Retailed in Kenyan Markets
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Site and Sampling Design
	2.2. Sample Collection
	2.3. Isolation of Bacteria and Morphological Characterization
	2.4. Molecular Characterization of Bacterial Isolates
	2.4.1. DNA Extraction
	2.4.2. PCR Amplification
	2.4.3. Sequencing
	2.4.4. Data Analysis


	3. Results
	3.1. Morphological Characteristics
	3.2. Phylogenetic Analysis
	3.3. Genetic Diversity

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

