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We compared several identification methods for Aeromonas genus members,
including traditional biochemical testing, multiplex-PCR amplification, mass spectrometry
identification, whole-genome sequencing, multilocus phylogenetic analysis (MLPA), and
rooD, gyrA, and rpoD-gyrA gene sequencing. Isolates (n = 62) belonging to the
Aeromonas genus, which were came from the bacterial bank in the laboratory, were
used to assess the identification accuracy of the different methods. Whole-genome
sequencing showed that the Aeromonas spp. isolates comprised A. caviae (n = 21),
A. veronii (n = 18), A. dhakensis (n = 8), A. hydrophila (n = 7), A. jandaei (n = 5), A.
enteropelogenes (n = 2), and A. media (n = 1). Using the whole-genome sequencing
results as the standard, the consistency of the other methods was compared with
them. The results were 46.77% (29/62) for biochemical identification, 83.87% (52/62)
for mass spectrometric identification, 67.74% (42/62) for multiplex-PCR, 100% (62/62)
for MLPA typing, 72.58% for gyrA, and 59.68% for rpoD and gyrA-rpoD. MLPA was
the most consistent, followed by mass spectrometry. Therefore, in the public health
laboratory, both MLPA and whole-genome sequencing methods can be used to identify
various Aeromonas species. However, rapid and relatively accurate mass spectrometry
is recommended for clinical lab.

Keywords: Aeromonas, whole-genome sequencing, mass spectrometry, multilocus phylogenetic analysis (MLPA),
traditional biochemical testing, multiplex-PCR

INTRODUCTION

Aeromonas, a Gram-negative, opportunistic pathogen bacterium, is prevalent in animals and
the environment (Nolla-Salas et al., 2017). Aeromonas is often isolated from marine or aquatic
organisms, and as an important fish pathogen, it causes septicemia and death in severe cases
(Hossain etal., 2020). In 1963, Aeromonas was isolated from the blood of a girl with leukemia, which
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suggested its clinical significance (Bulger and Sherris, 1966).
With increasing numbers of clinical cases of Aeromonas-related
cases, this species is now considered to be a new gastrointestinal
disease-causing pathogen in humans and other animals, and
infections with it can become serious (Janda and Abbott, 2010).
Diarrhea and food poisoning caused by Aeromonas have drawn
increasing attention as foodborne illnesses (Pablos et al., 2010;
Jamal et al., 2014). Aeromonas was previously classified as Vibrio,
but phylogenetic studies have shown that it belongs to the
Aeromonas genus. There are at least 18 Aeromonas species
(Figueras et al., 2011), including A. hydrophila, A. salmonicida,
A. bestiarum, A. sobria, A. trota, A. caviae, A. popoffii, A. media,
A. encheleia, A. veronii, A. aquariorum, A. eucrenophila, A.
molluscorum, A. schubertii, A. simiae, A. jandaei, A. tecta, and A.
bivalvium. Three A. hydrophila subspecies exist among them. In
2010, four new species, A. diversa (Mifiana-Galbis et al., 2010), A.
rivuli (Figueras et al., 2011), A. taiwanensis (Alperi et al., 2010),
and A. sanarellii (Alperi et al., 2010), were proposed. Altogether,
32 Aeromonas species have been identified to date (Martinez-
Murcia et al., 2011), among which A. caviae, A. hydrophila, and
A. veronii are closely associated with the clinical symptoms of
diarrhea (Janda and Duffey, 1988; Parker and Shaw, 2011; Li
etal., 2015). However, the specific Aeromonas types are relatively
complex, and there is currently a lack of comprehensive and
effective identification methods for them.

Traditional biochemical identification is a simple and
low-cost method for preliminarily identifying Aeromonas
members. However, identifying Aeromonas complex or new
species requires supplementary experiments to be performed,
so it is currently not possible to confidently distinguish
Aeromonas species (Borrell et al., 1998; Martinez-Murcia et al,,
2005; Janda and Abbott, 2010). Compared with traditional
biochemical identification, mass spectrometry with its fast
speed, simplicity, and high accuracy, is increasingly used to
identify microorganisms (Bizzini et al., 2010; Benagli et al,
2012). With the development of biotechnology, multiplex-
PCR is also commonly used for Aeromonas identification
(Del Cerro et al.,, 2002; LaFrentz et al., 2019). Whole-genome
sequencing technology has been widely used in various fields
to accurately identify bacterial species by comparing the
whole-genome sequences it generates; thus, this technique has
become the reference method for bacterial species identification
(Jamal et al, 2014; Hughes et al, 2016; Bartkova et al.,
2017). MLPA typing is used to identify the characteristics
of microbial isolates. This method assesses the degree of
bacterial variation in a sample according to the differences
existing among house-keeping gene sequences (Maiden et al.,
1998; Martinez-Murcia et al., 2016). MLPA provides a strong
species description framework for reliable, simple, and rapid
identification of Aeromonas species (Navarro and inez-Murcia,
2018).

In this study, we compared the consistency of various
techniques (i.e., biochemical detection, mass spectrometry
identification, multiplex-PCR, MLPA, and rpoD, gyrA, rpoD-
gyrA house-keeping gene amplification) with that of whole-
genome sequencing at identifying Aeromonas species. The
aim is to provide suggestion to choose the different method

for the identification of Aeromonas according to different
laboratory conditions.

MATERIALS AND METHODS

Samples of Aeromonas spp.

Isolates belonging to the Aeromonas genus were came from the
bacterial bank in the laboratory. Each sample was individually
placed into alkaline peptone water broth (Beijing Land Bridge
Co., Ltd., China) for 18-24 h at 37°C, and the mixture was
inoculated onto an RS selective medium plate (Thermo Fisher
Scientific, Massachusetts, USA) for 18-24 h at 37°C. Suspicious
colonies on the RS Medium were selected and inoculated onto LB
medium. Single colonies were selected and cultured for 18-24 h
at 37°C (Soltan Dallal et al., 2016). The SYBR green fluorescence-
based PCR method was used to rapidly screen for the presence of
Aeromonas (Du et al., 2020).

Biochemical Identification

Pure Aeromonas single colonies that developed within 18-24h
were picked using sterile absorbent cotton sticks dipped in
a solution containing sterile 0.45% NaCl and with uniform
grinding each was adjusted to 0.5 McNamara turbidity
using the VITEK II (BioMerieux, Lyon, France) automatic
biochemical identification card for Gram-negative bacteria on
the identification apparatus. The quality control strain was
E. coli (ATCC700323). The results were read according to the
manufacturer’s instructions.

Multiplex PCR for Aeromonas ldentification
Multiplex PCR was conducted in 50 pl volumes, with each
reaction containing 25 pl of 2xTaq PCR MasterMix (TaKaRa,
Dalian, China), 10 . mol/L of upstream and downstream primers
(Sangon, Shanghai, China), 2 il of DNA template, with ddH,O
used to make up the total volume (Persson et al., 2015).

Mass Spectrometric Identification of

Aeromonas

The matrix-assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-TOF MS) system used to type the
62 pure Aeromonas colonies was based on protein “fingerprints”
(Laukova et al., 2018), and was performed using a Microflex
MALDI-TOF MS mass spectrometer (Antobio, China). To this
end, every single colony was mixed with matrix solution and
completely dried, and the MALDI-TOF MS instructions were
followed for testing. Results were evaluated using the Autof
ms1000 (Antobio, China) identification database. The results
were exported for local preservation and statistical analysis. An
appraisal credibility score of > 95% was considered to be reliable
in this study (Jamal et al., 2014).

Genome-Wide Phylogenetic Analysis

The Wizard Genomic DNA Purification Kit (Promega, Madison,
USA) was used to extract genomic DNA from the cultured
strains. The Tllumina HiSeq-"™?2000 sequencing platform was
used to conduct PE-150 double-terminal sequencing, and the size
of the inserted fragments was 350 bp.
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The published Aeromonas genome assembly sequence (32
Aeromonas species in total) was downloaded from the GenBank
database (until July 25, 2019). Altogether, 364 Aeromonas
genome sequences were included in the analysis. First, the
364 individually downloaded Aeromonas sequences were
used to construct evolutionary trees, and some species were
found to be on the same branch (Supplementary Figure 1).
The A. hydrophila ATCC 7966 genome sequence (Accession:
GCA_000014805-1) was used as the reference. Next, the
sequences from our 62 strains and the 364 whole-genome
sequences from GenBank were compared with the reference
sequence, and the core genome and single-nucleotide
polymorphism (SNP) mutation sites were identified using
Mummer v3.23 software. Sites in the repeat region that were
identified by Blastn v2.2.28 were removed. Based on the
identified 103,037 SNPs, Fasttree v2.1.7 software was used to
construct a maximum-likelihood tree, which was visualized
using Figtree v1.4.3 software and the iTol website.

In this study, the average nucleotide identity (ANI) method
was used to assess the sequence similarities among the 62
Aeromonas strains that we sequenced and the 364 whole-genome
sequences from GenBank. Gegenees v.2.2.1 was then used to
draw a heat map from this data, from which the consistency
between the two methods was compared.

MLPA Identification of Aeromonas

Blastn comparison software was used to identify the genomic
location information for gyrB, recA, dna], gyrA, dnaX, atpD,
and rpoD house-keeping genes in the 426 strains, and the
corresponding gene sequences from each strain were extracted
using a perl script. We used mafft v7.123b software to
perform a multi-sequence comparison on the sequences of the
aforementioned seven housekeeping genes and the gyrA gene,
rpoD gene, and rpoD-gyrA (Martinez-Murcia et al., 2011). The
maximum-likelihood tree constructed by Fasttree v2.1.7 was
visualized in Figtree (v1.4.3) software and the iTol website.

Statistical Analysis

We used the Kappa index to analyze the consistency of two
qualitative observations from the same subjects (Murphy-Zane
and Pyle, 2018). The Kappa index does not only test the
consistency of the two results, but also provides a measurement
of the degree of consistency. The value range for the Kappa
index is 0-1. It is generally believed that a Kappa value <0.4
shows a poorly consistent result, a value of 0.4 < Kappa <
0.75 shows good consistency, and a Kappa value of >0.75 has
the best consistency. Statistical significance was defined as P <
0.05. The Kappa index was used to compare the consistency of
the Aeromonas identification methods with that of the whole-
genome sequencing results.

RESULTS

Identification of Aeromonas

In this study, the 62 isolates were assessed using the SYBR green
fluorescence PCR method, the results of which confirmed that the
62 strains we isolated were Aeromonas spp.

Species ldentification by Whole-Genome

Sequencing

A core genomic SNP tree was constructed on the 364 whole
genomes we downloaded from GenBank, along with the genome
sequences obtained in this study. According to the cluster
generated by MLtree, the species of the 62 isolates from
this study were defined as being on the same branch, in
accordance with the known species of the 364 strains from
GenBank. Finally, seven species in the Aeromonas genus were
identified as A. caviae, A. veronii, A. dhakensis, A. hydrophila, A.
jandaei, A. enteropelogenes, and A. media (Figure 1). The ANI
method showed intraspecies nucleotide similarity rates of >97%
(different strains within the same species) (Janda and Abbott,
2010). These results (Figure 2) are consistent with those of the
SNP phylogenetic tree.

Biochemical Identification

Compared with the whole-genome sequencing results, the overall
accuracy was 46.77% (29/62) (Table 1). The Kappa index value,
which at 0.378 is <0.4, showed poor consistency (Table 2). The
best biochemical identification accuracy was for A. hydrophila
and A. caviae (100% accuracy), with the worst accuracy being
0% for A. dhakensis. Moreover, A. dhakensis was identified as A.
caviae 25% (2/8) or A. hydrophila 75% (6/8). The biochemical
identification readily but mistakenly identified A. jandaei, A.
veronii, and A. enteropelogenes as A. sobria. Three strains of
A. veronii were identified as A. hydrophila, and one was not
identifiable (Supplementary Table 1).

Multiplex-PCR

Compared with the whole-genome sequencing results, the
multiplex-PCR accuracy was 67.74% (42/62) (Table 1). At 0.597,
the Kappa index is <0.75 but shows good consistency (Table 2).
Among them, the identification of A. media and A. hydrophila
was 100% accurate. Both A. enteropelogenes and A. jandaei were
identified as A. veronii by multiplex PCR, but A. dhakensis was
not identified by this method (Supplementary Table 1).

Mass Spectrometry

Taking the whole-genome sequencing results as the reference
standard, the accuracy of mass spectrometry testing was 83.87%
(52/62) (Table 1), and 45 strains scored above 95. At 0.73, the
Kappa index is <0.75 but shows good consistency (Table 2).
The accuracy of A. veronii identification was 100% (18/18,
Supplementary Table 1). Mass spectrometry typed A. caviae
as A. hydrophila, and could not identify A. dhakensis at all
(Supplementary Table 1).

rpoD, gyrA, and rpoD-gyrA Sequence
Typing

In this study, the results from rpoD and rpoD-gyrA identification
were consistent. Compared with the whole-genome sequencing
results, the accuracy of rpoD and gyrA gene identification was
59.7% (37/62) and 72.6% (45/62), respectively (Table 1), and
the Kappa index values were 0.469 and 0.689, respectively,
which although below 0.75, had good consistency (Table 2). The
consistency rate for the gyrA gene method was 100% (5/5) for
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Genbank.

FIGURE 1 | Maximum-likelihood tree based on genome-wide SNPs constructed for the 62 strains sequenced in this study versus 364 strains downloaded from

the identification of A. jandaei (Table 1). Both rpoD-gyrA and
rpoD showed 100% consistency at identifying A. enteropelogenes
(Table 1), but neither gene distinguished A. jandaei from A.
caviae (Supplementary Table 1).

MLPA Typing

As shown in Table 1, based on the MLPA phylogenetic analysis of
the seven house-keeping genes, seven species in the Aeromonas
genus were identified. The results of the MLPA typing were

100% consistent with the genome-wide identification results. The
Kappa index showed this method to have the best consistency of
all the tested methods (Table 2).

DISCUSSION

Heterogeneity in the phenotypes and genotypes of Aeromonas
makes species identification in this genus very complicated
(Janda and Abbott, 2010). The emergence of various
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the percentage similarity between the analyzed genomes. The colors vary from blue (low similarity) to red (high similarity).

FIGURE 2 | Phylogenomic analysis of the Aeromonas spp. examined in this study. The values generated by the Gegenees software shown in the heat map indicate

TABLE 1 | Comparison of the identification accuracy of different methods for Aeromonas species.

WGS result Number MLPA(%) MS(%) VITEK(%) Multiplex-PCR(%) rpoD(%) gyrA(%) gyrA and rpoD(%)
A.dhakensis 8 8(100) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
A.enteropelogenes 2 2(100) 2(100) 0(0) 0(0) 2(100) 2(100) 2(100)
A.Jandaei 5 5(100) 3(60) 0(0) 0(0) 2(40) 5(100) 2(40)
A.hydrophila 7 7(100) 7(100) 7(100) 7(100) 6(85.7) 5(71.4) 6(85.7)
A.caviae 21 21(100) 18(85.7) 21(100) 19(90.5) 14(66.7) 18(85.7) 14(66.7)
A.veronii 18 18(100) 18(100) 2(11.1) 16(88.9) 9(50) 17(94.4) 9(50)
A.media 1 1(100) 1(100) 0(0) 1(100) 1(100) 1(100) 1(100)

No. of isolates identified (%) - 62(100) 52(83.9) 29(46.8) 42(67.7) 37(59.7) 45(72.6) 37(59.7)
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TABLE 2 | Kappa values of the various methods vs. the whole-genome
sequencing results.

MLPA MS gyrA Multi-PCR rpoD gyrA-rpoD VITEK

0.73 0.689
Good Good

0.597
Good

0.469
Good

0.469 0.378
Good Poor

Kappa 1
Consistency  Best

identification methods has helped with the identification
process. Nevertheless, factors relating to the identification
method itself and interference from various factors in the
identification process have created discrepancies in accuracy
among the various methods. In this study, the consistency rates
among the multiple methods we used for identifying Aeromonas
species were compared with the results from genome-wide
identification, and the advantages and disadvantages of these
methods in their ability to accurately identify Aeromonas species
were evaluated.

The results of the evolutionary tree prepared from the whole-
genome sequences showed that our 62 Aeromonas isolates fell
into seven species: A. caviae 33.9% (21/62), A. veronii 29.0%
(18/62), A. hydrophila 12.9% (8/62), A. dhakensis 11.3% (7/62),
A. jandaei 8.1% (5/62), A. enteropelogenes 3.2% (2/62), and
A. media 1.6% (1/62). Previous studies have shown MLPA
typing to be consistent with the results from whole-genome
sequencing (Martinez-Murcia et al., 2011). In the present study,
MLPA typing showed the highest degree of consistency with
the whole-genome sequencing results when compared with the
other methods. rpoD and gyrA genes were used separately to
type Aeromonas, and the result for gyrA was more consistent
with the whole-genome sequencing results than that of rpoD
(Table 1). Li et al. (Xinyue et al, 2016) speculated that this
type of result may be related to the fact that rpoD is not
good at distinguishing A. allosaccharophila from A. jandaei.
Our study found that the results from rpoD-gyrA accorded with
those from rpoD alone. Furthermore, the results from gyrA,
rpoD, and rpoD-gyrA showed that they could not distinguish
A. caviae from A. veronii, a result consistent with that from
Persson et al. (2015) and Beaz-Hidalgo et al. (2010), but the
identification of A. enteropelogenes was 100% (2/2). Although
rpoD could not distinguish A. allosaccharophila from A. jandaei,
rpoD had a higher consistency rate than gyrA at identifying A.
hydrophila. With A. caviae, the biochemical identification showed
100% agreement with that for the whole genome. Except for A.
hydrophila and A. caviae, where the accuracy of the biochemical
identification was 100% for both, all other Aeromonas species
were 0%, a finding consistent with the conclusion of Zhou
(Yanyan et al., 2019).

Mass spectrometry identification is based on the unique map
of protein peaks available in a commercial database (Benagli et al.,
2012). The consistency between mass spectrometry identification
and that of whole-genome sequencing was 83.9%, a result that
may be related to the updated commercial database. Because
A. dhakensis is a newly identified species, the database was not
updated at the time we conducted this study, which led to a
failure of identification. Despite multiplex PCR failing to amplify

all of the target genes, its concordance rate with the whole-
genome sequencing results was between that of biochemical
identification and mass spectrometric identification. Multiplex-
PCR technology misidentified A. enteropelogenes and A. jandaei
as A. veronii. It has been reported that biochemical identification,
mass spectrometry, and multiplex-PCR methods can accurately
identify A. hydrophila (Bulger and Sherris, 1966; Wang et al.,
2008; Elbehiry et al, 2019). In our study, the identification
accuracy of A. hydrophila by the biochemical identification and
multiplex-PCR methods was also 100%. The mass spectrometry
identification method readily misidentified A. caviae as A.
hydrophila (error rate, 14.3%), a finding consistent with the
conclusion from a published study (Yanyan et al., 2019).

The whole-genome sequencing method used herein redefined
A. dhakensis (obtained from human wounds), which was
previously wrongly classified as A. hydrophila (Sinclair et al.,
2016). When the virulence of A. hydrophila was compared
with that of A. dhakensis, it was found that A. dhakensis
was more virulent than A. hydrophila (Chen et al, 2013).
Use of whole-genome sequencing technology should counteract
species identification errors over time, thereby helping to make
clinical diagnosis more accurate. Except for MLPA typing,
the other identification methods misidentified A. dhakensis
as A. hydrophila or A. aquariorum when compared with
the whole-genome sequencing results, probably because A.
dhakensis was originally considered a closely related subtype
of A. hydrophila (Figueras et al., 2011). Furthermore, in one
study, the identification rate for A. dhakensis based on its
unique protein peak was 96.7% (Chen et al., 2014). In the
present study, the mass spectrometer could not distinguish A.
dhakensis from A. hydrophila, suggesting that the optimization
of the protein peak diagram in the commercial database is
conducive to the identification of Aeromonas species by mass
spectrometry. A domestic study showed that the accuracy
rate for mass spectrometry for A. enteropelogenes was 100
and 96.7% for A. media (Yanyan et al, 2019). In the
present study, all the identification methods were able to
identify A. media 100% (1/1), except for the biochemical
identification method (Table 1). However, this result will need
further confirmation because of the small sample size in
this study.

When compared with the whole-genome sequencing results,
the accuracy of MLPA typing was the highest of all the tested
methods, attaining 100% for all 62 of the isolates. Previous studies
have shown that the MLPA method achieves results that are
consistent with those from whole-genome sequencing, and that
the MLPA method can be widely used to screen and species
identify isolated bacteria (Navarro and inez-Murcia, 2018). The
consistency rate between mass spectrometry identification and
whole-genome sequencing identification was 83.87%, somewhat
lower than MLPA typing. We also found that the traditional
biochemical identification method for A. hydrophila and A.
caviae is better than that of mass spectrometry. Because of the
difficulty in identifying other Aeromonas species, we suggest
that biochemical identification is used for identifying Aeromonas
genus members. While multiplex-PCR technology has some
ability to identify common Aeromonas species such as A. caviae
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and A. veronii, the rpoD or gyrA method can be used for
uncommon species such as A. enteropelogenes, A. jandaei, and
A. media. That one previous study has also reported on a poor
consistency of identification from multiple methods (@rmen
et al.,, 2005) indicates that a variety of identification methods
should be combined for Aeromonas species identification. Due
to the limitation of sample size in this study, a larger sample size
is needed for confirmation.

With differences in accuracy between various methods clearly
existing, the whole-genome sequencing method provides a
unified standard with which to compare the various methods.
Currently, biochemical identification is mainly used in clinical
practice to identify isolated bacteria, but it is a time-consuming
and laborious method, and the identification results are not
accurate enough, which leads to diagnostic misjudgment (Jamal
et al,, 2014). If the commercial database of mass spectrometry is
updated on time, the consistency with whole-genome sequencing
results will be improved. Whats more, the cost of mass
spectrometric identification is reasonable and its operation
straightforward, it can be used in the clinical lab to preliminarily
identify Aeromonas members. As sequencing technology became
more and more convenient in the public health labortory, both
MLPA and whole-genome sequencing methods can be used
to identify various Aeromonas species. Therefore, choosing an
appropriate method for identifying Aeromonas species needs to
be situation specific.
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