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Abstract

Background: Azurin, a bacterial cupredoxin firstly isolated from the bacterium Pseudomonas aeruginosa, is considered a potential
alternative therapeutic tool against different types of cancer. Aims: In this work we have explored the relationship possibly existing
between azurin and colorectal cancer (CRC), in light of the evidence that microbial imbalance can lead to CRC progression. Method-
ology/Results: To this aim, the presence of azurin coding gene in the DNA extracted from saliva, stool, and biopsy samples of 10 CRC
patients and 10 healthy controls was evaluated by real-time PCR using primers specifically designed to target the azurin coding gene from
different bacterial groups. The correlation of the previously obtained microbiota data with real-time PCR results evidenced a “preferen-
tial” enrichment of seven bacterial groups in some samples than in others, even though no statistical significance was detected between
controls and CRC. The subset of azurin gene-harbouring bacterial groups was representative of the entire community. Conclusions:
Despite the lack of statistical significance between healthy and diseased patients, HTS data analysis highlighted a kind of “preferential”
enrichment of seven bacterial groups harbouring the azurin gene in some samples than in others.
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1. Introduction
At the end of the 19th century bacteria and their

metabolites were tested for the first time as anticancer
agents [1,2]. This interest in the development of alterna-
tive therapies based on the use of bacteria and/or their sec-
ondary metabolites has renewed and increased in the last
years. Indeed, some bacterial (secondary) metabolites have
been found to specifically affect the tumor cells survival
or, otherwise, interfere with signalling pathways that allow
cancer progression [3–7].

Among these, cupredoxins are metalloproteins in-
volved in bacterial electron transport chain [8,9] show-
ing different activities including antimalarial [10] and an-
ticancer ones [5,11–15]. The cupredoxin family includes
azurins, rusticyanins, pseudoazurins, auracyanins, ami-
cyanins, and halocyanins [16,17]. For several decades,
the interest in anticancer activity has mainly focused on
azurin [5,14,18]. Even though Azurin was purified in 1958
[19], it was discovered for the first time in Pseudomonas
aeruginosa, where it is secreted as periplasmatic protein
[5]. Azurin belongs to the copper proteins type 1, and it
is involved in the electron transfer chain within the deni-
trification process in P. aeruginosa [3,20,21]. This protein

has a tertiary β-barrel structure, and, in a pathological con-
text, preferentially enters in human cancer cells rather than
the healthy ones [7,21–23]. This selective internalization
seems to be dependent on the enrichment of cholesterol mi-
crodomains (lipid raft) that are commonly over-expressed
in tumor cells [5] since its depletion significantly reduced
its cellular penetration [5,24]. The preferential azurin en-
try in tumor cells is mediated by the peptide p28 (Leu50-
Asp77) representing the azurin’s transport protein domain.
P28 is composed of an extended amphipathic helix [25].
It has been shown that p28 entry in cancer cells mainly
occurs via endocytic pathway and without loss of mem-
brane integrity [24,26,27]. Besides p28, there are other
less studied azurin-derived peptides, known as p12 (Gly66-
Asp77), p18b (Val60-Asp77) and p18 (Leu50-Asp77); both
p12 and p18b lack of cell penetration ability, while p18
has got the ability to preferential penetrate into the cancer
cells [24,28,29]. In this scenario, the most studied azurin-
associated peptide is p28. Once azurin or p28 enter cancer
cells, they induce multiple anticancer effects such as apop-
tosis, anti-proliferative potential, arrest of cell cycle, as well
as impair angiogenesis [7,26,30,31].
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Besides, different in vivo studies demonstrated that
azurin and p28 inhibit tumor growth in 4T1 breast model,
B16 melanoma and Dalton’s lymphoma ascites model [30,
32,33].

More in-depth, regarding in vitro evidence, azurin/p28
can induce inhibition of cancer cells proliferation via p53
pathway, by complexing and stabilizing p53, inducing
overexpression of pro-apoptotic genes such as BAX, and,
consequently, decreasing BCL-2 level that leads to the re-
lease of mitochondrial cytochrome c in the cytosol, thus
promoting downstream activation of apoptotic machinery
[30,34–37]. Despite this activity has been demonstrated in
vitro, mainly in breast, colon, melanoma, glioblastoma, and
prostate cancer cell lines [24,30,31,35,38–41] the prolifer-
ation inhibition was observed also in other cancer cell lines
such as ovarian cancer, fibrosarcoma, osteosarcoma, pan-
creatic cancer, and neuroblastoma [24,31,42].

In addition, azurin improves anticancer response also
throughmodulation of cell membrane properties, impacting
for instance on β1 integrin expression level in lung cancer
models and, consequently, enhancing the responsiveness to
EGFR-target therapy [43]. More recently, Bernardes and
co-workers [40] discovered an interaction between azurin
and lipid raft components (ganglioside GM-1, caveolin-1):
accordingly, azurin-treatment decreases caveolin-1 expres-
sion and plasma membrane order, subsequently enhancing
the response to chemotherapeutic drugs activity (paclitaxel,
doxorubicin) in both MCF-7 and HeLa cells [40]. In a
P-cadherin overexpressing breast cancer model, the same
group demonstrated that azurin decreases invasion ability
and impairs FAK/Src signalling [38,39].

Considering these promising evidence, two recent
clinical trials (phase I) have been completed [44,45],
demonstrating the efficacy of a safety and optimal dose
of p28 on (i) 15 patients bearing metastatic solid tu-
mors - NCT00914914; (ii) 18 younger patients with re-
current or progressive central nervous system tumors -
NCT01975116.

Recent studies have highlighted how azurin is able to
impact on cellular processes such as adhesion and invasion
of bacterial pathogens (e.g., S. aureus, Salmonella sp.) in
Colorectal Cancer (CRC) lines CaCo-2 [20]. The azurin in-
volvement in bacterial-cancer cell interactions was demon-
strated for CRC through experiments of exclusion, compe-
tition, and replacement. These results paved the way to
innovative ideas for potential adjuvant therapies. More-
over, regarding CRC pathogenesis, an involvement of the
gut microbiota in CRC development and therapy response
is documented [46]. Accordingly, increasing evidences
from metagenomic analyses highlighted a microbial imbal-
ance (dysbiosis) typical of the CRC patient gut, that sup-
ports a pathological state [47]. Recently, the analysis of
exopolysaccharides (EPSs) activity from Pseudomonas sp.
strains against HT-29 CRC cell line, confirmed that micro-
bial molecules are able to carry out anti-tumor activity in

CRC through apoptosis mechanism [48].
Surprisingly, there is a considerable lack of investiga-

tion about azurin gene and protein in biological samples of
human origin, especially related to the occurrence of can-
cer. An enrichment in azurin gene content of the microbiota
in the cancer context, could suggest that the azurin is able to
confer a selective advantage to such microorganisms. This
evidence, in turn, could be leveraged to induce enrichment
in azurin-harbouring microorganisms, potentially leading
to an in-situ production of azurin able to have a pharma-
cological value for the host.

In this work, samples collected from CRC patients
and healthy controls [49] were analysed for the presence
of specific bacterial groups related to the production of
azurin. The analysis was conducted on High-throughput se-
quencing (HTS) data previous collected for the FAS project
“MICpROBIMM” [49], and via quantitative amplification
protocol by real-time PCR. Six primer pairs specifically
designed to target the azurin gene from different bacterial
groups (mainly different Pseudomonas species) were de-
signed and validated through end-point PCR. Four of the
validated primer pairs were used for quantitative real-time
PCR in samples collected from 10 colorectal cancer patients
(saliva, stool and biopsy samples), in comparison with sam-
ples collected from 10 healthy subjects (in saliva and stool
samples). Our aim was therefore to evaluate the presence
of azurin gene in the available samples, to evaluate any dif-
ferences in relation to the sample type and also in relation
to the bacterial groups producing azurin.

2. Materials and Methods
2.1 Primer Design and Validation

The primer sets for azurin amplificationwere designed
based on the conserved regions obtained from the alignment
of the azurin nucleotide sequences using the BioEdit soft-
ware version 7.2.6 [50]. For the primer design the follow-
ing parameters were considered: 18–25 base pairs length,
a similar denaturation temperature of the primer forward
with the primer reverse in each couple (Tm) and the nu-
cleotide composition of the primer sequences, whose GC
content was established as being about 60% [51]. A total of
6 primer pairs were designed (Table 1).

2.2 End-Point PCR Condition for Primer Pairs Validation
The 6 primer pairs were validated through end-point

PCR on a panel of bacterial strains that were present in the
laboratory collections of the Dept. of Biology, University
of Florence. The strains used are listed in Table 2 (Ref. [52–
54]). The amplification with the designed primer pairs were
performed in 20-µL reactions using DreamTaq DNA Poly-
merase reagents (Thermofisher Scientific, Waltham, MA,
USA) at the concentrations suggested by the company, and
0.5 µM of each primer. 1 µL of bacterial cells lysate was
used as a template for each reaction. The amplification con-
ditions were the following: 5minutes denaturation at 95 °C,
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Table 1. Characteristics of the six primer pairs designed in this study for the specific amplification of a portion of the azurin protein-coding gene.
PRIMER PAIRS

Pseudomonas aeruginosa Pseudomonas group 12 Pseudomonas group 1 Pseudomonas group 4 Aeromonas Pseudomonas group 5

Primer forward (F) 5′-
GGCTGCCGAGTGCTCGG

-3′

5′-
AAGAGCTGCAAGACCTT

-3′

5′-
ATGAYTCGCAAGCTTGTA

-3′

5′-
ATCGACAAGAGCTGCAAG

-3′

5′-
CATGGGYCACAACTGGG

-3′

5′-
ATGTTTGCCAAACTCGT

-3′

Primer reverse (R) 5′-
CCCTGCATGTCGGCGGC

-3′

5′-
GGGAAGGAGCAGAAGA

-3′

5′-
GCGCCTTTCATCATGCT

-3′

5′-
CCTTTCATCATCGAGATRT

-3′

5′-
CCGGGGAAGGAGCAGAA

-3′

5′-
GTTRTGVCCCATSACGTT

-3′

Tm primer F 62 °C 50 °C 50 °C 54 °C 56 °C 48 °C

Tm primer R 62 °C 50 °C 52 °C 52 °C 57 °C 50 °C

Annealing temperature in PCR 62 °C 50 °C 50 °C 52 °C 56 °C 48 °C

Target P. aeruginosa P. fluorescens, P. cichorii, P.
coronafaciens, P. delhiensis,
P. pseudoalcaligenes, P.

mendocina

P. syringae, P. savastanoi, P.
amygdali, P. cannabina

P. fluorescens, P.
marginalis, P. putida, P.
simiae, P. trivalis, P.

costantinii

A. aquatica, A. caviae, A.
fluvialis, A. hydrophila, A.
rivuli, A. salmonicida.

P. fluorescens, P. sp., P.
cedrina, P. chlororaphis, P.

protegens

N. of target sequences 2290 98 268 221 195 143

Fragment length (bp) 177 275 431 305 216 201
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Table 2. List of the bacterial strain used for primer pairs validation in end-point PCR.
Strain Source Taxonomy Reference

3.33 Acquarossa river, red epilithon Pseudomonas sp. [52]
5.14 Acquarossa river, black epilithon Pseudomonas chloraphis [52]
11.7 Infernaccio waterfalls, red epilithon Pseudomonas fluorescens/P. protegens [52]
2.13 Acquarossa river, red epilithon Pseudomonas fluorescens/P. protegens [52]
14.6 Infernaccio waterfalls, red epilithon Pseudomonas moraviensis [52]
3.18 Acquarossa river, red epilithon Aeromonas sp. [52]
11.45 Infernaccio waterfalls, red epilithon Aeromonas sp. [52]
11.47 Infernaccio waterfalls, red epilithon Aeromonas sp. [52]
Ep_R1 Echinacea purpurea roots Pseudomonas sp. [53,54]
ATCC 9027 Department of Health Sciences, University of Florence, Laboratory of Prof. A. Lo Nostro. Pseudomonas aeruginosa
4739 Department of Health Sciences, University of Florence, Laboratory of Prof. A. Lo Nostro. Pseudomonas aeruginosa
5254 Department of Health Sciences, University of Florence, Laboratory of Prof. A. Lo Nostro. Pseudomonas aeruginosa

30 cycles of 30 s at 95 °C, 30 s at the annealing temperature
specific for each primers pair (Table 1) and 30 s at 72 °C,
followed by a final extension of 10 min at 72 °C. In order
to check whether the primer pairs correctly amplified the
azurin gene, some randomly chosen amplicons were puri-
fied and sequenced by using the same primer pairs used in
the end-point PCR; the obtained sequences were compared
with those available in databases, in order to determine their
correspondence with bacterial azurin gene. The obtained
sequences are available as supplementary material.

2.3 Set-up of Real-Time PCR Protocol with the Chosen
Primer Pairs

Real-time PCR reactions were performed on a panel of
samples collected from CRC, and healthy subjects (HC, Ta-
ble 3, Ref. [49]), in a QuantStudioTM 7 apparatus (Applied
Biosystems, Waltham, MA, USA), using a SYBR Green
mix (Thermo Fisher Scientific), and according to the proto-
col described in Checcucci et al. [55]. Four out of the six
primers pairs were chosen for real-time PCR on samples
listed in Table 3, namely: “Pseudomonas group 4”, “Pseu-
domonas group 5”, “Pseudomonas group 12” and “Pseu-
domonas aeruginosa”. The choice was made on the basis
of the end-point PCR results. For each primers pair, a stan-
dard curve was constructed starting from the corresponding
azurin amplicon, that was previously quantified. Amplicon
quantifications were performed with GelQuant.NET soft-
ware provided by biochemlabsolutions.com (http://bioche
mlabsolutions.com/GelQuantNET.html). The copy num-
ber of azurin amplicon in each point of the standard curve
and in samples giving a positive signal was calculated us-
ing the free software “dsDNA copy number calculator”
(https://cels.uri.edu/gsc/cndna.html).

2.4 Analysis of the Distribution of the Bacterial Groups
Producing Azurin in the High Throughput Sequencing
Dataset

Raw sequencing data obtained in Russo et al. [49]
were downloaded from the SRA database using fastq-dump
command in the SRA-Toolkit and using the accession num-

bers (SRR) associated to the single samples included in
the BioProject at accession PRJNA356414 (SRA acces-
sion SRP094636). According to Vitali et al. [56], the ob-
tained sequence fastq files were pre-processed as follows:
(i) sequencing primer was removed with CUTADAPT [57],
while the low-quality ends at 5’ was removed using Sickle
with a quality cutoff of 18. (ii) MICCA v1.7.2 [58] was then
used for all analysis steps from pre-treated sequences to fi-
nal Amplicon Sequence Variance (ASV) picking. The latter
was performed using the UNOISE3 algorithm [59] and tax-
onomy was assigned using the VSEARCH [60] algorithm
and the SILVA 132 database [61].

According to the presence of azurin gene in the dif-
ferent bacterial groups [62], the following bacterial taxa
were searched and quantified in each sample from both
healthy and CRC patients: Pseudomonas sp., (Phylum
Proteobacteria), Akkermansiaceae, Opitutaceae (Phylum
PVC),Holophagales, Vicinamibacteria (PhylumAcidobac-
teria), and the phyla Bacteroidetes, Chloroflexi and Acti-
nobacteria.

R software version 4.2 was used to analyse these bac-
terial group subsets (i.e., their distribution among samples)
and the whole HTS dataset, using vegan [63] and ggplot2
[64] for diversity analysis. Data of the azurin-subset com-
munity were normalized with z-score transformation prior
to distance matrix calculation using the Euclidean dissimi-
larity index. This transformation was necessary to account
for the large difference in relative abundance between the
selected variables, some at the species-genus level while
others at the level of entire phyla. Data of the whole HTS
dataset were normalized with relative abundance transfor-
mation prior to distance matrix calculation using the Bray-
Curtis dissimilarity index. In both cases, distance matrixes
were used for diversity evaluation with non-metric Multi-
dimensional Scaling (nMDS), as well their correlation was
measured with Mantel test in the vegan package (9999 per-
mutations, Pearson correlation).
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Table 3. List of samples from CRC patients and healthy
subjects [49] used for real-Time PCR.

Sample name CRC patient/ healthy subject Sample type

CM7_S CRC patient Saliva
CM7_F CRC patient Stool
CM7_B CRC patient Biopsy
CM8_S CRC patient Saliva
CM8_F CRC patient Stool
CM8_B CRC patient Biopsy
CM10_S CRC patient Saliva
CM10_F CRC patient Stool
CM10_B CRC patient Biopsy
CM11_S CRC patient Saliva
CM11_F CRC patient Stool
CM11_B CRC patient Biopsy
CM18_S CRC patient Saliva
CM18_F CRC patient Stool
CM18_B CRC patient Biopsy
CM19_S CRC patient Saliva
CM19_F CRC patient Stool
CM19_B CRC patient Biopsy
CM20_S CRC patient Saliva
CM20_F CRC patient Stool
CM20_B CRC patient Biopsy
CM22_S CRC patient Saliva
CM22_F CRC patient Stool
CM22_B CRC patient Biopsy
CM23_S CRC patient Saliva
CM23_F CRC patient Stool
CM23_B CRC patient Biopsy
CM24_S CRC patient Saliva
CM24_F CRC patient Stool
CM24_B CRC patient Biopsy
CFP1_S healthy subject Saliva
CFP1_F healthy subject Stool
CFP2_S healthy subject Saliva
CFP2_F healthy subject Stool
CFP3_S healthy subject Saliva
CFP3_F healthy subject Stool
CFP4_S healthy subject Saliva
CFP4_F healthy subject Stool
CFP6_S healthy subject Saliva
CFP6_F healthy subject Stool
CFP7_S healthy subject Saliva
CFP7_F healthy subject Stool
CFP8_S healthy subject Saliva
CFP8_F healthy subject Stool
CFP9_S healthy subject Saliva
CFP9_F healthy subject Stool
CFP10_S healthy subject Saliva
CFP10_F healthy subject Stool
CFP11_S healthy subject Saliva

3. Results
3.1 End-Point PCR

End-point amplifications with the six designed primer
sets on the panel of bacterial strains listed in Table 2, gave
different results. Fig. 1 and Table 4 summarizes the out-
come of the amplifications.

An amplicon of the expected size was detected in all
samples except for the primer pair “Pseudomonas group 1”
(Fig. 1). For this reason, this primer pair was excluded from
the further analyses. Each primer pair specifically ampli-
fied the azurin gene fragment of the bacterial strains be-
longing to its specific group, with the exception of primer
pairs “Aeromonas”, which gave amplicons not only from
Aeromonas sp. strains 3.18, 11.45, and 11.47, but also from
strains 2.13 affiliated to the genus Pseudomonas (Fig. 1).
For this reason, also this primer pair was removed from the
subsequent analysis.

The nucleotide sequence of seven randomly chosen
end-point ampliconwas determined and submitted to Blastx
online databases for comparison with the available de-
posited sequences, in order to verify whether not only the
fragment length, but also the amplified sequence corre-
sponded to the azurin encoding gene. All the sequences
retrieved at the lowest t-value the azurin gene, thus confirm-
ing the efficacy/specificity of the designed primer pairs and
are available in the supplementary material.

3.2 Real-Time PCR
Once the azurin amplicons from each primers pair

were quantified, a standard curve was constructed for each
couple. Table 5 (Ref. [52–54]) shows the bacterial strains
from which DNA was used for azurin amplification and
standard curve construction, and also the azurin copy num-
ber calculation for the standard curves prepared for each
primers pair selected for real-time PCR.
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Fig. 1. End-point PCR results using the six primer pairs designed in this work. DNA were used both not diluted (Tq) and diluted
(1:10). Negative controls indicated as “C-”.

Table 4. Results of the azurin gene amplification through end-point PCR using the six primer pairs on a panel of bacterial
strains present in the laboratory collections. YES: amplification occurred; NO: amplification not occurred; “-” reaction not

tested.
Pseudomonas aeruginosa Pseudomonas group 12 Pseudomonas group 1 Pseudomonas group 4 Aeromonas Pseudomonas group 5

3.33 - YES NO YES - NO
5.14 - YES NO YES - YES
11.7 - YES NO YES - YES
2.13 - YES NO YES YES YES
14.6 - YES NO YES - NO
3.18 - - - - YES -
11.45 - - - - YES -
11.47 - - - - YES -
Ep_R1 - NO NO YES - -
ATCC 9027 YES - - - - -
4739 YES - - - - -
5254 YES - - - - -
DH5α NO NO NO NO NO NO

Table 5. Characteristics of the DNA used for standard curve construction in the real-time PCRs.
Primer pairs Bacterial strain Reference Amplicon concentration No. copies of amplicon in 1 µL

Pseudomonas aeruginosa P. aeruginosa ATCC 9027 40 ng/µL 5.26 × 1010

Pseudomonas group 12 2.13 [52] 1 ng/µL 3.37 × 109

Pseudomonas group 5 5.14 [52] 0.2 ng/µL 9 × 108

Pseudomonas group 4 Ep_R1 [53,54] 0.2 ng/µL 6.2 × 108
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Table 6. Combined results of real-time PCR analysis, and detection of specific bacterial taxa in HTS results; relative abundances are expressed as % on the total reads in columns
related to the seven bacterial groups analysed; numbers in the columns related to the real-time PCR primers indicate the number of azurin copies that were calculated in real-time

PCR based on the standard curve construction. 1–30 rows indicate CRC patients, while 31–50 rows indicate healthy controls.
n. row Chloroflexi Opitutaceae Akkermansia Pseudomonas Bacteroidetes Actinobacteria Acidobacteria.

Holophagales
Pseudomonas
group 4

Pseudomonas
aeruginosa

Pseudomonas
group 12

Pseudomonas
group 5

1 CM7_S Saliva 0.00 0.00 0.00 0.00 20.93 10.97 0.00
2 CM7_F Stool 0.00 0.00 0.02 0.00 62.00 0.08 0.00 300 9
3 CM7_B Biopsy 0.00 0.00 0.00 0.00 16.08 5.74 0.00 9
4 CM8_S Saliva 0.00 0.00 0.00 0.00 22.73 4.94 0.00
5 CM8_F Stool 0.00 0.00 0.17 0.00 68.17 0.35 0.00 300 90
6 CM8_B Biopsy 0.00 0.00 0.42 0.05 37.84 1.17 0.00 30
7 CM10_S Saliva 0.01 0.00 0.00 0.00 28.77 4.62 0.00
8 CM10_F Stool 0.00 0.00 0.01 0.00 32.94 0.58 0.00 9
9 CM10_B Biopsy 0.00 0.00 0.00 0.00 18.80 2.72 0.00
10 CM11_S Saliva 0.00 0.00 0.00 0.00 26.73 6.57 0.00
11 CM11_F Stool 0.00 0.00 1.42 0.00 69.22 0.28 0.00 300 90
12 CM11_B Biopsy 0.00 0.00 0.99 0.05 24.64 9.83 0.00
13 CM18_S Saliva 0.00 0.00 0.00 0.00 19.51 1.67 0.00
14 CM18_F Stool 0.01 0.00 3.73 0.00 50.36 1.25 0.00
15 CM18_B Biopsy 8.22 0.00 0.02 2.63 10.17 11.03 0.00
16 CM19_S Saliva 0.00 0.00 0.00 0.00 16.45 18.82 0.00
17 CM19_F Stool 0.00 0.00 4.09 0.00 80.82 0.16 0.00 30
18 CM19_B Biopsy 7.43 0.08 0.15 2.15 10.39 8.51 0.15 9
19 CM20_S Saliva 0.01 0.00 0.01 0.00 27.25 2.71 0.00
20 CM20_F Stool 0.01 0.00 5.80 0.00 70.98 0.79 0.00 3
21 CM20_B Biopsy 6.83 0.00 0.00 2.05 7.59 8.71 0.49 9
22 CM22_S Saliva 0.00 0.00 0.00 0.00 28.20 3.41 0.00
23 CM22_F Stool 0.00 0.00 0.00 0.00 63.68 0.38 0.00
24 CM22_B Biopsy 1.61 0.05 0.00 0.16 35.47 1.76 0.04
25 CM23_S Saliva 0.00 0.00 0.00 0.00 22.90 7.39 0.00
26 CM23_F Stool 0.00 0.00 5.26 0.00 46.63 0.12 0.00 30
27 CM23_B Biopsy 4.50 0.00 0.03 0.79 21.52 5.29 0.10
28 CM24_S Saliva 0.01 0.00 0.01 0.00 11.53 11.04 0.00
29 CM24_F Stool 0.01 0.00 0.00 0.00 52.03 0.35 0.00 30
30 CM24_B Biopsy 3.57 0.00 0.00 0.62 44.20 4.54 0.00
31 CFP1_S Saliva 0.00 0.00 0.02 0.00 27.14 5.06 0.00
32 CFP1_F Stool 0.00 0.00 4.70 0.00 68.68 0.28 0.00
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Table 6. Continued.
n. row Chloroflexi Opitutaceae Akkermansia Pseudomonas Bacteroidetes Actinobacteria Acidobacteria.

Holophagales
Pseudomonas
group 4

Pseudomonas
aeruginosa

Pseudomonas
group 12

Pseudomonas
group 5

33 CFP2_S Saliva 0.00 0.00 0.00 0.00 39.19 3.83 0.00
34 CFP2_F Stool 0.00 0.00 0.02 0.00 70.82 0.44 0.00 300 90
35 CFP3_S Saliva 0.00 0.00 0.00 0.00 38.22 6.30 0.00
36 CFP3_F Stool 0.00 0.00 0.02 0.00 44.35 0.25 0.00 30
37 CFP4_S Saliva 0.00 0.00 0.00 0.00 33.96 0.99 0.00
38 CFP4_F Stool 0.00 0.00 0.00 0.00 25.00 0.00 0.00 300
39 CFP6_S Saliva 0.00 0.00 0.01 0.00 18.92 11.43 0.00
40 CFP6_F Stool 0.00 0.00 0.00 0.00 21.01 0.50 0.00
41 CFP7_S Saliva 0.01 0.00 0.01 0.00 23.51 3.26 0.00
42 CFP7_F Stool 0.00 0.00 4.30 0.00 20.70 1.20 0.00 30
43 CFP8_S Saliva 0.00 0.00 0.00 0.00 16.99 1.97 0.00
44 CFP8_F Stool 0.01 0.00 0.01 0.25 64.33 0.39 0.00
45 CFP9_S Saliva 0.00 0.00 0.00 0.00 31.37 2.80 0.00
46 CFP9_F Stool 0.00 0.00 0.14 0.04 69.50 0.13 0.00 300
47 CFP10_S Saliva 0.00 0.00 0.00 0.00 23.12 5.62 0.00
48 CFP10_F Stool 0.00 0.00 1.10 0.00 21.48 0.72 0.00 9
49 CFP11_S Saliva 0.01 0.00 0.00 0.00 8.62 11.00 0.00
50 CFP11_F Stool 0.00 0.00 1.03 0.00 20.40 0.11 0.00
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Fig. 2. Relative abundance of Holophagales (A), Opitutaceae (B) and Chloroflexi (C) reads detected in the samples analysed
through HTS technique.

Real-time reactions revealed the presence of the azurin
gene in both CRC and healthy patients as shown in Ta-
ble 6. The primer pairs “Pseudomonas group 4” and “Pseu-
domonas aeruginosa” were not effective in detecting the
azurin gene in the samples analysed. Primer pair “Pseu-
domonas group 5” gave positive results for the azurin gene
in 7 CRC samples (4 samples of stool and 3 sample of
biopsy) and in 2 healthy subjects (stool samples). Finally,
primer pair “Pseudomonas group 12” successfully ampli-
fied the azurin coding gene from 8 CRC patients (7 stool
samples and 1 biopsy) and 5 stool samples collected from
healthy subjects (Table 6).

3.3 Distribution of the Azurin-Producing Bacterial Groups
in HTS Data from CRC Patients and Healthy Controls

The relative abundances of Pseudomonas sp., (Phy-
lum Proteobacteria), Akkermansiaceae, Opitutaceae (Phy-
lum PVC), Holophagales, Vicinamibacteria (Phylum Aci-
dobacteria), and the phyla Bacteroidetes, Chloroflexi and
Actinobacteria, were evaluated in each sample through the
analysis of the HTS data reported in Russo et al. [49]. Data
obtained are resumed in Fig. 2 and Fig. 3 (Ref. [49]). It
was worth of noticing that Holophagales, Opitutaceae, and
Chloroflexi were detected only in samples of biopsy from
CRC patients, and not in stool and saliva samples from ei-
ther healthy or CRC subjects (Fig. 2).

Also, the relative abundance of Pseudomonas sp.
(Fig. 3D) suggest that this bacterial genus is highly repre-
sented in the biopsy samples of CRC patients, while it is
about completely lacking in all the other samples, except
for two stool samples from healthy controls (samples CFP
8 and 9), showing a low Pseudomonas sp. abundance. In-

terestingly, while Akkermansia sp. is highly represented in
stool samples, and slightly more abundant in CRC patients
respect to healthy controls (Fig. 3A—difference not statis-
tically significant with p-value = 0.4057), the relative abun-
dance of Actinobacteria (Fig. 3B) revealed that this bacte-
rial group is highly represented in saliva samples of both
CRC and healthy subjects (no statistically significant dif-
ference of the Actinobacteria relative abundance between
CRC and healthy subjects in Kruskal-Wallis test), as well
as in CRC biopsy samples.

Finally, Bacteroidetes relative abundance revealed
that this group is generally more represented in stool than in
saliva and suggested a higher abundance in CRC patients’
stool than in healthy subject, even though the difference
failed to reach a statistically significance with a p value =
0.13.

Data obtained were further inspected with ordination
analysis, using nMDS on the subset of bacterial groups har-
bouring the azurin gene (Fig. 4A) and on the whole set of
HTS data (Fig. 4B). The aim of this analysis was investigat-
ing the extent to which the taxa subset harbouring azurin
gene was related to the whole HTS dataset. To this aim,
we firstly investigated community diversity using ordina-
tion analysis. In both cases, the ordination, provided a good
representation of the real distances among samples as indi-
cated by a stress value <0.1. A net division between the
three sample types was always visible (shapes in Fig. 4),
but CRC (full shapes) and healthy control (empty shapes)
samples from all samples type were always in strong over-
lap, indicating that in both the selected subset and in the
whole HTS dataset, the community mainly varied respect
to different samples type. Indeed, pathology (i.e., CRC vs
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Fig. 3. Relative abundance of Akkermansia (A), Actinobacteria (B), Bacteroidetes (C), and Pseudomonas (D) reads detected in the
samples analysed through HTS technique [49].

healthy) was not a significant term in PERMANOVA test
on the subset of bacterial groups harbouring the azurin gene
both for saliva and for stool samples (p values > 0.05).

Finally, we asked the degree of correlation of the di-
versity between the two datasets using Mantel test (9999
permutations, Pearson correlation measure) to obtain the
overall correlation between the Euclidean distance matrix
calculated on the “azurin-related” subset, and the Bray-
Curtis distance matrix calculated on the whole HTS dataset.
Mantel test showed a moderate but highly significant corre-
lation between the twomatrices (Mantel Pearson r = 0.3554,
p-value< 0.001), indicating an unexpectedly high ability of
the selected groups to recapture the whole dataset.

4. Discussion
From decades, the research of new anticancer

molecules has raised great interest within the scientific
community. In particular, microbial secondary metabolites
are under the spotlight as promising candidates of inno-
vative anticancer approaches. Interestingly, some of them

are successfully applied as therapy for the cancer treatment
as well (recently reviewed by Mohammadi et al. [20] re-
suming bacterial secondary metabolites which have been
clinically used or are undergoing clinical trial). Among
them, azurin synthesized from P. aeruginosaMTCC 2453,
was demonstrated to induce tumor regression. In vivo ex-
periments using Dalton’s lymphoma mice model demon-
strated that azurin is able to induce apoptosis [32]. Like-
wise, anticancer activity of azurin was demonstrated in vitro
in gastrointestinal cancers cell lines [65]. These evidences
brought to the investigation on the possible optimization of
azurin formulation to improve its efficacy [13,66,67], such
as the drug delivery into chitosan nanoparticles [65].

In the field of CRC, given its known environmen-
tal pathogenesis (i.e., related to unhealthy diet or lifestyle)
and given the known abundance and complexity of the mi-
crobial community in its target organ, the use of bacte-
rial and bacterial-derived (secondary) metabolites is partic-
ularly promising for innovative treatment options [68].

Stemming from those premises, in this work we have
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Fig. 4. Ordination plot resulting from nMDS based on Bray-
Curtis dissimilarity on the (A) subset of bacterial groups har-
bouring the azurin gene and (B) the whole HTS dataset. Plot
is annotated with stress values (i.e., a measure of the similarity of
distances between samples in the reduced data of the ordination,
respect to the distances between samples of the complete dataset).

evaluated the presence of azurin genes in different biolog-
ical samples (i.e., saliva, stool, and biopsy) from CRC pa-
tients and healthy controls, investigating on the possible re-
lationship existing between the disease occurrence and the
different microbiota body compartments associated. More-
over, as the presence of azurin genes has been correlated
to specific bacterial groups of environmental and gut origin
[62], it might help in a future translation to clinical practice.

In this scenario, the construction of a valid amplifica-
tion protocol for both bacterial pure cultures and biological
samples is mandatory. Indeed, primer pairs are not easily
available in scientific literature, and little is known about
the amplification protocols of the azurin coding gene. To
this purpose, our study was at first aimed at creating valid
primer sets for a successful amplification and/or quantifi-
cation of the gene encoding azurin in different samples.
Interestingly, in a recent work [20] the amplification of
azurin gene was applied to detect the differences occurring
among bacterial isolates obtained from burn patients with

P. aeruginosa infection. The authors demonstrated that the
expression of azurin gene was significantly higher in the
P. aeruginosa strains isolated from the blood of patients
with systemic infections, hypothesizing an azurin role in
the increased pathogenicity of the strains isolated in those
patients, as well as in their ability to escape the host immune
system and disseminate into the bloodstream [20].

As a further step, we analyzed HTS results obtained
from previous research [49] in the light of the evidences
from Gammuto et al. [62], this last specifically evaluat-
ing the phylogenetic distribution of azurin gene. These re-
sults allowed us to focus on a defined set of taxa known
for harbouring azurin genes, rather than the entire commu-
nity. This analysis revealed that bacterial taxa Holopha-
gales, Opitutaceae, and Chloroflexi were only retrieved in
CRC biopsy samples (Fig. 2). Although no evidence in sci-
entific literature correlates the presence of Holophagales
and Opitutaceae with tumor conditions, thus avoiding any
speculation on the possible relationship of this pathology
with these bacterial groups, the phylum Chloroflexi seems
to be involved in the microbiota dysbiosis, which plays a
documented key role in carcinogenesis [69].

In agreement with these observations, it has been
demonstrated that the species Chloroflexus aurantiacus en-
codes for four auracyanins [70], which belong to the type 1
(T1) blue copper protein family, also known as cupredox-
ins; these auracyanins play a role as periplasmatic electron
carriers [71]. Interestingly, it has been also highlighted that
the Chloroflexiwas one of the bacterial phyla that were sig-
nificantly enriched in tissues of subsolid nodules from pa-
tients with lung adenocarcinoma [69]. A similar trend was
also found in other tumor types; accordingly, microbiota al-
terations are associatedwith the different histological stages
of gastric cancer [72], and higher Chloroflexi abundance
was found in CRC biopsy samples [73]. Therefore, our
observations on the Chloroflexi presence in CRC biopsies
(Fig. 2) could direct future studies in the investigation of the
possible correlations between this bacterial phylum and the
azurin presence, and also in the putative relationship with
cancer progression.

Another interesting result is that of the presence of
Pseudomonas sp. bacteria only in biopsy samples, with an
almost total lack in saliva and stool samples of CRC pa-
tients and healthy controls (Fig. 3). These results may be
partially in agreement with the scientific literature. Indeed,
despite Pseudomonas aeruginosa is a common colonizer
of the human intestine in cancer patients facing particular
clinical conditions (i.e., hospitalization, immunosuppres-
sion, antibiotic treatment, surgery, severe trauma), this bac-
terium increases in the number and also become more viru-
lent and damaging to the intestinal epithelium upon surgery,
injury, and severe stress [74]. Additionally, P. aeruginosa
isolated from humans can induce intestinal pathology and
cancer-related epithelial phenotypes in genetically predis-
posed model hosts [74]. On the other side, results from real
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time PCR revealed the azurin presence from Pseudomonas
sp. not only in biopsies but also in stool samples from both
CRC and healthy patients. This incongruence might be re-
lated to the different resolution of the used molecular tech-
niques. Indeed, HTS is aimed at a taxonomical analysis on
16S rRNA genes, while real time primers were designed
on the sequence of the azurin genes from different Pseu-
domonas sp. groups. Thus, we cannot exclude a priori the
possibility that our azurin primers might have amplified the
gene from other taxonomical groups.

Recently, Yu and co-authors [75] observed a higher
relative abundance of Actinobacteria, Acidobacteria, and
Chloroflexi in the gut microbiota of myeloid leukemia com-
pared to healthy controls; this observation confirms an al-
teration of the microbiota in tumor conditions. This en-
richment is in line with our experimental findings, not only
about Chloroflexi, but also regarding the presence of Acti-
nobacteria in CRC biopsies (Fig. 3). Moreover, our anal-
ysis supports higher relative abundances of Actinobacteria
in saliva samples of both healthy and CRC patients respect
to stool samples. These data partially agree with results
obtained analyzing other diseases; to this purpose, Acti-
nobacteria, together with other phyla, were more abundant
in samples from patients with periodontitis instead of in
healthy controls [76].

Finally, we constructed a subset of azurin gene har-
bouring bacteria and tested in beta diversity analysis. The
subset was intrinsically very variable in term of taxonomic
level of the variables (i.e., some represented phyla, some
genera) and consequently in terms of numeric count. Nev-
ertheless, we found that this subset was able to fairly depict
the entire community diversity as seen with HTS. Although
this evidence is necessarily preliminary and observational
due to the low number of samples involved and the strong
taxonomic variability of the created subset, it still represents
interesting evidence worthy of further investigation.

5. Conclusions
Overall, despite the study limitations such as the low

number of recruited patients, in this work for the first time,
six primer pairs targeting the bacterial azurin gene were
specifically designed, tested, and validated via end-point
and real-time PCR. Two out of the six designed primers
were efficient in detecting the azurin gene in real-time PCR
on human samples from CRC and healthy patients. De-
spite the lack of statistically significant differences between
healthy and diseased patients, HTS data analysis on seven
bacterial groups harbouring azurin gene in their genome
highlighted a kind of “preferential” enrichment of these
bacterial groups in some samples than in others (i.e., Pseu-
domonas sp., Holophagales, Opitutaceae and Chloroflexi
in CRC biopsy, Akkermansia sp. in stool samples, Acti-
nobacteria in saliva samples). Moreover, the subset of
azurin gene-harbouring bacterial groups was representative
of the entire community diversity, despite this observation

needs further investigations and confirmation, on a wider
number of samples.
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