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It is well known that correct identification of recovered Aeromonas strains at the genus and species level is a complex

process.  Biochemical or phenotypic identification tests and specially those included in miniaturized and/or semi-automatic

commercial identification systems (API, Vitek, BBLCrystal, MicroScan etc) produce confusion with the Vibrio genus and an

erroneous overestimation of the species Aeromonas hydrophila. Correct identification requires the use of molecular

techniques, like the detection of the gene that encode for the GCAT (glycerophospholopid-cholesterol acyltransferase)

that can discriminate the genus or the analysis of the sequences of housekeeping genes (gyrB, rpoD, etc) to correctly

identifying the species. The latter genes are necessary because the 16S rRNA gene does not show enough resolution to

discriminate closely related species (i.e. A. salmonicida from A. bestiarum). In fact many new species were discovered

thanks to the use of gyrB and rpoD genes for identification, and the construction of a multilocus phylogenetic analysis with

the concatenated sequences of five housekeeping genes was used as a tool in their descriptions. The progress in the

techniques used to obtain bacteria genomes had an spectacular impact on the genus Aeromonas  because the genome

of the type strain of the different species are available at the GenBank. Tools developed for bacterial identification based

on the comparison of genomes like the in silico DNA-DNA hybridization (isDDH) and the Average Nucleotide Identity (ANI)

provides objective criteria to define if two genomes belong or not to the same species. This review aims to guide

microbiologists in the correct identification of the Aeromonas spp.
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1. Introduction

For the description of new prokaryotic species, the International Committee on Systematics of Prokaryotes (ICSP)

recommends a polyphasic study, which should include phenotypic and phylogenetic differentiation from existing species .

A discussion of the criteria proposed by the ICSP in relation to the genus Aeromonas is given elsewhere .

2. Phenotypic Identification

Phenotypic identification is made by physiological, morphological, and biochemical characteristics. Classic phenotypic

characteristics  that identify the genus Aeromonas are Gram-negative staining, the presence of normally positive

cytochrome oxidase, and growth in nutritive broth at 0% to grow in the presence of vibriostatic factor O/129 . Despite

that, identification to the species level using this approach is difficult due to the variable behavior of the strains. In 2010,

Beaz-Hidalgo et al.  re-identified 119 strains, isolated mainly from diseased fish that had previously been identified

phenotypically. The re-identification was carried out by molecular methods (16S rRNA-RFLP and rpoD sequences) and

the results demonstrated that only 35.5% were correctly identified at the species level.

Additionally, commercial identification systems (API 20E, Vitek, BBL Crystal, MicroScan W/A, among others) have

commonly been used in clinical laboratories, although several authors demonstrated that these systems had limitations 

. In 2010, Lamy et al.  compared the accuracy of six commercial systems for Aeromonas identification, using the rpoB
sequencing as a reference. Concordance was shown to be low between phylogenetic identification and the commercial

identifications systems, with erroneous identification at species level. The study also ratified results of previous studies

that highlighted the confusion between Aeromonas and the genus Vibrio .  To avoid this confusion a DNA probe,

base on the detection of the gene that encode the  glycerophospholopid-cholesterol acyltransferase (GCAT) specific for

Aeromonas colonies, was developed by Chacón et al. . A misidentification of a clinical strain  identified at the hospital

as  Aeromonas sp. using API 20E and API 20NE, showed to correspond to Vibrio alginolyticus after a molecular

identification.
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3. Molecular Identification

3.1. Techniques Based on the 16S rRNA Gene

The 16S rRNA gene is considered a stable molecular marker for identifying bacterial species, since its distribution is

universal and allows comparison of microorganisms . In addition, its structure presents a mosaic of variable

regions, suitable in the differentiation of closely related organisms, and their conserved regions are useful for the distant

organisms comparison and this allows for the design of “universal” primers .

In 1992, Martínez-Murcia et al.  sequenced the 16S rRNA gene for the first time using strains of the species described

up to then; the results agreed with the DNA–DNA hybridization (DDH). In the genus Aeromonas, the 16S rRNA gene has

an interspecies similarity range from 96.7–100% and the informative nucleotide positions are located mainly on region V3

.

Additionally, the presence of microheterogeneities (i.e., mutations on specific positions of the sequence of one of several

copies of the 16S rRNA gene) in combination with the high similarity of the sequences for closely related species makes

this gene not suitable for the Aeromonas spp. identification . Figure 1 shows the phylogenetic tree derived from

sequences of the 16S rRNA gene of the 36 Aeromonas species.

Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) is a powerful method

introduced to many clinical laboratories in recent years for the identification and comparison of microbial isolates .

The MALDI-TOF MS mainly detects proteins associated with the 16S rRNA gene and therefore the low resolution of this

gene for the identification of closely related species of Aeromonas also impacts the resolution of this method .

In 2014, Chen et al.  used the MALDI-TOF MS to characterize 217 clinical isolates previously identified by rpoB
sequencing and found that 100% were correctly identified at genus level, and 97% at species level. One-year later, Shin

et al.  re-identified 65 clinical strains previously identified by gyrB sequencing and showed 98.5% concordance at

genus level, and 92.3% at the species level using the MALDI-TOF MS. These results are relatively similar to those

reported by Latif-Eugenín  who identified 179 clinical strains from Spanish hospitals, with 98.3% correct identification at

genus level, and 91.1% at species level using MALDI-TOF MS. Based on those data, they suggested that MALDI-TOF

MS is a useful tool, since the identification error was <10%, while with phenotypic identification methods error can be very

high. The main limitation of the latter method is the need to update the database to include the many missing Aeromonas
species, such as A. dhakensis or the new species (A. intestinalis, A. crassostreae, A. enterica, and A. aquatilis). A recent

study that used MALDI-TOF MS for the characterization of Aeromonas strains isolated from fish  demonstrated that the

number of correct identifications increased after the addition of 14 new spectra in the MALDI-TOF Biotyper database.

3.2. Housekeeping Genes

Housekeeping genes (HKG) encode proteins with essential functions for the survival of bacteria. They were introduced for

the description of new species using an MLPA because the resolution is higher than the 16S rRNA gene . For

taxonomic analysis, the ideal HKG should have the following characteristics: (1) they should not be influenced by

horizontal gene transfer; (2) they should be present in all bacteria; (3) they should be single genes in the genome of the

bacteria; (4) and finally they should present at least two conserved regions for the design of primers .

The first HKG studied of Aeromonas was the gyrB gene that encodes the subunit B of DNA gyrase . Another HKG that

shows a similar phylogeny to gyrB is the rpoD gene that encodes sigma factor S70 (that confers promoter-specific

transcription initiation for the RNA polymerase) . These genes were used to recognize and describe many species in

recent years . The phylogenetic tree derived from sequences of gyrB and rpoD
genes of 22 highly similar Aeromonas species based on the 16S rRNA gene is presented in Figure 1. Many studies have

described other HKG: rpoB, recA, dnaJ, cpn60, mdh, gyrA, dnaX, atpD, groL, gltA, metG, ppsA, dnaK, radA, tsF, and

zipA . However, the phylogeny based on the sequence of only one HKG is sometimes not

conclusive and a higher resolution is obtained using the concatenated sequences of several HKG . In 2011,

Martínez-Murcia et al.  described the first MLPA of the genus Aeromonas using the concatenated sequences of seven

genes (rpoD, gyrB, gyrA, atpD, recD, dnaJ, and dnaX).
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Figure 1. (A) Phylogenetic tree based on the sequences of the 16S rRNA gene (1498 bp) among 36 species of

Aeromonas. (B) Phylogenetic tree based on the concatenated sequences of rpoD and gyrB genes (1098) among the most

similar species based on the 16S rRNA gene. The number in the nodes indicates the bootstrap values substitutions

estimated by site. (C) Results (%) for the ANI (average nucleotide identity) and isDDH (in silico DNA–DNA hybridization)

obtained between the genomes of the most similar species; notice that ANI and isDDH values are ≤96% and ≤70% in all

cases, respectively which are the cut-off values established for delimiting Aeromonas spp.

3.3. Genotyping Methods

Different molecular methods have been employed to trace whether two isolates of Aeromonas belong, or not, to the same

clone and therefore share an epidemiological relationship . These methods are the enterobacterial repetitive

intergenic consensus-PCR (ERIC-PCR), the randomly amplified polymorphic DNA-PCR (RAPD-PCR), the amplified

fragment length polymorphism (AFLP), the pulsed-field gel electrophoresis (PFGE), and the multilocus sequence typing

(MLST) .

The ERIC-PCR is one of the most popular methods for genotyping Aeromonas because it is easy to carry out, does not

require any expensive equipment, and is highly reproducible . Consequently, it has been used in several

epidemiological studies . In a recent study, one strain of A. caviae isolated from a sample of lettuce showed

the same ERIC genotype pattern as a strain recovered from a sample of irrigation water . In addition, the same

genotype of A. sanarellii was recovered in samples of parsley and tomato that were irrigated with the same reclaimed

water, confirming the potential health risk to humans .

The MLST is based on the analysis of the sequences of several genes, normally seven, to recognize allele sequences .

This technique show to be highly discriminatory and reproducible compared with other techniques, and there is also a

database to help investigators compare their results. The Bacterial Isolate Genome Sequence Database (BIGSdb) is the

platform that currently manages the MLST database  and can be found within the PubMLST public databases. The

MLST scheme is freely available and was created for Aeromonas in 2010 based on the data obtained by Martino et al. 

using six genes (gyrB, groL, gltA, metG, ppsA, and recA). The major problem of the latter technique is the need for perfect

sequences of seven housekeeping genes (450–500 bp each gene) with no ambiguities, and result comparison might be

limited by the number of strains and origins available in the database, which in its last update (22 October 2019) had 751

strains, and 2817 sequences that corresponded to 652 MLST profiles (available online:

https://pubmlst.org/Aeromonas/submission.shtml consulted on 22 October 2019).

3.4. Genomics

As of 2 September 2019, 410 Aeromonas genomes were made publicly available in the GenBank database, of which 63

are complete (available online: https://www.ncbi.nlm.nih.gov/genome/?term=Aeromonas). The size of Aeromonas
genomes varies between 3.90 Mbp (A. fluvialis) and 5.18 Mbp (A. piscicola) with an average size of 4.51 Mbp .

Furthermore, the percentage of G + C was 60.2%, varying between 58.1% (A. australiensis) and 62.8% (A. taiwanensis).

Advances in methods of obtaining complete genomes have increased the number of available genomes in recent years.

In fact, only six Aeromonas genomes were available in 2012  and just two years later, that increased to

56 genomes representing 29 recognized or proposed species of the genus Aeromonas . In 2015, using MLPA and

pairwise comparison using the average nucleotide identity (ANI), Beaz-Hidalgo et al.  re-identified 44 genomes that
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were deposited in GenBank, demonstrating that 14 were wrongly labeled by using the MLPA and pairwise comparison

using the ANI. The data obtained in that study showed the importance of verifying the taxonomic position of a genome,

using the mentioned tools (MLPA and ANI) before submission to the NCBI or other databases. These misidentifications

might also be determined using another tool based on genome comparison (i.e., in silico DNA–DNA hybridization

(isDDH)) .

The experimental DDH is commonly used for species delineation . However, this technique produces errors and takes

up a lot of time. The isDDH described by Kolthoff et al. , using the genome-to-genome distance calculator (GGDC)

developed by DSMZ (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH,

Braunschweig, Germany) showed to be an excellent tool for determining the genetic similarity between two bacteria

genomes. The results ≥70% indicates that these two strains belong to the same species (Figure 1). Moreover, in 2009,

Richter and Rosselló-Mora  defined the ANI as the percentage of identity that can be found in the nucleotide

sequences of orthologous genes common in the two genomes (Figure 1). Based on different studies  the cut-off

value was established at 95–96% and the results agreed with isDDH. There are several tools to calculate ANI values:

JSpecies, ANI calculator, OrthoANI, and OrthoANI-usearch tool. The cut-off for Aeromonas was established in 2014 by

Colston et al. . In the study, 56 Aeromonas genomes were analyzed, suggesting that values ≥96% indicate that the two

strains belong to different species. Figueras et al.  indicated that the ANI and the MLPA are excellent tools for verifying

the identity of genomes before they are deposited in GenBank, which would prevent them from being mislabeled. In fact,

Beaz-Hidalgo et al.  used these tools for re-identifying the genomes deposited in the NCBI, and found that 35.9% of the

genomes of non-type strains of Aeromonas spp. were incorrectly labeled. Recently, different studies used the genomic

indices to increase the correct identification of ambiguous Aeromonas strains, supporting the notion that these methods

are essential in taxonomy .
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