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Abstract: Aeromonas species are opportunistic bacteria causing a vast spectrum of human diseases,
including skin and soft tissue infections, meningitis, endocarditis, peritonitis, gastroenteritis, and
finally hemorrhagic septicemia. The aim of our research was to indicate the molecular alterations
in proteins and lipids profiles resulting from Aeromonas sobria and A. salmonicida subsp. salmonicida
infection in trout kidney tissue samples. We successfully applied FT-IR (Fourier transform infrared)
spectroscopy and MALDI-MSI (matrix-assisted laser desorption/ionization mass spectrometry imag-
ing) to monitor changes in the structure and compositions of lipids, secondary conformation of
proteins, and provide useful information concerning disease progression. Our findings indicate that
the following spectral bands’ absorbance ratios (spectral biomarkers) can be used to discriminate
healthy tissue from pathologically altered tissue, for example, lipids (CH2/CH3), amide I/amide
II, amide I/CH2 and amide I/CH3. Spectral data obtained from 10 single measurements of each
specimen indicate numerous abnormalities concerning proteins, lipids, and phospholipids induced
by Aeromonas infection, suggesting significant disruption of the cell membranes. Moreover, the
increase in the content of lysolipids such as lysophosphosphatidylcholine was observed. The results
of this study suggest the application of both methods MALDI-MSI and FT-IR as accurate methods for
profiling biomolecules and identifying biochemical changes in kidney tissue during the progression
of Aeromonas infection.

Keywords: trout diseases; Fourier transform infrared spectroscopy; biomolecular profiling; Aeromonas;
matrix-assisted laser desorption/ionization mass spectrometry imaging; cell membrane disruption;
kidney lipids and proteins

1. Introduction

Aeromonas, Gram-negative facultative anaerobes, are ubiquitous inhabitants of aquatic
and terrestrial ecosystems [1]. They are regarded as opportunistic pathogens of aquatic an-
imals, causing a multitude of infectious diseases in fish [2], reptiles, amphibians [3–6],
and mammals [7]. Several species, including Aeromonas hydrophila, Aeromonas caviae,
Aeromonas veronii, are frequent etiologic agents of fish diseases [8] (wherein A. hydrophila
is considered as predominant pathogen from all motile Aeromonas) that are able to under
stress provoke motile Aeromonas septicemia (MAS) [9] manifested clinically with ulcera-
tions, hemorrhages, abscesses, ascitic fluid and anemia [8], clinical conditions related to
systemic infection contributing to high mortality and substantial economic losses to the
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aquaculture industry worldwide [10], and motile Aeromonas infection (MAI) as a chronic
disease with symptoms of skin lesions, fin erosion and ulcerations [11]. The non-motile
psychrophilic Aeromonas species represented by Aeromonas salmonicida subsp. salmonicida
evokes furunculosis, a disease that particularly affects salmon, trout, and char, causing
the death of these fish species within a few hours [12]. The pathogenic potential of motile
species, mainly A. hydrophila, A. veronii, A. caviae, A. dhakensis was associated with a variety
of human intestinal and extraintestinal infections, among which bacteraemia, gastroenteri-
tis, and wound infections are the most frequently occurring pathologies [13]. Aeromonas
have been also documented as being involved in respiratory, hepatobiliary, and urinary
tract infections [14]. Moreover, septicemia occurs in susceptible hosts, i.e., immunodeficient
or immunoincompetent [15], for instance, those who have leukemia with nonhematologic
malignant tumors and hepatobiliary diseases such as hepatitis and liver cirrhosis, and
the elderly or infants [16]. Aeromonas possess a number of virulence mechanisms that
are contributed to the pathogenesis of infection [17,18]. The production of extracellularly
secreted enzymes and effector proteins/toxins, such as hemolysins, cytotoxic enterotoxins,
proteases, lipases, as well as adhesion molecules (i.e., pili and lateral flagella), capsules,
and the ability to biofilms formation, are known to be critical virulence-associated factors
in both initial stages and progression of disease [7,19]. As it is commonly known, they
are assigned a significant role in the regulation of bacterial virulence and pathogenicity
by participating in infecting the host tissues and manipulating the host’s innate and adap-
tive immune responses [20]. In many epidemiological investigations, it has been shown
that the severe course of infection with A. hydrophila is related to a mechanism involving
many exotoxins, including cytotoxic heat-labile (Alt) and cytotoxic heat-stabile enterotoxins
(Ast), cytotoxic heat-labile enterotoxin (Act), Aeromonas beta-hemolysin called aerolysin
(Aer), cholera toxin-like factor, and other cytolysins and hemolysins that enhance their
pathogenicity. Aeromonas disease may be complicated by chronic edema or disseminated
intravascular coagulation mediated by the release of tissue factors from necrotic tissue
into the bloodstream, which is another determinant responsible for the severe course of
infection. In motile Aeromonas septicemia, hemolysin and aerolysin have been found to
be the primary pathogenic factor contributing to the disease [21], but the latest studies
demonstrated that four virulence genes, i.e., aerolysin, elastase, hemolysin, and lipase are
involved in disease development [9].

The biological activity of the above-mentioned effector proteins/toxins is multidirec-
tional and depending on the mechanism through which they contribute to infection, they
can be divided as follows:

1.1. Membrane-Disrupting Toxins

The mechanism of action of hemolysins and phospholipases is characterized by pore
formation and/or destroying the membranes of the host cells. This virulence factor al-
lows the pathogen to invade the host cell; e.g., aerolysin (pore-forming toxin) [22] and
glycerophospholipid:cholesterol acyltransferase (GCAT) protein produced by Aeromonas
species [23]. Aerolysin toxin protein exported by A. hydrophila forms a channel in the host
cell membrane after proteolytic removal of a C-terminal propeptide, causing destruction
of the membrane permeability barrier and target cell death. The role of aerolysin-related
cytotoxic enterotoxin (Act) is the ability to lyse red blood cells, damage tissue culture cell
lines, and induce high fluid secretion in intestinal epithelial models [20], as demonstrated
in the virulence of A. hydrophila [24]. In turn, the activity of phospholipases leads to the
degradation cell membrane phospholipids, disrupting the function of the membrane and
cell death [25].

1.2. Intracellular-Targeting Toxins

Toxins within this group lead to inhibition of protein synthesis, causing cellular death,
e.g., Shiga-like toxins (Stx) involved in human and animal diseases, among other important
causes of bloody diarrhea and hemolytic uremic syndrome (HUS) [26]. Human isolates
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of Aeromonas possess Shiga toxin genes (stx1 and stx2) highly similar to those of the most
virulent stx gene variants of Shiga toxin-producing Escherichia coli [27]. Shiga toxins are
protein toxins containing two parts—one part with enzymatic properties, and the other
which binds to the target cell surface. The activity of Shiga toxins inhibits protein synthesis
of target cells and also evokes apoptosis [21]. Aeromonas exotoxin A (AE) is another
important virulence factor, recently identified in a clinical case of necrotizing fasciitis
(rapidly progressing fatal skin and muscle tissue lesion) caused by A. hydrophila infection.
AE belongs to the diphthamide-specific mono-ADP-ribosylating toxin family represented
by diphtheria toxin (DT), Pseudomonas exotoxin A (PE), and Vibrio cholerae cholix (Chx)
that specifically modify the diphthamide residue of eukaryotic elongation factor 2 (eEF2),
which leads to the inhibition of protein synthesis and thus death of the host cells [28].

1.3. Superantigens

The general mechanism of superantigens is stimulation of excessive activation of
immune system cells and release of chemical mediators from immune system cells which
result in inflammation, life-threatening fever, and shock. As mentioned earlier, enterotoxin
Act is an aerolysin-related pore-forming toxin with hemolytic, cytotoxic, and enterotoxic
activities, being the main virulence factor of Aeromonas hydrophila [24]. The Act activity
includes tissue damage and high secretion in intestinal cells, resulting from the stimulation
of a proinflammatory response in host cells [28]. The results suggested that Act upreg-
ulates the production of proinflammatory cytokines such as tumor necrosis factor-alpha
(TNF-α), interleukin-1 beta (IL-1β), and IL-6 in macrophages [24] and also stimulates
transcription of the gene encoding inducible nitric oxide synthase (iNOS). Act leads to
induce the production of PGE2 coupled to the cyclooxygenase-2 (COX-2) pathway. The
production of proinflammatory cytokines and iNOS causes extensive tissue damage in the
intestinal loops [24,28].

Therefore, on a molecular level, Aeromonas causes infectious diseases, exhibiting vari-
ous clinical symptoms such as skin infection manifested by dermal lesions or/and external
ulcers or more severe systemic infection (septicemia), which are mediated by multiple
virulence factors. Bacterial exotoxins, as it is well known, bind to receptors on the host cell’s
surface leading to conformational modifications in the membrane receptors and triggering
an activating signal or inducing the formation of complexes that alter cell morphology and
physiology. Consequently, it induces disorders in signaling pathways and disturbances
in the metabolism of lipids. The ultimate effect of the disease progression is pathological
changes in the biochemical profile of a specific group of compounds. Depending on the
effect on a molecular level of bacterial virulence factors in the host cell, it can be deter-
mined which biochemical profile (lipid, protein) is changing [29,30]. Hence, investigating
the impact of bacterial infection on the morphology and changes in the profile of tissue
biomolecules could provide valuable insight into the pathogenesis of diseases caused by
Aeromonas. For this reason, the aim of our research was to evaluate pathological changes
within the content and molecular structure of proteins, lipids, and phospholipids associated
with the progress of Aeromonas infection in rainbow trout. This allows for the identification
of the degree of tissue damage caused by pathogenic bacteria and will enable a better
understanding of the biological mechanisms underlying disease development in the future.
Whereas these alterations are related to changes in biochemical composition, which are
specific for tissue, chemical, and structural analysis of kidney tissues slices (samples),
taken from both apparently healthy rainbow trout and two individuals exhibiting different
symptoms of aeromonad infections was performed using FT-IR (Fourier transform infrared)
spectroscopy and MALDI-MSI (matrix-assisted laser desorption/ionization mass spectrom-
etry imaging). FT-IR and MALDI are effective, highly sensitive, and powerful techniques
that can be used in the study of changes in the chemical composition of biological samples.
They have the ability to generate direct information about the (bio)chemical molecular and
composition and spatial distribution of compounds in biological and histopathological
materials. It is worth emphasizing that specific sample preparation (extraction, mineral-
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ization, etc.) and staining is not required. However, the analyzed samples should be cut
into thin slices before analysis. They do not require knowledge of the sample a priori.
Hence, it is worth pursuing the development each of these techniques as an accurate,
efficient, and reliable tool for the diagnosis and identification of animal diseases and/or
various abnormalities. Monitoring changes in the structure and compositions of lipids,
secondary conformation of proteins as well as spectral bands absorbance ratios can provide
useful information concerning disease progression. It should be emphasized, however, that
MALDI-MS is destructive to the sample unlike FT-IR spectroscopy [31].

The samples were named NA4905 (control) the healthy fish, NA1905 fish with skin
infection (dermal lesions), and NC116005 fish with systemic infection (septicemia).

2. Results

The bacterial isolates obtained from the tissue samples of the rainbow trout individuals
with mild infection (Case 1, NA1905; Figure 1) and systemic infection (septicemia) (Case 2,
NC11605; Figure 2) were identified, based on the 16S rRNA gene sequences, as A. sobria
and A. salmonicida subsp. salmonicida, respectively. The sequence similarities to those of the
reference strains ranged from 99.7% to 100.0%. In all cases, no other bacterial agents were
identified. Moreover, no microorganism was identified in the tissues of the healthy trout
(control, NA4905).
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Figure 1. A rainbow trout (Oncorhynchus mykiss) naturally infected with A. sobria. (A) Symptoms
of health disorders were manifested as skin infection with visible dermal lesions on the body and
erosions on the tail and dorsal fins. (B) Dermal lesions were especially found on the trout’s mouth,
around the eyes, and along the operculum—the cover of the gills.
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Figure 2. A rainbow trout individual with symptoms of septicemia caused by natural infection with
A. salmonicida subsp. salmonicida. (A) In addition to the conspicuous redness and hyperemia of the
skin, ruffled scales, swelling and petechias at the base of the dorsal (B), ventral, and both pelvic fins,
a distended anus (C), and a few dermal ulcers, symptoms of systemic infection such as exophthalmia
and swelling of abdomen were observed. (D) Anemia in internal organs, enlarged spleen and liver,
ascitic fluid in peritoneal cavity, and lysis of tissues, the consequence of which was visible as bones
sticking out from the muscles.
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Figure 3 presents FT-IR spectra of healthy and pathologically altered rainbow trout
kidney tissue samples in the range from 3500 to 900 cm−1. The main absorption peaks
visualized in the mentioned region are dominated by bands related to the absorption modes
of proteins and lipids. The characteristic bands obtained in the spectra of NA4905, NA1905,
and NC11605 samples and the type of vibrations with assigned tissue components are
listed in Table 1.
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Table 1. The most important bands obtained in the FT-IR spectra of tissue samples affected by
Aeromonas infection.

Wavenumber
[cm−1]

Vibration Modes * Tissue Component
Assignment

NA4905 Sample
NA1905 NC11605

3292 3294 3289 Stretching (N−H) Amide A, water

3207 3212 3212 Sym. stretching (N−H) Proteins

3080 3079 3086 Stretching (N−H) Amide B

2956 2959 2960 Asym. stretching (CH3) Lipids

2926 2928 2928 Asym. stretching (CH2) Lipids

- 2874 2874 Sym. stretching (CH3) Proteins

2856 2855 2855 Sym. stretching (CH2) Lipids

1742 - - stretching (C=O) Phospholipids

1655 1657 1659 80% stretching CO, 20% stretching CN, bending (HOH) amide I, water

1543 1545 1547 60% bending (N−H), 30% stretching (C−N), 10% stretching (C−C) Amide II

1457 1454 1454 Asym. deformational (CH3), asym. deformational (CH2), Proteins, lipids

1396 1397 1401 Sym. deformational (CH3), sym. deformational (CH2), sym. stretching (C=O) Proteins, lipids

1297 1295 1301 Bending (N−H), stretching (C−N), bending (C=O), stretching (C−C),
stretching (CH3)

Amide III

1238 1237 1239 Asym. stretching (PO2
-) DNA, RNA,

phosphorylated proteins

1171 1177 1176 Stretching (C−O) RNA, ribose

1087 1085 1086 Sym. stretching (PO2
−) DNA, RNA,

phosphorylated proteins

965 965 968 Stretching (C−C), stretching (C−O) DNA, deoxyribose

* sym.—symmetrical, asym.—asymmetrical.

As can be seen in Figure 3A, there are changes in the intensity of major absorbance
bands in the lipid spectral range in NA1905 and NC11605 infected tissues, compared with
healthy NA4905 based mainly on the change in the intensity of bands attributed to the
asymmetric stretching vibration of CH3 (2956 cm−1 in NA4905, 2959 cm−1 in NA1905,
2960 cm−1 in NC11605), asymmetric stretching vibration of CH2 (2926 cm−1 in NA4905,
2928 cm−1 in NA1905 and NC11605), and symmetric stretching vibration of CH2 (2856 cm−1

in NA4905, 2855 cm−1 in NA1905 and NC11605). It may suggest a decreased amount of
lipids in both infected tissues. Although the fundamental difference of presented spectra
is the disappearance of the phospholipids band at 1745 cm−1 assigned to C=O stretching
vibration in pathologically altered tissues in contrast to the control, indicating the alteration
within the cell membrane. C=O stretching band at ca. 17,405 cm−1 can be also attributed to
triglycerides, unsaturated cholesterol esters, and free fatty acids. It may as well come from
in-phase base C=C and C=O stretching vibrations of DNA. The changes in the intensity of
absorbance bands are also observed in the amide spectral range. The contribution of amide
I is significantly higher in NA1905 and NC11605 pathological tissue samples than in the
case of control.

To facilitate the comparison of individual bands, FT-IR spectra were normalized to the
highest intensity band area (to amide I here; this band is usually used for normalization
in biological studies)—see Figure 3B. In general, changes in absorbance of lipid bands
(in the range 3000–2855 cm−1) and protein bands (1657 and 1545 cm−1 for amide I and
amide II, respectively) are observed. It is clearly visible in the case of bands attributed
to asymmetric deformational vibration of CH3 and asymmetric deformational vibration
of CH2 (1457 cm−1 in NA4905, 1454 cm−1 in NA1905, and 1454 cm−1 in NC11605), and
symmetric deformational vibration of CH3, symmetric deformational vibration of CH2 and
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C=O symmetric stretching of COO− (1396 cm−1 in NA4905, 1397 cm−1 in NA1905 and
1401 cm−1 in NC11605) in proteins and lipids [32]. Additionally, decreased content of lipids
was better visualized in pathological tissue samples.

To analyze the changes in the secondary structure of proteins, the second derivative
spectra of samples in the amide spectral range (1800–1450 cm−1) was calculated with the
Savitzky–Golay algorithm. As can be seen in Figure 4A, there are similar changes in both
infected tissues, which clearly differ from the control. The main changes refer to differences
in the bands assigned to the β-structures and α-helices (approximately 1750 cm−1 and
1650 cm−1, respectively).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 23 
 

 

 
Figure 4. Savitzky–Golay’s second derivative FT-IR spectra in the range from 1800–1450 cm−1 (A) 
and 3200–2800 cm−1 (B). 

The disturbances within the cell membrane were also revealed in the lipid spectral 
range (2800–3000 cm−1) of the second derivative course (see Figure 4B). It may indicate an 
alteration of cell membrane permeability and integrity due to bacterial infection. 

Deconvolution of FT-IR spectra ensures a comprehensive both qualitative and 
quantitative analysis of conformational changes of lipids and proteins in kidney tissue. 
Deconvolution of the 3000–2800 cm−1 lipid spectral range (dominated by asymmetric and 
symmetric stretching vibrations of CH, CH2, and CH3 groups, attributed to alkyl chains 
primarily present in lipids) [33] and 1800–1350 cm−1 mixed protein and lipid spectral 
range (including phospholipids, amides I and II, asymmetric and symmetric deforma-

Figure 4. Savitzky–Golay’s second derivative FT-IR spectra in the range from 1800–1450 cm−1

(A) and 3200–2800 cm−1 (B).



Int. J. Mol. Sci. 2022, 23, 12551 8 of 22

The disturbances within the cell membrane were also revealed in the lipid spectral
range (2800–3000 cm−1) of the second derivative course (see Figure 4B). It may indicate an
alteration of cell membrane permeability and integrity due to bacterial infection.

Deconvolution of FT-IR spectra ensures a comprehensive both qualitative and quanti-
tative analysis of conformational changes of lipids and proteins in kidney tissue. Deconvo-
lution of the 3000–2800 cm−1 lipid spectral range (dominated by asymmetric and symmetric
stretching vibrations of CH, CH2, and CH3 groups, attributed to alkyl chains primarily
present in lipids) [33] and 1800–1350 cm−1 mixed protein and lipid spectral range (includ-
ing phospholipids, amides I and II, asymmetric and symmetric deformational vibrations of
CH2 and CH3 groups in lipids chains) [34] of studied samples is shown in Figure 5.
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(B)) regions of NA4905, NA1905, and NC11605 samples into separate subcomponents involving
Lorentz/Gauss combination peak fitting function. Each band was allocated a maximum and its
percentage contribution to the total surface area.

In the 3000–2800 cm−1 range (Figure 3A), deconvolution revealed differences between
healthy and infected tissue. In the healthy sample (NA4905), the band assigned to the
symmetric stretching vibration of CH3 is located at 2875 cm−1 and corresponds to 2.61% of
the entire bandwidth surface area. In diseased samples, it splits into two bands: 2879 and
2871 cm−1 in NA1905, and 2882 and 2872 cm−1 in NC11605, while increasing its percentage
share compared to the control (summing up 5.68% and 9.27%, respectively). In contrast
to the control, in both pathological specimens, a lower percentage of the bands attributed
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to stretching vibration of CH (2899 cm−1 and 22.73% in NA4905, 2895 cm−1 and 12.26%
in NA1905, 2898 cm−1 and 9.86% in NC11605) and symmetric stretching vibration of
CH2 (2856 cm−1 and 20.48% in NA4905, 2855 cm−1 and 12.26% in NA1905, 2855 cm−1

and 11.51% in NC11605) is observed. In the case of bands assignment to the asymmetric
stretching vibration of CH3 (2957 cm−1 and 22.71% in NA4905, 2961 cm−1 and 29.95% in
NA1905, 2961 cm−1 and 30.84% in NC11605) and CH2 (2926 cm−1 and 31.47% in NA4905,
2927 cm−1 and 39.85% in NA1905, 2926 cm−1 and 38.52% in NC11605) groups, the tendency
is opposite—their percentage increase. The above-described changes are slightly more
pronounced in NC11605 than in the NA1905 sample, indicating more advanced alterations
in the structure of cellular membrane lipids. In the sample with dermal lesion NA1905, skin
defects are only superficial, while in the sample from fish with septicemia NC11605, there
is a much more advanced destruction of cell membranes and tissue barriers, which results
in more advanced alterations in the structure of cellular membrane lipids. The bands were
assigned on the basis of data included in [35,36].

Deconvolution of the 1800–1350 cm−1 range (Figure 5B) allows tracking modifications
of the secondary structure of proteins as well as the molecular conformation of lipids
and ester lipids (phospholipids). In infected tissues, the band at 1744 cm−1 assigned to
phospholipids (C=O stretching vibration) disappears, which was already visible in the
FT-IR spectra. The C=O functional group is also detected at 1719 cm−1 in NA4905, 1711 and
1699 cm−1 in NA1905, and 1714 and 1713 cm−1 in NC11605 [37]. It may suggest variations
in the phospholipid profile of cell membranes. Carbonyl groups may also come from
carbohydrates and amino acids; however, the lipid fraction has the largest share. Analyzing
the amide I and II (1700–1500 cm−1) decomposition, it is possible to trace changes in the
secondary structure of proteins. The antiparallel β-sheets are found at 1676 and 1511 cm−1

in NA4905, 1668 and 1525 cm−1 in NA1905, and 1676 cm−1 in NC11605, where there is
no band at ~1520 cm−1. It is worth emphasizing that at 1670–1660 cm−1 in the amide I
range, β-sheets may overlap with β-turns. The bands at 1658 and 1545 cm−1 in NA4905,
1654 and 1549 cm−1 in NA1905, 1660 and 1549, and 1542 cm−1 in NC11605, where an
additional band appears, are assigned to α-helices. In turn, parallel β-sheets are detected
at 1631 cm−1 in NA4905 and NA1905, and 1641 cm−1 in NC11605. Aggregates are only
present in NC11605 at 1615 cm−1 [38]. In most pathological NC11605 samples, there is a
clear decrease in the content of β-structures, an increase in the amount of α-helices, and
the appearance of aggregates in relation to the control. The bands at 1590 and 1591 cm−1

in NA4905 and NA1905, respectively are due to the asymmetric stretching vibration of
carboxylate associated with deprotonation (RCOO-) [39], and is not recorded in NC11605.
The 1500–1350 cm−1 bandwidth is correlated with deformational vibrations of acyl chains
of lipids. The bands at 1456, 1455, and 1456 cm−1 are assigned to CH2, whereas the
bands at 1398, 1397, and 1401 cm−1 are ascribed to CH3 bending vibration of lipids [40] in
NA4905, NA1905, and NC11605, respectively. In the case of infected tissue, their percentage
share decreases compared to healthy tissue. The cumulative results of deconvolution are
summarized in Table 2.

Recorded FT-IR spectra allow to assess the conformation of proteins, lipids distribution,
and changes in the cell membrane caused, among others, by the formation of ion channels
and pores [41]. Table 3 compiles the absorbance ratio parameters used in the infrared spec-
troscopy of animal tissues and related biological characteristics. For each calculated parameter,
statistically significant differences were achieved in comparison with the control sample.
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Table 2. Collective data showing the results of deconvolution presented in Figure 5.
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Table 3. The list of the spectral bands absorbance ratios for particular components of trout kidney
samples. The results are presented as mean ± standard deviation (SD).

Biological Indication The
Absorbance Ratio

Sample
NA4905 1 NA1905 2 NC11605 3

Protein rearrangement; secondary
structure of proteins [36] Amide I/amide II 1.171 ± 0.128 1.435 ± 0.336 * 1.639 ± 0.303 *

Alteration of cell membrane permeability
and integrity [42]

Amide I/CH2 2.338 ± 0.406 7.771 ± 0.823 * 9.949 ± 0.622 *

Amide I/CH3 1.906 ± 0.340 3.563 ± 0.689 * 3.545 ± 0.503 *

Lipid saturation [36];
length of lipid aliphatic chains [35]

CH2/CH3
of lipids 0.817 ± 0.225 0.483 ± 0.149 * 0.361 ± 0.124 *

Metabolism and cell growth rate [33] 1454/1400 cm−1

(C-H bending)
1.173 ±

0.087
0.954 ±
0.071 *

0.918 ±
0.069 *

1 Amide I 1655 cm−1, amide II 1543 cm−1, CH2 2856 cm−1, CH3 2956 cm−1; 2 amide I 1657 cm−1, amide II
1545 cm−1, CH2 2855 cm−1, CH3 2959 cm−1; 3 amide I 1655 cm−1, amide II 1543 cm−1, CH2 2845 cm−1, CH3
2960 cm−1; * statistically significant difference (p < 0.05) in relation to the control for individual absorbance ratio.

The amide I/amide II absorbance index, arising from C=O and N-H stretching vi-
brational modes of amide groups, can be used to monitor the conformational changes in
proteins [43]. This coefficient allows for evaluation of the protein degradation degree, on
account of the sensitivity of the amide absorptions to protein structure [44]. An increase in
the amide I/amide II ratio in infected samples may be associated with progressive damage
to the protein components, which in turn causes disturbances in the secondary structure
of proteins. A more detailed qualitative and quantitative study of the secondary structure
was performed using the second derivative determination and deconvolution procedure in
the amide spectral ranges.

The protein/lipid ratios (here amide I/CH2 and amide I/CH3) provide data about the
biological membrane function, because the changes in the lipid-protein content may influ-
ence the membrane symmetry and thickness, and cause the conformational modifications
in the membrane receptors and ion channels (pore-forming proteins) [45]. This parameter
may constitute a useful indicator for detecting tissue alterations connected with patholo-
gies [46]. An increase in the amide I/lipid ratio taking into account both the absorbance of
the methyl (CH3) as well methylene (CH2) groups was observed either for infected NA1905
and NC11605 samples. It may suggest that infection causes disturbances within the cell
membrane in both cases, and probably leads to permeability changes, which might result
in membrane discontinuity.

The length of aliphatic chains in lipids can be defined on the basis of the CH2/CH3
ratio. A decreased CH2/CH3 index in infected tissues suggests shorter aliphatic chains, and
a more densely packed structure with reduced space connecting aromatic clusters compared
to the healthy tissue [35]. Moreover, a lower CH2/CH3 ratio indicates a decreasing lipid
saturation effect, associated with diversified both protein and lipid distribution within the
cell membrane [36]. This reflects changes in the lipid profile as a result of bacterial infection.

The infrared bands at 1454 cm−1 and 1400 cm−1, specific for the C-H bending vibra-
tions of lipids and amino acid side chains, are evaluative spectral features for discrimination
between normal and pathological tissues [47]. The difference in the 1454/1400 cm−1 band
ratio also indicates a change in the C-O(H) group vibrations in the cells [48]. Healthy cells
usually exhibit a higher value of this band ratio than affected cells, and based on this it is
possible to distinguish cells with various growth features [33]. A lower 1454/1400 cm−1

ratio in the diseased samples may designate different and immanent energy demands
for the metabolism of pathological tissues. Immanent energy demand refers to the faster
multiplication of bacterial cells, which use more energy to build cellular structures. It
testifies to the progressive disease process and increasing tissue damage.
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All the ratios described above clearly indicate numerous abnormalities concerning
both proteins and lipids in infected trout kidney tissue, suggesting significant disruption of
the cell membranes.

Mass spectrometry (MS), especially matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI) and Fourier transform infrared spectroscopy (FT-IR)
imaging, offers rapid and simple approaches for lipid [49–51] and protein [52–54] profiling.
Among many techniques, MALDI-MSI allows to detect and reflect the spatial distribution
of micro- and macromolecules in both whole organisms and specific tissues [55].

The use of the MALDI-MSI technique allows the precise analysis of metabolites
produced under the influence of various stress conditions. Moreover, this technique
provides a basis for observation of the dynamics of dislocation of various metabolites in
situ in animal or plant or tissues without additional modifications of these compounds and
thus reflects the physiological conditions in the organism. Determining the presence of
given metabolites at a specific location in the tissue can be crucial in understanding their
functions in the body. The analysis can be performed without much a priori information
about the analyte [56]. MALDI mass spectrometry imaging can be used in the direct analysis
of metabolites in a range from small molecules (<500 Da), e.g., drugs or neurotransmitters,
to large proteins (up to 70 kDa) [57].

The positive ion mode MALDI-MSI spectrum shown in Figure 6 demonstrates that PC
lipids were detected as the predominant ion species, while the peaks corresponding to LPC
and glyceryl lipids revealed a lower intensity. No ions assigned to sterols were detected.
The ion images of DAG (36:2) at m/z 603.53 revealed that phosphocholine and glyceryl
lipids ions are dominated. However, these ions appeared to have a different, opposite
distribution in tissue slices of healthy and diseased fish (Figure 6).

The ion images of PC (36:3) at m/z 806.56 showed that the protonated PC (34:1) ion at
m/z 760.58 was highly abundant in the tissue slices of trout kidney obtained from healthy fish
(Figure 7). The average ROI spectrum of PC (36:3) at m/z 806.5 in the tissue sections of diseased
fish was dominated by the protonated and sodiated phosphocholine species PC (34:1).
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[M+H]+ at m/z 480.3, 760.6, and 603.5, which correspond to LPC (16:0/OH), PC (34:1) and DAG (36:2),
respectively. The color bar presents the intensity of compounds.
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In addition, LPC and glyceryl lipids, and highly abundant ions at m/z 616.17 corre-
sponding to the heme prosthetic group of hemoglobin were also detected (Figure 6B).

The heme ion showed the highest intensity in the tissue sections obtained from fish
affected by systemic microbial infection (septicemia) following red blood cell and tissue lysis.

3. Discussion

Aeromonas infection is a result of complex molecular host–microbe interactions, as
indicated by effector proteins/toxins secreted into the extracellular medium and/or directly
into host cells [58]. Bacterial toxins are virulence determinants that manipulate the functions
of host cells and take over the control of vital processes of living organisms to favor bacterial
infection [59]. It was found that Aeromonas species cause two sorts of cytopathic and
intracellular effects. The first type involves rounding of the cells, nuclear condensation,
loss of adhesins by the cell layer, and finally cell death. In the second kind, the intracellular
effect includes intense cytoplasmic vacuolation with the loss of a well-defined nucleus. The
critical to bacterial virulence and interactions with other organisms are protein secretion
systems. Aeromonas use dedicated various secretion machines, e.g., two-step T2SS, a
Sec-dependent system as well as one-step, Sec-independent T3SS and T6SS systems to
transport effector proteins/toxins and virulence factors. Type III secretion system (T3SS)
is considered the dominant virulence system in Aeromonas. The activity of bacterial T3SS
effector proteins most often leads to disorders in signaling pathways and reorganization
of the cell cytoskeleton [13]. Many authors have focused attention on the biochemical
activity of microbial effectors emphasizing their contribution to increased adhesion of
pathogen to the host and direct disturbance of target cell function, playing a key role in
promoting bacterial virulence [60]. Therefore, monitoring pathological alterations caused
by Aeromonas infection and determining disease biomarkers can provide valuable insight
into the mechanisms of pathogenicity. FT-IR spectroscopy has been increasingly applied as
a versatile diagnostic tool in neurodegenerative diseases [61], cardiovascular disorders [62],
and cancers [63] by analyzing biofluids, tissues, or cells, which is confirmed in many
biological and biomedical studies [64]. Its ability to detect changes in the morphology and
chemical composition of intact cells contributed to its utility in discrimination between
diseased and normal biological samples [44]. The obtained FT-IR spectra show a molecular
“fingerprint” of the whole cell biochemical composition in the examined kidney tissue.
Therefore, they represent a unique hallmark of cell lipids, proteins, carbohydrates, and
nucleic acid patterns [65]. Due to specific cellular disorders caused by Aeromonas infection,
in this study, we have focused exclusively on the protein and lipid components.

Monitoring changes in the molecular structure of lipids and secondary conformation
of proteins provides useful information to distinguish between normal and infected tissue,
thus constituting a crucial aspect in the diagnosis of disease-induced alterations [66].
The deconvolution of the obtained spectra revealed a decreased content of β-sheets in
pathological tissue compared to the control; on the other hand, the content of α-helices
increased. This result may indicate structural disorders associated with the activity of
pore-forming toxins (PFT) secreted by bacteria, used to modulate apoptosis of target cells
and cause infection [67]. For example, aerolysin is such a channel-forming toxin and,
interestingly, is secreted in an inactive form (as pro-aerolysin) with a β-sheet as the main
secondary structure (more than 70% of the molecule) [68]. The transformation of pro-
aerolysin to active form takes place only after binding to receptors on the host cell and
requires the removal of about 43 amino acids from the C-terminus [69]. Hence, the observed
changes in the secondary structure can be indirectly related to the cleavage of pro-aerolysin
to active α-toxin, which, due to the ability to form heptameric pores, leads to membrane
disorders [70]. This, in turn, degrades the protein components, leading to the disruption of
their secondary structures. These results may also suggest the involvement of intracellular-
targeting toxins such as Shiga toxins [26] and AE [71] that lead to the inhibition of protein
synthesis of target cells [28].
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Bacterial proteins target various host proteins involved in cell adherence complexes,
metabolite acquisition, molecular transport to the cell membrane, rearrangement of the
cytoskeleton, and cell adherence complexes [72]. A particularly useful indicator of protein
degradation degree is the amide I/amide II absorbance index [44]. A significant increase in
this ratio for pathological tissues, both in NA1905 and NC11605 (see Table 2), may suggest
impairment of protein components during Aeromonas infection, which may be the result of
the activity of effector proteins and toxins secreted by the secretory system, mainly of the
third type (T3SS) considered to be the dominant Aeromonas virulence system [14,73]. These
effectors lead to disturbances in signaling pathways and destabilization of the cellular
cytoskeleton, thus contributing to the damage of physiology and phagocytosis [60,74].
Simultaneously, it deactivates the host system alarm that recognizes the infection and
induces an immune response [73,74]. The T3SS system facilitates their translocation through
the plasma membrane into the host cell or the secretion of pore-forming translocators that
facilitate the transport of effector proteins [75,76], and many researchers have indicated its
importance and contribution to the multifactorial pathogenicity of Aeromonas. It is worth
emphasizing that protein effectors secreted by this system are usually critical for bacterial
virulence, e.g., loss of T3SS is sufficient to render the bacteria completely avirulent [19,77,78].
AexT is one of the effectors secreted by T3SS causing a detrimental effect on the cytoskeleton
of the cell and disrupting actin filaments in the host cells, which may result in progressive
damage to protein components. This, in turn, leads to conformational changes in proteins
and the rearrangement of proteins [60,73,74]. AexT as a bi-functional toxin contains a
GTPase-activating domain and an ADP-ribosylating domain that ADP-ribosylates both
muscle and non-muscle actin. Both domains play an independent role in promoting actin
depolymerization and cell rounding and are therefore considered highly cytotoxic to host
proteins. The AopO (serine/threonine kinase) effector protein activity, in turn, causes
changes in the target cell, leading to the disturbance of the normal functioning of actin in
the host cell [77], which may also be reflected in the increased amide I/amide II absorbance
ratio in tissue samples from diseased fish (see Table 3). It may also be related to enterotoxin
Act activity, for which Chopra et al. demonstrated the potential to stimulate the production
of proinflammatory cytokines associated with Act-induced tissue damage [24].

Lipids are a major component of the cell membrane, playing a significant role in
various cellular processes, including cell signaling and inflammation; therefore, the changes
in lipid profile also correlate with disease symptoms, suggesting the importance of lipids
as disease biomarkers. Recently, disorders of lipid metabolism have been shown to play
an important role in carcinogenesis and development. Moreover, the role of lipids in
disease is particularly important in the case of bacterial infections. Lipids act as critical
determinants of microbial pathogenesis by altering the structure and functions of the
host cell membrane [78]. Membrane phospholipids influence both the structure of the
membrane and key metabolic pathways [79]. The organization of the cell membrane
monitors cellular functions by modulating the dynamics of the lipid domain as well
as biomolecular interactions in the membrane, and therefore depends on the structural
properties of the lipids [80]. Since changes in the lipid/protein content can be influenced
by the symmetry and thickness of the membrane and lead to conformational modification
of membrane receptors and ion channels [45], the protein/lipid absorbance ratio can be
used as a biomarker for detecting tissue alterations associated with pathologies providing
information about the function of biological membrane.

Bacterial surface ligands, e.g., pathogen-associated molecular patterns (PAMP) and
exotoxins, mediate interactions with the host cell during association. It begins with binding
to a receptor on the surface of the target cell, which leads to conformational modifica-
tions in membrane receptors and causes an activating signal or induces the formation of
complexes that disrupt both the physiology and morphology of cells. It causes changes
in signaling pathways and leads to disorders of lipid metabolism through the activity of,
e.g., GCAT [29]. The amide I/lipid ratio allows the assessment of changes in the integrity
and permeability of the cell membrane. Therefore, the increase in the amide I/lipid ratio
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in both affected tissue samples (NA1905 and NC11605) compared to the normal tissue
(NA4905)—see Table 3, may be correlated with the above mechanism and may suggest
disturbances in the cell membrane that are likely to cause changes in permeability and
discontinuity of membrane. Lipid metabolism disturbances were reflected in decreased
intensity bands attributed to deformational vibrations of acyl chains of lipids in the spectral
range 1500–1350 cm−1 and 2850–2950 cm−1, which was confirmed by deconvolution of
FT-IR spectra. Moreover, the band assigned to C=O stretching vibration has disappeared
in the pathologically altered tissues (see Figure 1), which confirms the variability of the
profile of membrane phospholipids.

The MALDI-MSI method was used to demonstrate the distribution of the selected
lipids within the samples. The higher intensity of the ion at m/z 480.3 in relation to the ion
at m/z 760.6, resulted from the destruction of lipids, and as a consequence, the increase in
the content of the lysolipids such as lysophosphatidylcholine was observed.

These FT-IR spectroscopy and MALDI-MSI methods are well suited for the study
of biological samples from all living organisms. They can be applied to study single
cells, as well as entire plant and animal tissues [81]. In humans, they can be used as a
medical diagnostic tool for many diseases, including cancer, neurodegenerative, bone
and joint diseases, diabetes, and cardiomyopathy. It can also be utilized to determine
plasma and serum glucose, total protein, urea, triglycerides, chylomicrons, and low-density
lipoproteins (LDL) to replace commonly used techniques. In the group of neoplastic
diseases, it is applied to distinguish between healthy and pathological tissues, e.g., in the
colon, cervix, breast, liver, thyroid, prostate, and brain cancers, and enables the study of
body fluids. FT-IR and MALDI techniques enable the detection of changes at an early stage
of the disease, impossible to be found by other methods that do not give clear confirmation.
Thanks to it, it is possible to determine the degree of malignancy of the neoplasm (in the case
of lymphomas) and to monitor the progress of anti-neoplastic treatment, e.g., chemotherapy
in the treatment of leukemias and to track the concentration of metabolites formed during
therapy. Moreover, it empowers the detection of changes in the secondary structure of
proteins and DNA in the course of neoplastic diseases [82].

4. Materials and Methods
4.1. Fish Samples

Thirty rainbow trout (Oncorhynchus mykiss, Walbaum) weighing from 250 to 320 g
were randomly collected from every two farms in Poland, according to the OIE procedure
(Aquatic Animal Health Code, 2022, https://www.woah.org/en/what-we-do/standards/
codes-and-manuals/aquatic-code-online-access/, accessed on 20 September 2022). The
purpose of the fish sampling was veterinary examinations performed as part of monitoring
studies or to determine the cause of fish health disorders. Additionally, fish farmers
approved the use of fish for scientific studies. Live fish kept in water were transported
directly to the laboratory within 3 h. The water temperature did not exceed 11 ◦C.

In all cases, the trout were euthanized by bathing for 5 min, in a solution of an overdose
(140 µg L−1) of tricaine methanesulfonate (MS-222) (Sigma). Blood from the tail vein was
taken immediately after the fish were anesthetized.

Internal organs of both apparently healthy fish (control, NA4905) as well as individuals
exhibiting various clinical symptoms (Case 1, NA1905) and Case 2, NC11605) were taken.
Symptoms of health disorders were manifested as a skin infection (mild infection) with
dermal lesions (NA1905) and systemic infection (septicemia) (NC11605). Samples of tissue
were taken aseptically using scalpels for the scrape of the skin disorders and tweezers for
internal organs (liver, anterior kidney), according to the OIE procedure (Manual of Diagnos-
tic Tests for Aquatic Animal, 2022, https://www.woah.org/en/what-we-do/standards/
codes-and-manuals/aquatic-manual-online-access/, accessed on 20 September 2022).

Skin, liver, kidney, and blood samples of one healthy fish, one individual with skin
lesions, and one with systemic infection were taken for routine bacteriological tests. More-

https://www.woah.org/en/what-we-do/standards/codes-and-manuals/aquatic-code-online-access/
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over, the kidney tissues taken from both the healthy fish and the individuals with symptoms
of mild or systemic infections were subjected to spectroscopic analyses.

Bacteriological tests samples, after dilution in sterile phosphate-buffered saline (PBS)
in a ratio of 1:1 (w/v), were homogenated and inoculated onto agar plates supplemented
with 5% horse blood (blood agar, BA) (Biomed, Poland) and onto trypticase soy agar (TSA)
(Graso, Poland) and incubated at 25 ◦C for 48 h.

The dominant types of bacterial colonies were reisolated and identified biochemically
as representatives of the genus Aeromonas spp. using the API system (bioMérieux, France).
However, due to Aeromonas species being difficult to distinguish at the species level by
conventional biochemical methods, one of the molecular assays was performed [83,84].
The initial characterization of the isolates was confirmed by the polymerase chain reaction
(PCR)-amplified 16S rDNA sequencing [85,86].

4.2. DNA Extraction

Total genomic DNA was isolated from pure bacterial cultures with the GeneMatrix
Tissue and Bacterial Genomic DNA Purification Kit (EURx, Gdansk, Poland) according
to the protocol for the isolation of genomic DNA of Gram-negative bacteria. The concen-
tration and quality of DNA were determined using NanoDrop 2000 (Thermo Scientific,
Waltham, MA, USA).

The 16S rRNA gene was amplified by PCR using primers 5′-AGAGTTTGATCATGGCTCAG-
3′ (forward) and 5′-GGTTACCTTGTTACGACTT-3′ (reverse) according to the procedure
described by Borrell et al. (1997) [85]. The PCR reactions were carried out using the Color
Opti Taq PCR Master Mix (EURx) according to the manufacturer’s recommendations. The
amplicons were checked by electrophoresis in 1% (w/v) agarose gel. GeneRuler PerfectTM

100 bp DNA ladder ranging from 100 bp to 2500 bp (EURx) was used as a molecular weight
marker. The purified PCR products were commercially sequenced using a 3730xl DNA
Analyzer (Genomed S.A., Warsaw, Poland) and aligned with those from the GenBank
on the Molecular Evolutionary Genetics Analysis (MEGA, Canterbury, Kent, UK version
7.0) software. Sequences were screened for chimeras using BioEdit sequence alignment
editor 7.2. The classification of bacterial isolates to species level was estimated based on a
similarity level of ≥99.7% to reference sequences available in the GenBank database. The
obtained nucleotide sequences of the 16S rRNA gene (1348 bp and 1409 bp) of Aeromonas sp.
isolates from the tissue samples were deposited in this database under the following
accession numbers: OL778934 (Aeromonas sobria) and OL912806 (Aeromonas salmonicida
subsp. salmonicida), respectively.

4.3. Sample Preparation for MALDI and FT-IR

The kidney tissues of both healthy fish and individuals exhibiting various clinical
symptoms were embedded in Cryomatrix gel, frozen in liquid nitrogen, and stored at
−20 ◦C until spectroscopic examination. The frozen tissue samples were cryosectioned
(cut) into 15 micrometers slices using a cryomicrotome (Leica CM 1950, Leica Biosystems,
Wetzlar, Germany) and mounted on a microscopic glass (or aluminum- coated glass before
FT-IR measurements). Moreover, specimens were stored in the presence of a moisture
absorbent (silica gel).

4.4. FT-IR Spectroscopy

FT-IR spectra were measured in transflection mode using an FT-IR spectrometer (Nico-
let 8700, Thermo, USA) attached to an infrared microscope (Nicolet Continuum, Thermo,
USA) with an MCT-A detector. The sample was constantly purged with compressed air
during the measurement in order to humidity removal. The microscope was equipped with
a ×15 IR objective. Spectra were recorded in the range of 3500–900 cm−1 with 120 scans at
8 cm−1 spectral resolution. All spectra were measured step-by-step, with a 10 µm step in the
x/y plane (linear mode of measurements). For the analysis, ten single spectra were recorded
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in different points of analyzed samples, averaged into one spectrum representative for a
given sample and normalized to the amide I band.

In order to qualitatively determine changes in the molecular structure of lipids and
secondary conformation of proteins in the examined samples, second-order derivative
spectra were calculated preceded by smoothening using the Savitzky–Golay algorithm (3rd-
degree polynomial, 9 points wide sliding window). The spacing between the experimental
data was 0.00233506413 cm−1. To deconvolute and resolve highly overlapping spectral
bands into separate components in the 3000–2800 cm−1 and 1800–1350 cm−1 ranges, mixed
Lorentzian/Gaussian peak fitting was applied. On the basis of the minima of the sec-
ond derivative, the peaks center for fitting process were determined. Parameters (peak
shapes, heights, and widths) were suited to the experimental data utilizing a least-squares
interactive procedure. The content of each subcomponent is presented as a percentage,
calculated by dividing the area of one band component by the area of the totality of all
band component areas present in the studied regions, which allowed the quantitative
analysis. The Omnic™ 8 software from Thermo Fisher Scientific (Madison, WI, USA) and
GRAMS/AI™ 8.0 software from ThermoGalactic Industries (Waltham, MA, USA) were
used to conduct all of the spectral processing.

4.5. Statistical Analysis

Absorbance ratios results were obtained from ten spectra and were shown as the
mean values ± standard deviation (SD). Statistical analysis was performed by applying
an unpaired t-test (Student’s t-test), where p < 0.05 was considered statistically significant
(Statistica 13 software, StatSoft Inc., Mattulsa, OK, USA).

4.6. MALDI Mass Spectrometry Imaging

To evaluate the effect of bacterial infection on morphology and changes in the lipids
profile of tissue slices obtained from both apparently healthy fish (control NA4905) and
individuals exhibiting various clinical symptoms (NA1905 and NC116005), MALDI-MSI
has been used. The MALDI-MSI images were measured using a SYNAPT 2G-Si HDMS
spectrometer (Waters company). The HDI imaging software was used to process data
analysis. A simple desalting protocol using cold 150 mM ammonium acetate was opti-
mized [86]. Washing tissue sections with 150 mM cold ammonium acetate prior to matrix
application enhanced signals from protonated PC ions while essentially reducing abun-
dant PC salt adducts. The DHB was used in concentration of 40 mg/mL prepared in
TFA:water:methanol (0.1:29:70, v/v/v). The images were recorded in the positive ion mode
in the mass range of 50–2000 m/z.5.

5. Conclusions

FT-IR spectroscopic studies showed that Aeromonas microbial infection affected impor-
tant cellular components of the rainbow trout kidney tissue such as lipids, phospholipids,
and proteins leading to qualitative and quantitative molecular and structural abnormalities,
causing numerous pathological changes. These include:

• increase in the I/amide II absorbance index for infected samples may relate to the
conformational changes in proteins resulting from progressive damage to the protein
components

• increase in the amide I/lipid ratio (amide I/CH2 and amide I/CH3) suggests distur-
bances within the cell membrane in both pathological samples, which probably causes
permeability changes and membrane discontinuity

• decrease in the CH2/CH3 index in infected tissues designates a shorter aliphatic chain
and more densely packed structure with limited space linking aromatic clusters in
comparison with healthy tissue, and a decreasing lipid saturation effect related to the
different distribution of protein and lipids in the cell membrane
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• decrease in the 1454/1400 cm−1 (C-H bending) ratio in pathologically altered tissues
may indicate different and immanent energy demands for the metabolism of the
infected sample.

The main contribution of this work is an approach towards the distribution of lipid
classes profile within kidney tissue slices as a result of microbial infection. We conclude that
the changes in the distribution of ions in the protonated form [M+H]+ at m/z 480.3, 760.6,
and 603.5, which correspond to LPC (16:0/OH), PC (34:1), and DAG (36:2), respectively,
provide a reliable lipid profile of tissues under microbial infection. The higher intensity
of the ion at m/z 480.3 in relation to the ion at m/z 760.6 resulted from the destruction of
lipids, and as a consequence, the increase in the concentration of the lysolipids, such as
lysophosphosphatidylcholine, was detected.

The results of this study suggest the successful application of both cost-effective
and time-saving methods MALDI-MSI and FT-IR as accurate techniques for profiling
biomolecules and identifying biochemical changes in kidney tissue during the progression
of Aeromonas infection.

Author Contributions: Conceptualization, J.M. and A.S.-B.; methodology, J.M. and B.G.; validation,
A.T.-S. and A.S.-B.; formal analysis, J.M., A.T-S. and B.G.; investigation, J.M., A.T.-S., M.K., A.P.-S. and
A.S.-B.; resources, A.T.-S.; data curation, J.M., A.T.-S. and A.S.-B.; writing—original draft preparation,
J.M. and B.G.; writing—review and editing, J.M., B.G. and A.S.-B.; visualization, J.M. and B.G.;
supervision, A.T.-S. and A.S.-B.; project administration, A.T.-S. and A.S.-B.; funding acquisition,
A.S.-B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Education and Science in Poland within statutory
activity of Medical University of Lublin (DS 42 project).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Project co-financed by the European Union from the European development
Found. The spectrometer MALDI Synapt 2G-Si HDMS was purchased from the European Union
Funds Infrastructure and Environment UDA-POiS.13.01-045/08.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Bhowmik, P.; Bag, P.K.; Hajra, T.K.; De, R.; Sarkar, P.; Ramamurthy, T. Pathogenic potential of Aeromonas hydrophila isolated

from surface waters in Kolkata, India. J. Med. Microbiol. 2009, 58, 1549–1558. [CrossRef]
2. Austin, B.; Austin, D.A. Bacterial Fish Pathogens: Disease of Farmed and Wild Fish, 6th ed.; Springer International Publishing;

Springer: Cham, Switzerland, 2016; Imprint: pp. 1 online resource (XXXV, 198–243).
3. Kwon, J.; Kim, S.G.; Kim, S.W.; Yun, S.; Kim, H.J.; Giri, S.S.; Han, S.J.; Oh, W.T.; Park, S.C. A Case of Mortality Caused by

Aeromonas hydrophila in Wild-Caught Red-Eyed Crocodile Skinks (Tribolonotus gracilis). Vet. Sci. 2020, 7, 4. [CrossRef]
4. Rigney, M.M.; Zilinsky, J.W.; Rouf, M.A. Pathogenicity of Aeromonas-Hydrophila in Red Leg Disease in Frogs. Curr. Microbiol.

1978, 1, 175–179. [CrossRef]
5. Wright, K.M.; Whitaker, B.R. Amphibian Medicine and Captive Husbandry, Original ed.; Krieger Pub. Co.: Malabar, FL, USA, 2001;

pp. xxv + 499.
6. Pasquale, V.; Baloda, S.B.; Dumontet, S.; Krovacek, K. An Outbreak of Aeromonas-Hydrophila Infection in Turtles (Pseudemis-

Scripta). Appl. Environ. Microb. 1994, 60, 1678–1680. [CrossRef]
7. Igbinosa, I.H.; Igumbor, E.U.; Aghdasi, F.; Tom, M.; Okoh, A.I. Emerging Aeromonas species infections and their significance in

public health. Sci. World J. 2012, 2012, 625023. [CrossRef] [PubMed]
8. Janda, J.M.; Abbott, S.L. The genus Aeromonas: Taxonomy, pathogenicity, and infection. Clin. Microbiol. Rev. 2010, 23, 35–73.

[CrossRef] [PubMed]

http://doi.org/10.1099/jmm.0.014316-0
http://doi.org/10.3390/vetsci7010004
http://doi.org/10.1007/BF02601673
http://doi.org/10.1128/aem.60.5.1678-1680.1994
http://doi.org/10.1100/2012/625023
http://www.ncbi.nlm.nih.gov/pubmed/22701365
http://doi.org/10.1128/CMR.00039-09
http://www.ncbi.nlm.nih.gov/pubmed/20065325


Int. J. Mol. Sci. 2022, 23, 12551 20 of 22

9. El-Gohary, F.A.; Zahran, E.; El-Gawad, E.A.A.; El-Gohary, A.H.; Abdelhamid, F.M.; El-Mleeh, A.; Elmahallawy, E.K.; Elsayed,
M.M. Investigation of the Prevalence, Virulence Genes, and Antibiogram of Motile Aeromonads Isolated from Nile Tilapia Fish
Farms in Egypt and Assessment of their Water Quality. Animals 2020, 10, 1432. [CrossRef] [PubMed]

10. Nikiforov, I.; Goldman, J.; Cheriyath, P.; Vyas, A.; Nookala, V. Aeromonas hydrophila Sepsis Associated with Consumption of
Raw Oysters. Case Rep. Infect. Dis. 2014, 2014, 163040. [PubMed]

11. Pekala-Safinska, A. Contemporary Threats of Bacterial Infections in Freshwater Fish. J. Vet. Res. 2018, 62, 261–267. [CrossRef]
12. Dallaire-Dufresne, S.; Tanaka, K.H.; Trudel, M.V.; Lafaille, A.; Charette, S.J. Virulence, genomic features, and plasticity of

Aeromonas salmonicida subsp. salmonicida, the causative agent of fish furunculosis. Vet. Microbiol. 2014, 169, 1–7. [CrossRef]
13. Martins, L.M.; Marquez, R.F.; Yano, T. Incidence of toxic Aeromonas isolated from food and human infection. FEMS Immunol.

Med. Microbiol. 2002, 32, 237–242. [CrossRef] [PubMed]
14. Fernandez-Bravo, A.; Figueras, M.J. An Update on the Genus Aeromonas: Taxonomy, Epidemiology, and Pathogenicity. Microor-

ganisms 2020, 8, 129. [CrossRef]
15. Zepeda-Velazquez, A.P.; Vega-Sanchez, V.; Salgado-Miranda, C.; Soriano-Vargas, E. Histopathological findings in farmed rainbow

trout (Oncorhynchus mykiss) naturally infected with 3 different Aeromonas species. Can. J. Vet. Res. 2015, 79, 250–254.
16. Spadaro, S.; Berselli, A.; Marangoni, E.; Romanello, A.; Colamussi, M.V.; Ragazzi, R.; Zardi, S.; Volta, C.A. Aeromonas sobria

necrotizing fasciitis and sepsis in an immunocompromised patient: A case report and review of the literature. J. Med. Case Rep.
2014, 8, 315. [CrossRef] [PubMed]

17. Khajanchi, B.K.; Fadl, A.A.; Borchardt, M.A.; Berg, R.L.; Horneman, A.J.; Stemper, M.E.; Joseph, S.W.; Moyer, N.P.; Sha, J.; Chopra,
A.K. Distribution of virulence factors and molecular fingerprinting of Aeromonas species isolates from water and clinical samples:
Suggestive evidence of water-to-human transmission. Appl. Environ. Microbiol. 2010, 76, 2313–2325. [CrossRef]

18. Turska-Szewczuk, A.; Duda, K.A.; Schwudke, D.; Pekala, A.; Kozinska, A.; Holst, O. Structural studies of the lipopolysaccharide
from the fish pathogen Aeromonas veronii strain Bs19, serotype O16. Mar. Drugs 2014, 12, 1298–1316. [CrossRef] [PubMed]

19. Reyes-Rodriguez, N.E.; Salgado-Miranda, C.; Flores-Valle, I.T.; Gonzalez-Gomez, M.; Soriano-Vargas, E.; Pelaez-Acero, A.;
Vega-Sanchez, V. Molecular Identification and Virulence Potential of the Genus Aeromonas Isolated from Wild Rainbow Trout
(Oncorhynchus mykiss) in Mexico. J. Food Prot. 2019, 82, 1706–1713. [CrossRef]

20. Rosenzweig, J.A.; Chopra, A.K. Modulation of host immune defenses by Aeromonas and Yersinia species: Convergence on toxins
secreted by various secretion systems. Front. Cell. Infect. Microbiol. 2013, 3, 70. [CrossRef] [PubMed]

21. Bhowmick, U.D.; Bhattacharjee, S. Bacteriological, Clinical and Virulence Aspects of Aeromonas-associated Diseases in Humans.
Pol. J. Microbiol. 2018, 67, 137–149. [CrossRef]

22. Los, F.C.; Randis, T.M.; Aroian, R.V.; Ratner, A.J. Role of pore-forming toxins in bacterial infectious diseases. Microbiol. Mol. Biol.
Rev. 2013, 77, 173–207. [CrossRef] [PubMed]

23. Castro-Escarpulli, G.; Figueras, M.J.; Aguilera-Arreola, G.; Soler, L.; Fernandez-Rendon, E.; Aparicio, G.O.; Guarro, J.; Chacon,
M.R. Characterisation of Aeromonas spp. isolated from frozen fish intended for human consumption in Mexico. Int. J. Food
Microbiol. 2003, 84, 41–49. [CrossRef]

24. Chopra, A.K.; Xu, X.; Ribardo, D.; Gonzalez, M.; Kuhl, K.; Peterson, J.W.; Houston, C.W. The cytotoxic enterotoxin of Aeromonas
hydrophila induces proinflammatory cytokine production and activates arachidonic acid metabolism in macrophages. Infect.
Immun. 2000, 68, 2808–2818. [CrossRef]

25. van der Meer-Janssen, Y.P.; van Galen, J.; Batenburg, J.J.; Helms, J.B. Lipids in host-pathogen interactions: Pathogens exploit the
complexity of the host cell lipidome. Prog. Lipid Res. 2010, 49, 1–26. [CrossRef] [PubMed]

26. Palma-Martinez, I.; Guerrero-Mandujano, A.; Ruiz-Ruiz, M.J.; Hernandez-Cortez, C.; Molina-Lopez, J.; Bocanegra-Garcia, V.;
Castro-Escarpulli, G. Active Shiga-Like Toxin Produced by Some Aeromonas spp., Isolated in Mexico City. Front. Microbiol.
2016, 7, 1522. [CrossRef]

27. Alperi, A.; Figueras, M.J. Human isolates of Aeromonas possess Shiga toxin genes (stx1 and stx2) highly similar to the most
virulent gene variants of Escherichia coli. Clin. Microbiol. Infect. 2010, 16, 1563–1567. [CrossRef]

28. Valerio, E.; Chaves, S.; Tenreiro, R. Diversity and impact of prokaryotic toxins on aquatic environments: A review. Toxins 2010, 2,
2359–2410. [CrossRef]

29. Weimer, B.C.; Chen, P.; Desai, P.T.; Chen, D.; Shah, J. Whole Cell Cross-Linking to Discover Host-Microbe Protein Cognate
Receptor/Ligand Pairs. Front. Microbiol. 2018, 9, 1585. [CrossRef]

30. Diem, M.; Mazur, A.; Lenau, K.; Schubert, J.; Bird, B.; Miljkovic, M.; Krafft, C.; Popp, J. Molecular pathology via IR and Raman
spectral imaging. J. Biophotonics 2013, 6, 855–886. [CrossRef]

31. Feng, B.; Shi, H.M.; Xu, F.X.; Hu, F.P.; He, J.; Yang, H.Y.; Ding, C.F.; Chen, W.X.; Yu, S.N. FTIR-assisted MALDI-TOF MS for the
identification and typing of bacteria. Anal. Chim. Acta 2020, 1111, 75–82. [CrossRef]

32. Chalmers, J.M.; Griffiths, P.R. Handbook of Vibrational Spectroscopy; J. Wiley: New York, NY, USA, 2002.
33. Li, L.; Wu, J.G.; Weng, S.F.; Yang, L.M.; Wang, H.Z.; Xu, Y.Z.; Shen, K. Fourier Transform Infrared Spectroscopy Monitoring of

Dihydroartemisinin-Induced Growth Inhibition in Ovarian Cancer Cells and Normal Ovarian Surface Epithelial Cells. Cancer
Manag. Res. 2020, 12, 653–661. [CrossRef]

34. Mihaly, J.; Deak, R.; Szigyarto, I.C.; Bota, A.; Beke-Somfai, T.; Varga, Z. Characterization of extracellular vesicles by IR spectroscopy:
Fast and simple classification based on amide and CH stretching vibrations. Biochim. Biophys. Acta Biomembr. 2017, 1859, 459–466.
[CrossRef] [PubMed]

http://doi.org/10.3390/ani10081432
http://www.ncbi.nlm.nih.gov/pubmed/32824393
http://www.ncbi.nlm.nih.gov/pubmed/25506003
http://doi.org/10.2478/jvetres-2018-0037
http://doi.org/10.1016/j.vetmic.2013.06.025
http://doi.org/10.1111/j.1574-695X.2002.tb00559.x
http://www.ncbi.nlm.nih.gov/pubmed/11934569
http://doi.org/10.3390/microorganisms8010129
http://doi.org/10.1186/1752-1947-8-315
http://www.ncbi.nlm.nih.gov/pubmed/25245365
http://doi.org/10.1128/AEM.02535-09
http://doi.org/10.3390/md12031298
http://www.ncbi.nlm.nih.gov/pubmed/24608968
http://doi.org/10.4315/0362-028X.JFP-18-545
http://doi.org/10.3389/fcimb.2013.00070
http://www.ncbi.nlm.nih.gov/pubmed/24199174
http://doi.org/10.21307/pjm-2018-020
http://doi.org/10.1128/MMBR.00052-12
http://www.ncbi.nlm.nih.gov/pubmed/23699254
http://doi.org/10.1016/S0168-1605(02)00393-8
http://doi.org/10.1128/IAI.68.5.2808-2818.2000
http://doi.org/10.1016/j.plipres.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19638285
http://doi.org/10.3389/fmicb.2016.01522
http://doi.org/10.1111/j.1469-0691.2010.03203.x
http://doi.org/10.3390/toxins2102359
http://doi.org/10.3389/fmicb.2018.01585
http://doi.org/10.1002/jbio.201300131
http://doi.org/10.1016/j.aca.2020.03.037
http://doi.org/10.2147/CMAR.S240285
http://doi.org/10.1016/j.bbamem.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27989744


Int. J. Mol. Sci. 2022, 23, 12551 21 of 22

35. Li, K.J.; Khanna, R.; Zhang, J.L.; Barati, M.; Liu, Z.J.; Xu, T.; Yang, T.J.; Sahajwalla, V. Comprehensive Investigation of Various
Structural Features of Bituminous Coals Using Advanced Analytical Techniques. Energ. Fuel 2015, 29, 7178–7189. [CrossRef]

36. Ricciardi, V.; Portaccio, M.; Manti, L.; Lepore, M. An FTIR Microspectroscopy Ratiometric Approach for Monitoring X-ray
Irradiation Effects on SH-SY5Y Human Neuroblastoma Cells. Appl. Sci. 2020, 10, 2974. [CrossRef]

37. Munajad, A.; Subroto, C.; Suwarno. Fourier Transform Infrared (FTIR) Spectroscopy Analysis of Transformer Paper in Mineral
Oil-Paper Composite Insulation under Accelerated Thermal Aging. Energies 2018, 11, 364. [CrossRef]

38. Kong, J.; Yu, S. Fourier transform infrared spectroscopic analysis of protein secondary structures. Acta Biochim. Biophys. Sin. 2007,
39, 549–559. [CrossRef]

39. Bieri, M.; Burgi, T. L-glutathione chemisorption on gold and acid/base induced structural changes: A PM-IRRAS and time-
resolved in situ ATR-IR spectroscopic study. Langmuir 2005, 21, 1354–1363. [CrossRef]

40. Simonova, D.; Karamancheva, I. Application of Fourier Transform Infrared Spectroscopy for Tumor Diagnosis. Biotechnol.
Biotechnol. Equip. 2013, 27, 4200–4207. [CrossRef]

41. Ahmed, G.A.; Khorshid, F.; Kumosani, T.A. FT-IR spectroscopy as a tool for identification of apoptosis-induced structural changes
in A549 cells treated with PM 701. Int. J. Nano Biomater. 2009, 2, 396. [CrossRef]

42. Gaigneaux, A.; Ruysschaert, J.M.; Goormaghtigh, E. Infrared spectroscopy as a tool for discrimination between sensitive and
multiresistant K562 cells. Eur. J. Biochem. 2002, 269, 1968–1973. [CrossRef]

43. Mordechai, S.; Mordehai, J.; Ramesh, J.; Levi, C.; Huleihel, M.; Erukhimovitch, V.; Moser, A.; Kapelushnik, J. Application of FTIR
microspectroscopy for the follow-up of childhood leukemia chemotherapy. Proc. Spie 2001, 4491, 243–250.

44. Gasparri, F.; Muzio, M. Monitoring of apoptosis of HL60 cells by Fourier-transform infrared spectroscopy. Biochem. J. 2003, 369,
239–248. [CrossRef] [PubMed]

45. Nicolson, G.L. The Fluid-Mosaic Model of Membrane Structure: Still relevant to understanding the structure, function and
dynamics of biological membranes after more than 40 years. Biochim. Biophys. Acta 2014, 1838, 1451–1466. [CrossRef] [PubMed]

46. Ali, M.H.M.; Rakib, F.; Nischwitz, V.; Ullah, E.; Mall, R.; Shraim, A.M.; Ahmad, M.I.; Ghouri, Z.K.; McNaughton, D.; Kuppers, S.;
et al. Application of FTIR and LA-ICPMS Spectroscopies as a Possible Approach for Biochemical Analyses of Different Rat Brain
Regions. Appl. Sci. 2018, 8, 2436. [CrossRef]

47. Gao, Y.F.; Huo, X.W.; Dong, L.; Sun, X.J.; Sai, H.; Wei, G.B.; Xu, Y.Z.; Zhang, Y.F.; Wu, J.G. Fourier transform infrared microspec-
troscopy monitoring of 5-fluorouracil-induced apoptosis in SW620 colon cancer cells. Mol. Med. Rep. 2015, 11, 2585–2591.
[CrossRef] [PubMed]

48. Li, L.; Bi, X.N.; Sun, H.Z.; Liu, S.M.; Yu, M.; Zhang, Y.; Weng, S.F.; Yang, L.M.; Bao, Y.N.; Wu, J.G.; et al. Characterization of
ovarian cancer cells an tissues by Fourier transform infrared spectroscopy. J. Ovarian Res. 2018, 11, 64. [CrossRef] [PubMed]

49. Bik, E.; Ishigaki, M.; Blat, A.; Jasztal, A.; Ozaki, Y.; Malek, K.; Baranska, M. Lipid Droplet Composition Varies Based on Medaka
Fish Eggs Development as Revealed by NIR-, MIR-, and Raman Imaging. Molecules 2020, 25, 817. [CrossRef]

50. Pirro, M.; Bianconi, V.; Francisci, D.; Schiaroli, E.; Bagaglia, F.; Sahebkar, A.; Baldelli, F. Hepatitis C virus and proprotein convertase
subtilisin/kexin type 9: A detrimental interaction to increase viral infectivity and disrupt lipid metabolism. J. Cell. Mol. Med.
2017, 21, 3150–3161. [CrossRef]

51. Veselkov, K.A.; Mirnezami, R.; Strittmatter, N.; Goldin, R.D.; Kinross, J.; Speller, A.V.; Abramov, T.; Jones, E.A.; Darzi, A.; Holmes,
E.; et al. Chemo-informatic strategy for imaging mass spectrometry-based hyperspectral profiling of lipid signatures in colorectal
cancer. Proc. Natl. Acad. Sci. USA 2014, 111, 1216–1221. [CrossRef]

52. Lucitt, M.B.; Price, T.S.; Pizarro, A.; Wu, W.; Yocum, A.K.; Seiler, C.; Pack, M.A.; Blair, I.A.; Fitzgerald, G.A.; Grosser, T. Analysis of
the zebrafish proteome during embryonic development. Mol. Cell. Proteom. 2008, 7, 981–994. [CrossRef]

53. Song, C.L.; Vardaki, M.Z.; Goldin, R.D.; Kazarian, S.G. Fourier transform infrared spectroscopic imaging of colon tissues:
Evaluating the significance of amide I and C-H stretching bands in diagnostic applications with machine learning. Anal. Bioanal.
Chem. 2019, 411, 6969–6981. [CrossRef]

54. Song, C.L.; Kazarian, S.G. Three-dimensional depth profiling of prostate tissue by micro ATR-FTIR spectroscopic imaging with
variable angles of incidence. Analyst 2019, 144, 2954–2964. [CrossRef] [PubMed]

55. Nelson, K.A.; Daniels, G.J.; Fournie, J.W.; Hemmer, M.J. Optimization of whole-body zebrafish sectioning methods for mass
spectrometry imaging. J. Biomol. Tech. 2013, 24, 119–127. [CrossRef] [PubMed]

56. Shariatgorji, M.; Nilsson, A.; Goodwin, R.J.A.; Kallback, P.; Schintu, N.; Zhang, X.Q.; Crossman, A.R.; Bezard, E.; Svenningsson, P.;
Andren, P.E. Direct Targeted Quantitative Molecular Imaging of Neurotransmitters in Brain Tissue Sections. Neuron 2014, 84,
697–707. [CrossRef] [PubMed]

57. Michno, W.; Wehrli, P.M.; Blennow, K.; Zetterberg, H.; Hanrieder, J. Molecular imaging mass spectrometry for probing protein
dynamics in neurodegenerative disease pathology. J. Neurochem. 2019, 151, 488–506. [CrossRef]

58. Epple, H.J.; Mankertz, J.; Ignatius, R.; Liesenfeld, O.; Fromm, M.; Zeitz, M.; Chakraborty, T.; Schulzke, J.D. Aeromonas hydrophila
beta-hemolysin induces active chloride secretion in colon epithelial cells (HT-29/B6). Infect. Immun. 2004, 72, 4848–4858.
[CrossRef]

59. Egan, S.; Fernandes, N.D.; Kumar, V.; Gardiner, M.; Thomas, T. Bacterial pathogens, virulence mechanism and host defence in
marine macroalgae. Environ. Microbiol. 2014, 16, 925–938. [CrossRef]

60. Soto-Davila, M.; Hossain, A.; Chakraborty, S.; Rise, M.L.; Santander, J. Aeromonas salmonicida subsp. salmonicida Early Infection
and Immune Response of Atlantic Cod (Gadus morhua L.) Primary Macrophages. Front. Immunol. 2019, 10, 1237. [CrossRef]

http://doi.org/10.1021/acs.energyfuels.5b02064
http://doi.org/10.3390/app10082974
http://doi.org/10.3390/en11020364
http://doi.org/10.1111/j.1745-7270.2007.00320.x
http://doi.org/10.1021/la047735s
http://doi.org/10.5504/BBEQ.2013.0106
http://doi.org/10.1504/IJNBM.2009.027736
http://doi.org/10.1046/j.1432-1033.2002.02841.x
http://doi.org/10.1042/bj20021021
http://www.ncbi.nlm.nih.gov/pubmed/12383054
http://doi.org/10.1016/j.bbamem.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24189436
http://doi.org/10.3390/app8122436
http://doi.org/10.3892/mmr.2014.3088
http://www.ncbi.nlm.nih.gov/pubmed/25503826
http://doi.org/10.1186/s13048-018-0434-8
http://www.ncbi.nlm.nih.gov/pubmed/30071867
http://doi.org/10.3390/molecules25040817
http://doi.org/10.1111/jcmm.13273
http://doi.org/10.1073/pnas.1310524111
http://doi.org/10.1074/mcp.M700382-MCP200
http://doi.org/10.1007/s00216-019-02069-6
http://doi.org/10.1039/C8AN01929K
http://www.ncbi.nlm.nih.gov/pubmed/30758356
http://doi.org/10.7171/jbt.13-2403-002
http://www.ncbi.nlm.nih.gov/pubmed/23997659
http://doi.org/10.1016/j.neuron.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/25453841
http://doi.org/10.1111/jnc.14559
http://doi.org/10.1128/IAI.72.8.4848-4858.2004
http://doi.org/10.1111/1462-2920.12288
http://doi.org/10.3389/fimmu.2019.01237


Int. J. Mol. Sci. 2022, 23, 12551 22 of 22

61. Paraskevaidi, M.; Martin-Hirsch, P.L.; Martin, F.L. Vibrational spectroscopy: A promising approach to discriminate neurodegener-
ative disorders. Mol. Neurodegener. 2018, 13, 20. [CrossRef]

62. Marzec, K.M.; Rygula, A.; Gasior-Glogowska, M.; Kochan, K.; Czamara, K.; Bulat, K.; Malek, K.; Kaczor, A.; Baranska, M. Vascular
diseases investigated ex vivo by using Raman, FT-IR and complementary methods. Pharmacol. Rep. 2015, 67, 744–750. [CrossRef]

63. Wang, J.S.; Shi, J.S.; Xu, Y.Z.; Duan, X.Y.; Zhang, L.; Wang, J.; Yang, L.M.; Weng, S.F.; Wu, J.G. FT-IR spectroscopic analysis of
normal and cancerous tissues of esophagus. World J. Gastroenterol. 2003, 9, 1897–1899. [CrossRef]

64. Sreedhar, H.; Varma, V.K.; Nguyen, P.L.; Davidson, B.; Akkina, S.; Guzman, G.; Setty, S.; Kajdacsy-Balla, A.; Walsh, M.J. High-
definition Fourier Transform Infrared (FT-IR) spectroscopic imaging of human tissue sections towards improving pathology. J.
Vis. Exp. 2015, 52332. [CrossRef] [PubMed]

65. Shapaval, V.; Afseth, N.K.; Vogt, G.; Kohler, A. Fourier transform infrared spectroscopy for the prediction of fatty acid profiles in
Mucor fungi grown in media with different carbon sources. Microb. Cell. Fact. 2014, 13, 86. [CrossRef] [PubMed]

66. Balan, V.; Mihai, C.T.; Cojocaru, F.D.; Uritu, C.M.; Dodi, G.; Botezat, D.; Gardikiotis, I. Vibrational Spectroscopy Fingerprinting in
Medicine: From Molecular to Clinical Practice. Materials 2019, 12, 2884. [CrossRef] [PubMed]

67. Ramirez-Carreto, S.; Perez-Garcia, E.I.; Salazar-Garcia, S.I.; Bernaldez-Sarabia, J.; Licea-Navarro, A.; Rudino-Pinera, E.; Perez-
Martinez, L.; Pedraza-Alva, G.; Rodriguez-Almazan, C. Identification of a pore-forming protein from sea anemone Anthopleura
dowii Verrill (1869) venom by mass spectrometry. J. Venom. Anim. Toxins 2019, 25, e147418. [CrossRef] [PubMed]

68. Iacovache, I.; Degiacomi, M.T.; Pernot, L.; Ho, S.; Schiltz, M.; Dal Peraro, M.; van der Goot, F.G. Dual chaperone role of the
C-terminal propeptide in folding and oligomerization of the pore-forming toxin aerolysin. PLoS Pathog. 2011, 7, e1002135.
[CrossRef]

69. Jia, N.; Liu, N.; Cheng, W.; Jiang, Y.L.; Sun, H.; Chen, L.L.; Peng, J.; Zhang, Y.; Ding, Y.H.; Zhang, Z.H.; et al. Structural basis for
receptor recognition and pore formation of a zebrafish aerolysin-like protein. EMBO Rep. 2016, 17, 235–248. [CrossRef]

70. Iacovache, I.; Paumard, P.; Scheib, H.; Lesieur, C.; Sakai, N.; Matile, S.; Parker, M.W.; van der Goot, F.G. A rivet model for channel
formation by aerolysin-like pore-forming toxins. EMBO J. 2006, 25, 457–466. [CrossRef]

71. Masuyer, G. Crystal Structure of Exotoxin A from Aeromonas Pathogenic Species. Toxins 2020, 12, 397. [CrossRef]
72. Schweppe, D.K.; Harding, C.; Chavez, J.D.; Wu, X.; Ramage, E.; Singh, P.K.; Manoil, C.; Bruce, J.E. Host-Microbe Protein

Interactions during Bacterial Infection. Chem. Biol. 2015, 22, 1521–1530. [CrossRef]
73. Origgi, F.C.; Benedicenti, O.; Segner, H.; Sattler, U.; Wahli, T.; Frey, J. Aeromonas salmonicida type III secretion system-effectors-

mediated immune suppression in rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immunol. 2017, 60, 334–345. [CrossRef]
74. Vanden Bergh, P.; Frey, J. Aeromonas salmonicida subsp. salmonicida in the light of its type-three secretion system. Microb. Biotechnol.

2014, 7, 381–400. [PubMed]
75. Chacon, M.R.; Soler, L.; Groisman, E.A.; Guarro, J.; Figueras, M.J. Type III secretion system genes in clinical Aeromonas isolates. J.

Clin. Microbiol. 2004, 42, 1285–1287. [CrossRef]
76. Rangel, L.T.; Marden, J.; Colston, S.; Setubal, J.C.; Graf, J.; Gogarten, J.P. Identification and characterization of putative Aeromonas

spp. T3SS effectors. PLoS ONE 2019, 14, e0214035. [CrossRef] [PubMed]
77. Groves, E.; Rittinger, K.; Amstutz, M.; Berry, S.; Holden, D.W.; Cornelis, G.R.; Caron, E. Sequestering of Rac by the Yersinia

effector YopO blocks Fcgamma receptor-mediated phagocytosis. J. Biol. Chem. 2010, 285, 4087–4098. [CrossRef] [PubMed]
78. Teng, O.; Ang, C.K.E.; Guan, X.L. Macrophage-Bacteria Interactions-A Lipid-Centric Relationship. Front. Immunol. 2017, 8, 1836.

[CrossRef]
79. Casares, D.; Escriba, P.V.; Rossello, C.A. Membrane Lipid Composition: Effect on Membrane and Organelle Structure, Function

and Compartmentalization and Therapeutic Avenues. Int. J. Mol. Sci. 2019, 20, 2167. [CrossRef]
80. Harayama, T.; Riezman, H. Understanding the diversity of membrane lipid composition. Nat. Rev. Mol. Cell. Biol. 2018, 19,

281–296. [CrossRef]
81. Posch, A.E.; Koch, C.; Helmel, M.; Marchetti-Deschmann, M.; Macfelda, K.; Lendl, B.; Allmaier, G.; Herwig, C. Combining light

microscopy, dielectric spectroscopy, MALDI intact cell mass spectrometry, FTIR spectromicroscopy and multivariate data mining
for morphological and physiological bioprocess characterization of filamentous organisms. Fungal Genet. Biol. 2013, 51, 1–11.
[CrossRef] [PubMed]

82. Su, K.Y.; Lee, W.L. Fourier Transform Infrared Spectroscopy as a Cancer Screening and Diagnostic Tool: A Review and Prospects.
Cancers 2020, 12, 115. [CrossRef] [PubMed]

83. Morandi, A.; Zhaxybayeva, O.; Gogarten, J.P.; Graf, J. Evolutionary and diagnostic implications of intragenomic heterogeneity in
the 16S rRNA gene in Aeromonas strains. J. Bacteriol. 2005, 187, 6561–6564. [CrossRef] [PubMed]

84. Shin, H.B.; Yoon, J.; Lee, Y.; Kim, M.S.; Lee, K. Comparison of MALDI-TOF MS, Housekeeping Gene Sequencing, and 16S rRNA
Gene Sequencing for Identification of Aeromonas Clinical Isolates. Yonsei Med. J. 2015, 56, 550–555. [CrossRef]

85. Borrell, N.; Acinas, S.G.; Figueras, M.J.; Martinez-Murcia, A.J. Identification of Aeromonas clinical isolates by restriction fragment
length polymorphism of PCR-amplified 16S rRNA genes. J. Clin. Microbiol. 1997, 35, 1671–1674. [CrossRef] [PubMed]

86. Wang, H.Y.; Liu, C.B.; Wu, H.W. A simple desalting method for direct MALDI mass spectrometry profiling of tissue lipids. J. Lipid
Res. 2011, 52, 840–849. [CrossRef] [PubMed]

http://doi.org/10.1186/s13024-018-0252-x
http://doi.org/10.1016/j.pharep.2015.05.001
http://doi.org/10.3748/wjg.v9.i9.1897
http://doi.org/10.3791/52332
http://www.ncbi.nlm.nih.gov/pubmed/25650759
http://doi.org/10.1186/1475-2859-13-86
http://www.ncbi.nlm.nih.gov/pubmed/25208488
http://doi.org/10.3390/ma12182884
http://www.ncbi.nlm.nih.gov/pubmed/31489927
http://doi.org/10.1590/1678-9199-jvatitd-1474-18
http://www.ncbi.nlm.nih.gov/pubmed/31131002
http://doi.org/10.1371/journal.ppat.1002135
http://doi.org/10.15252/embr.201540851
http://doi.org/10.1038/sj.emboj.7600959
http://doi.org/10.3390/toxins12060397
http://doi.org/10.1016/j.chembiol.2015.09.015
http://doi.org/10.1016/j.fsi.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24119189
http://doi.org/10.1128/JCM.42.3.1285-1287.2004
http://doi.org/10.1371/journal.pone.0214035
http://www.ncbi.nlm.nih.gov/pubmed/31163020
http://doi.org/10.1074/jbc.M109.071035
http://www.ncbi.nlm.nih.gov/pubmed/19926792
http://doi.org/10.3389/fimmu.2017.01836
http://doi.org/10.3390/ijms20092167
http://doi.org/10.1038/nrm.2017.138
http://doi.org/10.1016/j.fgb.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23220594
http://doi.org/10.3390/cancers12010115
http://www.ncbi.nlm.nih.gov/pubmed/31906324
http://doi.org/10.1128/JB.187.18.6561-6564.2005
http://www.ncbi.nlm.nih.gov/pubmed/16159790
http://doi.org/10.3349/ymj.2015.56.2.550
http://doi.org/10.1128/jcm.35.7.1671-1674.1997
http://www.ncbi.nlm.nih.gov/pubmed/9196171
http://doi.org/10.1194/jlr.D013060
http://www.ncbi.nlm.nih.gov/pubmed/21266365

	Introduction 
	Membrane-Disrupting Toxins 
	Intracellular-Targeting Toxins 
	Superantigens 

	Results 
	Discussion 
	Materials and Methods 
	Fish Samples 
	DNA Extraction 
	Sample Preparation for MALDI and FT-IR 
	FT-IR Spectroscopy 
	Statistical Analysis 
	MALDI Mass Spectrometry Imaging 

	Conclusions 
	References

