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Abstract Efficiency in the identification of bacterial
isolates is of paramount importance in clinical
microbiology for the correct diagnosis of infections
and their subsequent treatment. It is also highly
required in environmental microbiology to identify
new isolates and the knowledge of the biodiversity of
an environment. This raises the need for the
development of identification methodologies, which
make this practice accessible, safe, and at lower
costs, with the emergence, in this sense, of the use of
hyperspectral imaging technologies (HSI). In this
study, we investigated the potential of HSI in
differentiating different bacterial genera. For this,
bacterial isolates obtained from water samples were
previously sequenced and identified based on the 16S
rRNA gene and then grown in Petri dishes containing
culture medium. The HSI of each isolate was
acquired using an short infrared wave imaging
system (SWIR) at the SisuCHEMA workstation.
Principal component analyzes showed a clear
differentiation between genera and bacterial species.
To transform these differentiation assays into an
applicable identification methodology, it is necessary
to build robust databases capable of covering the
wide range of bacterial diversity. The primary results
demonstrate that HSI is an objective tool and widely
capable of promoting improvements in the
identification of bacteria.
Keywords — Microbiology; SisuCHEMA; SWIR;
biotechnology.
I. INTRODUCTION
Infectious diseases are the major causes of death
reported worldwide; for this reason, the development
of rapid and accurate diagnostic methods is an urgent
need [1]. The initial step for the execution of a
definitive and correct antimicrobial chemotherapy is
the microbiological diagnosis that determines the
pathogen involved in the infection and the resistance
profile observed in it [2,3].
In addition to the unquestionable relevance of
identifying clinical isolates, the identification of
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bacteria of environmental origin is equally important,
since it makes it possible to define new isolates,
detect contaminants, analyze the quality of different
environments and even knowledge of bacterial
biodiversity in different niches; enabling the
expansion of bioprospecting studies and consequent
biotechnological applications [4].
The methods currently used for bacterial
identification are based on culture. Although they are
recognized as the gold standard, they have important
deficiencies, such as the high demand for execution
time and difficult work, Therefore, they are not
suitable for the detection of the pathogen in time
skillful [5]. In addition, manual screening for
bacterial identification is susceptible to human errors,
since genetically similar microorganisms can present
important phenotypic differences [6]. The long
incubation time required for bacterial culture
prevents rapid and appropriate therapeutic decision
making, thus contributing to the spread of infectious
diseases and encouraging the misuse of antibiotics,
culminating in the development of resistance [1].
Recent advances in DNA sequencing technologies
allow the use of genomic sequences to accurately
classify and identify members of Bacteria and
Archaea [7]. The main molecular marker for bacterial
classification/identification is the 16S rRNA gene.
This 1500 base pair gene encodes the DNA that
transcribes the catalytic RNA, which is part of the
ribosomal 30S subunit. The use of the 16S rRNA
sequence is a highly acceptable medium for bacterial
identification. However, these molecular methods
still have high costs and are only carried out using
their equipment [2].
In view of this reality, the hyperspectral image
(Hyperspectral Imaging - HSI), has been used as a
new approach for the detection and identification of
microorganisms present in different environments.
The possibility of using HSI in the detection of
genera and microbial species occurs through spectral
and spatial assays, from a combination of
spectroscopy and conventional images, based on the
observed biochemical standards. This same tool has
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been used successfully to analyze the microbiological
quality of raw materials and products in the
agricultural, food, and pharmaceutical industries [810].
The images obtained using a camera for the
acquisition of HIS are collected according to the
wavelength, resulting in a hypercube composed of a
pile of formed images. At any wavelength, the image
is formed by several pixels, and each pixel represents
a spectrum containing specific chemical information.
From the analysis of wavelengths, chemical
differences between samples can be observed. To
reduce the high dimensionality of the generated data
and display differences in composition in an image,
multivariate analysis tools such as Principal
Component Analysis (PCA) are used [9].
The objective of this study was to investigate the
potential of HSI generated in short infrared waves
(Short Wave Infrared - SWIR) in the differentiation
of various bacterial species.
II. MATERIALS AND METHODS
A. Bacterial samples
Bacterial isolates obtained in drinking water
belonging to the genera Acinetobacter, Klebsiella,
Pseudomonas, and Serratia were classified according
to their biochemical characteristics, based on their
generated HSI. These isolates were previously
identified by sequencing the 16S rRNA gene, and the
sequences were deposited in the GeneBank NCBI.
B. Sample preparation
After culturing for 24 hours on Nutrient Agar, all
bacterial strains were resuspended in sterile saline
(0.85% NaCl), standardized with turbidity compatible
with the Mac Farland 0.5 scale (1x106 CFU / mL). A
swab was moistened in this bacterial suspension, and
it was sown on a Nutrient Agar plate by scanning
technique. Two plates are being prepared for each
bacterial strain described here. All the bacterial
plaques were incubated in a bacteriological incubator
for 24 hours at 30 ºC. After that, the images of the
plates containing the cultures were acquired in their
equipment.
C. Image acquisition and spectral extraction
HSI was obtained using a sisuCHEMA
workstation (Specim, Spectral Imaging Ltd., Oulu,
Finland), using a camera capable of capturing short
wave infrared images (Short Wave Infrared - SWIR),
using the Evince software 2.32.0. In addition to the
images obtained in SWIR, the sisuCHEMA platform
is also capable of capturing high-resolution images,
which provide detailed information about the
sample's chemical components.
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D. SWIR image analysis
The principal component analysis (Principal
Component Analysis - PCA) was applied with a
centralized average over the entire image. The PCA
can reduce the high dimensionality of data,
decomposing interrelated variables into a new set of
coordinates (PCs). In this study, wavelengths <1004,
at the beginning of the spectrum, did not contain
differentiating chemical information and were
excluded from the data set, resulting in better
classification of pixels.
E. Construction of phylogenetic tree
The phylogenetic tree for evaluating the
evolutionary proximity relationship between species
of the genus Acinetobacter was built using the
software MEGA X 10.1. The distance matrix and the
construction method were calculated by the
algorithms: Jukes-Cantor and Neighbor-Joining, with
a 500 repetition bootstrap.
III. RESULTS AND DISCUSSION
Acinetobacter spp., Klebsiella spp., Pseudomonas
spp. And Serratia spp. were randomly selected for
the classification analysis at the gender level (Fig 1).
The PCA analysis of the images of the bacterial
strains showed a clear separation between them.
There is, however, an overlap of Acinetobacter spp.,
possibly not caused by the similarity between the
biochemical characteristics, but by the “grooves”
observed in the third plate produced during the
sowing of this bacterium, leaving this area with a
lower reflectance index.

Fig 1 (a) Scoring graph of Acinetobacter spp.,
Klebsiella spp., Pseudomonas spp. And Serratia spp.
showing the distinction between the four genres
based on colors. (b) Corresponding score graph (PC1
x PC2) shows groups of distinct colored pixels
according to the color scale in (a)
After evident differentiation between the
aforementioned genera, an analysis was carried out to
verify the separation between the species belonging
to each genus. Fig 2 shows the analysis performed for
Acinetobacter spp. The analysis of the images of the
three species of Acinetobacter showed the separation
of A. lactucae in relation to A. calcoaceticus and A.
vivianii (Fig 2b; 2c).
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However, the overlap between A. calcoaceticus
and A. vivianii is noticeable. To justify this, a
phylogenetic tree was built based on the sequences of
the 16S rRNA gene and thus to verify the
evolutionary proximity relationship between species
(Fig 2d). Through this phylogeny, it was possible to
observe that the species A. calcoaceticus and A.
vivianii superimposed on the PCA graph, are
separated in the same clade showing a higher degree
of kinship and consequently more shared
characteristics.

Fig 2 (a) Punctuation chart of three species of the
genus Acinetobacter showing the distinction by
colors. (b) Spectra for the images of the species of
Acinetobacter showing overlapping regions. (c)
Corresponding scoring graph showing the separation
and overlap of clusters. (d) Phylogenetic tree
showing the clade formed by A. vivianii and A.
calcoaceticus
Based on the spectra and clusters formed from the
PCA of Klebsiella spp. (Fig 3) it can be seen that the
two isolates of K. pneumoniae and K. variicola are in
a high degree of overlap while K. michiganensis
forms a visibly separate cluster.

Fig 3 (a) Scoring graph of four species of the genus
Klebsiella, showing the distinction by color. (b)
Spectra for the images of the species of Klebsiella. (c)
Corresponding scoring graph showing the separation
and overlap of clusters
K. variicola and K. pneumoniae have
overlapping
biochemical
and
phenotypic
characteristics, considering that they belong to the
same complex called the pneumoniae complex. K.
variicola until 2004 was identified as K. pneumoniae,
and after numerous biochemical and genetic tests, K.
variicola was proposed as a new bacterial species. As
the bacterial differentiation from HSI is based on
biochemical characteristics, it was not possible to
establish significant differences that pointed out K.
variicola as an organism distinct from K. pneumoniae,
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given these data, it is suggested that the correct
differentiation of bacteria from pneumoniae complex,
should be performed by associating HSI with
different molecular, genomic and proteomic tools
[11,12].
The HSI images of Pseudomonas spp. were
analyzed. The results are shown in Fig 4, where the
differentiation of P. plecoglossicida, present in a
separate cluster, can be observed in relation to P.
entomophila and P. taiwanensis presented in the
overlap.

Fig 4 (a) Scoring graph of four species of the genus
Pseudomonas showing the distinction by color. (b)
Spectra for the images of the species of Pseudomonas.
(c) Corresponding scoring graph showing the
separation and overlap of clusters
When investigating the characteristics of P.
entomophila and P. taiwanensis to understand the
overlap between them, and consequent biochemical
similarity, it was found that both P. entomophila and
P. taiwanensis have a high degree of pathogenicity to
flies of the genus Drosophila.
The insecticidal activity manifested by such
bacteria is due to the expression of a gene known as
the insecticidal toxin gene (tccC). The DNA
sequence of the tccC gene encodes 980 amino acids.
The alignment of the sequence of these amino acids
from P. taiwanensis showed a high degree of identity
with the insecticidal toxin from P. entomophila. The
expression of this conclusively similar insecticide
toxin between species may have contributed to the
spectral similarity between P. entomophila and P.
taiwanensis [13,14].
Two species of the genus Serratia were
evaluated (Fig 5). Based on the generated spectra, as
well as on the separation of the clusters, a noticeable
differentiation between the species S. marcescens and
S. nematodiphila is revealed. S. nematodiphila was
described in 2009 as a new species, because despite
having great similarity with species of the genus
Serratia, it exhibits its own phenotypic, biochemical
and molecular characteristics, not evidenced in other
species, such as the ability to emit fluorescence and
establish an association symbiotic with nematodes
[15].
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Fig 5 (a) Graph of scoring of two species of the genus
Serratia shows the distinction by color. (b) Spectra
for the images of the species of Serratia (c) Graph of
the corresponding score showing the separation and
overlap of clusters
The classification results obtained from the
samples demonstrated high levels of precision in
differentiation. In addition, it was possible to
perceive that the hyperspectral analyzes performed,
showed sensitivity to the general structure and the
biochemical composition of the bacterial cells, being,
therefore, possible to observe differences between
bacteria with similar genotypes [16].
Different studies have been carried out with
the proposal to differentiate and identify microbial
isolates in different environments using HSI. Park et
al. [17] performed the classification of five different
Salmonella serotypes, obtaining an average 84%
accuracy. In this work, the authors reinforce the
importance of building spectral libraries with varied
bacterial species to assist in detecting pathogens in
the food industry for birds.
Seo et al. [18] developed classification
models for Staphylococcus five species, using
hyperspectral microscopic imaging, and highlighted
the use of HSI in the presumptive screening of
foodborne pathogenic bacteria. Foca et al. [19]
evaluated spectral and hyperspectral techniques the
bacterial contamination by Lactobacillus curvatus
and L. sakei in ham and observed that the techniques
used can be effective for recognizing bacterial
contamination and still recognize species to which
the bacteria belong.
Despite considerable applications, HSI
microbial differentiation and identification present
important challenges such as efficient standardization
of culture conditions and sample preparation.
Cultivation conditions that include growth time, type
of culture medium, temperature, oxygen availability
can have a strong impact on the manifested
phenotypic characteristics and, therefore, on the
spectra obtained.
Another factor seen as a difficulty with the
HSI classification method is that it is an approach
based on identification libraries and requires
validated spectral databases, covering a wide range of
bacterial taxonomies. However, such bases are not
yet available, which constitutes the biggest challenge
in transferring this technology to laboratory practice.
However, with the improvement of this method, we
hope to obtain solutions to these problems and
possibly apply HSI in environmental, clinical, and
food microbiology [16].
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IV. CONCLUSIONS
In the present study, HSI was used to
differentiate bacteria isolated from water. The
proposed method was effective. It involved the
culture of bacterial isolates followed by the preprocessing of the images at the SisuCHEMA station
and subsequent application of multivariate analyzes
to differentiate the HSI obtained.
The experiences acquired in this study
suggest that the HSI analysis can enable the efficient
differentiation of different bacterial species, however,
to be able to identify bacteria based on this
technology, it is necessary to standardize the cultures,
and especially the construction of a database that can
cover the wide existing bacterial variety. But
supported by the level of differentiation achieved so
far, we are confident that this study will initiate new
research that may make it possible to conduct this
technology in different microbiology areas.
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