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mango by-products cause diverse inhibitory effects and cell
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Significance and Impact of the Study: Enterotoxigenic Escherichia coli (ETEC) is one of the main causes
of diarrhoea in humans and animals. The increasing resistance of ETEC strains to clinically relevant
antibiotics has prompt the necessity to search for novel substances with inhibitory efficacy. This is the
first study showing the capability of phenolic-rich extracts of acerola and cashew apple by-products
causing the inhibition of distinct ETEC strains, with disturbance of various physiological functions, indi-
cating these substances as potential antimicrobials to be exploited in solutions to control ETEC in
humans and animals.
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Abstract

This study aimed to evaluate the inhibitory effects of phenolic-rich extracts
from acerola (Malpighia emarginata D.C., PEA), cashew apple (Anacardium
occidentale L., PEC) and mango (Mangifera indica L., PEM) by-products on
distinct enterotoxigenic Escherichia coli (ETEC) strains. The capability of PEA
and PEC of impairing various physiological functions of ETEC strains was
investigated with multiparametric flow cytometry. Procyanidin B,, myricetin
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Introduction

Escherichia coli is a well-known Gram-negative bacterium
belonging to Enterobacteriaceae family. The primary

and p-coumaric acid were the major phenolic compounds in PEA, PEC and
PEM, respectively. PEA and PEC had lower minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) (MIC: 31-25 mg ml™;
MBC: 62:5mgml™') on ETEC strains than PEM (MIC and MIC:
>1000 mg ml™'). PEA and PEC (156, 31-2, 625 mg ml™!) caused viable
count reductions (P < 0-05) on ETEC strains after 24 h of exposure, notably
the >3 log reductions caused by 62-5 mg ml~'. The 24 h exposure of ETEC
strains to PEA and PEC (312, 62-5 mg ml™') led to high sizes of cell
subpopulations with concomitant impairments in cell membrane polarization
and permeability, as well as in enzymatic, respiratory and efflux activities. PEA
and PEC are effective in inhibiting ETEC through a multi-target action mode
with disturbance in different physiological functions.

E. coli habitat is the intestinal tract of human and warm-
blooded animal, where it is usually part of the normal
microbiota as a commensal bacterium. However, several
E. coli pathotypes can cause intestinal diseases in both
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ETEC inhibition by fruit by-product extracts

healthy and immunocompromised individuals (Gomes
et al. 2016; Jang et al. 2017). Enterotoxigenic E. coli
(ETEC) pathotype is one of the most widespread causes
of diarrhoea in humans and animals worldwide. The pres-
ence of ETEC in the environment, food and water allows
this bacterium to achieve the intestine via the oral route.
Fimbrial or non-fimbrial adhesins are involved in ETEC
adherence to the intestinal mucosa epithelium where it
can secrete enterotoxins, that is, heat-labile toxin and
heat-stable toxins (STs), leading to watery diarrhoea,
dehydration and even death (Dubreuil et al. 2016; Gomes
et al. 2016).

The incidence of human diarrhoea caused by ETEC in
developing countries occurs typically in the earlier 5 years
of life, as well as in immunocompromised individuals and
travellers (Gomes et al. 2016; Khalil et al. 2018). More-
over, post-weaning diarrhoea caused by ETEC is a com-
mon disease in farm animals, especially in piglets,
resulting in decreased weight gain and death. Diarrheal
illnesses in animals have important negative impacts on
the agro-food industry causing great economic losses
(Dubreuil et al. 2016; Luppi 2017). The resistance to clin-
ically relevant antibiotics has been progressively reported
in ETEC strains, being an important concern to control
ETEC infections in humans and animals (Luppi 2017;
Davin-Regli et al. 2019). The search for substances or
compounds with strong antibacterial effects and capability
of acting on distinct sites of ETEC cells should be a
research focus (Khalil et al. 2018; Dubreuil 2020).

Phenolic compounds are chemically characterized by
the presence of an aromatic structure and multiple hydro-
xyl groups in their molecules, which have been putatively
associated with their potential antimicrobial properties
(Khalifa et al. 2018; Lima et al. 2019). Acerola (Malpighia
emarginata D.C.), cashew apple (Anacardium occidentale
L.) and mango (Mangifera indica L.) are tropical fruit
abundantly found in Brazil and rich sources of phenolic
compounds (Asif et al. 2016; Duarte et al. 2017; Belwal
et al. 2018). The agro-industrial processing of these fruit
generates high amounts of by-products mostly composed
of peel and/or seed remnants with higher contents of phe-
nolic compounds than fruit pulps (Silva et al. 2014; Asif
et al. 2016; Duarte et al. 2017; Batista et al. 2018; Aratjo
et al. 2020). This fact illustrates the necessity to develop
strategies to recover the phenolic compounds from these
fruit by-products and transform them into products with
value-added applications to other industries, which could
also reduce the environmental concerns regarding the
agro-industrial waste disposal (Fierascu et al. 2020). Some
previous studies have shown the efficacy of phenolic com-
pounds and phenolic-rich extracts from fruit to inhibit
different pathogenic bacteria and modulate the antibiotic
bacterial resistance (Diniz-Silva et al. 2017; Sanhueza
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et al. 2017; Lima et al. 2019). However, investigations on
the inhibitory effects of phenolic-rich extracts from fruit
or their by-products on ETEC are still deficient.

This study hypothesized that phenolic-rich extracts
from acerola, cashew apple and mango by-products could
exert antibacterial properties against ETEC. To test this
hypothesis, the effects of these extracts on the growth/sur-
vival of distinct ETEC strains, as well as the capability of
the more active extracts of impairing various bacterial
physiological functions as events underlying their inhibi-
tory effects on target ETEC strains were evaluated.

Results and discussion

The phenolic compounds determined in PEA, PEC and
PEM are shown in Table 1. Procyanidin B,, catechin and
hesperetin were the phenolic compounds found in the
highest contents in PEA. Myricetin was the major pheno-
lic compound in PEC, followed by procyanidin B, and
catechin. p-coumaric acid and hesperetin were the major
phenolic compounds in PEM, followed by quercetin
3-glucoside. PEM had the highest diversity of the
determined phenolic compounds (23), followed by PEA
(19) and PEC (10). The decreasing rank based on the
summed total content of the determined phenolic
compounds was PEA (244-0 + 11-6 mg 100 g~ ')>PEM
(157-3 £ 18-8 mg g ")>PEC (93-0 & 0-7 mg 100 g~ ").
Previous studies have reported antibacterial effects of cat-
echin (Sinsinwar and Vadivel 2020), p-coumaric acid
(Bag and Chattopadhyay 2017; Ojha and Patil 2019) and
procyanidin B, (Alejo-Armijo et al. 2017) on some patho-
genic bacteria.

A variety of major phenolic compounds have been
reported in acerola (e.g. catechin, myricetin, peonidin 3-
glucoside, hesperidin and procyanidin B,) (Batista et al.
2018; Belwal et al. 2018; Gomes et al. 2020) and cashew
apple by-product (e.g. salicylic acid, myricetin, epicate-
chin and rutin) (Gordon et al. 2012; Batista et al. 2018).
Mangiferin, epicatechin-gallate and epigallocatechin-
gallate were previously identified as the major phenolic
compounds in mango peels (Asif et al. 2016; Coelho er al.
2019). The extraction procedure, season, ripening stage
and plant cultivar could be factors affecting the types and
contents of phenolic compounds in different fruit samples
belonging to a same plant species (Gordon et al. 2012;
Haminiuk et al. 2012; de Albuquerque et al. 2019; Lima
et al. 2019).

The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of PEA, PEC
and PEM on distinct target ETEC strains were determined
as an initial screening step to evaluate their antibacterial
properties. MIC and MBC of PEA, PEC and PEM were
similar against the distinct target ETEC strains. Both PEA
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Table 1 Phenolic compounds identified (average + standard deviation) in phenolic-rich extracts from acerola (PEA), cashew apple (PEC) and

mango (PEM) by-products

Phenolic compounds

PEA (mg 100 g~")

PEC (mg 100 g~")

PEM (mg 100 g™ ")

Anthocyanidins

Cyanidin 3,5-diglucoside 0-7 (£0-2) <LOD <LOD
Malvidin 3,5-diglucoside <LOD <LOD 0-9 (£0-2)
Malvidin 3-glucoside 8:9 (+0-9) <LOD <LOD
Pelargonidin 3-glucoside 1.3 (£0-3)? 2.4 (+0.1)° <LOD
Pelargonidin 3,5-diglucoside <LOD <LOD 1-3 (£0-0)
Petunidin 3-glucoside 14.7 (£1.7) <LOD <LOD
Flavanols
Catechin 35.1 (£0-4)7 10-5 (£0-2)° 2-7 (£0-2)°
Epicatechin <LOD <LOD 1.3 (£0-1)
Epicatechin gallate <LOD <LOD 0-7 (£0-3)
Epigallocatechin gallate 3.8 (+1-0)? <LOD 2.4 (+0-1)°
Procyanidin A, 3.8 (+0-0) <LOD 09 (+0-2)°
Procyanidin B 20-9 (£0-3)2 0-3 (£0-1)¢ 15.9 (£2-3)°
Procyanidin B, 391 (£0-7) 17-5 (j:0-5)b 9.0 (£0-3)°
Flavonol
Kampferol 3-glucoside 12:0 (£0-2)? 0-4 (£0-0)° 0-7 (£0-1)°
Myricetin <LOD 52.0 (+£0-4)? 0-6 (+£0-2)°
Quercetin 3-glucoside 15.8 (£0-1)° 3.2 (+0-0)¢ 181 (£0-9)°
Rutin 1.2 (£0-0)° 2.8 (+0.0)° 6-9 (+0-8)°
Flavanones
Hesperetin 32-6 (£0-6)? 3.5 (+0.0)° 34.8 (£1.7)7
Naringenin 16-7 (+0-3)? <LOD 1-1 (£0-2)°
Hydroxybenzoic acids
Gallic acid <LOD <LOD 0-2 (+0-0)
Syringic acid <LOD <LOD 1.6 (£0-2)
Hydroxycinnamic acids
Caffeic acid 0-9 (+0:1)? < LOD 1.3 (£0-3)7
Caftaric acid 19-4 (£3-6)° 0-3 (£0-1)° 3.6 (+£0-4)°
Chlorogenic acid 6-5 (£1-1) <LOD 1.4 (£0-2)°
p-Coumaric acid <LOD <LOD 34.9 (+5-6)
Stilbenes
cis-Resveratrol 2.5 (£0-2)° <LOD 14.3 (£2.7)°
trans-Resveratrol 81 (+0-2)° <LOD 3.0 (+0-2)°
Sum of contents of determined phenolic compounds 244.0 93.0 157-3

<LOD: Below the limit of detection.

Different letters in the same row denote significant differences (P < 0-05), based on Kruskal-Wallis or Mann-Whitney U test.

Gallic acid (limit of detection (LOD) 0-001 mg 100 g~' and limit of quantification (LOQ) 0-001 mg 100 g~"), syringic acid (LOD
0-008 mg 100 g~' and LOQ 0-012 mg 100 g~ "), cis-resveratrol (LOD 0.008 mg 100 g~' and LOQ 0-010 mg 100 g~"), hesperidin (LOD
0-012 mg 100 g~' and LOQ 0-017 mg 100 g~"), naringenin (LOD 0-016 mg 100 g~' and LOQ 0.022 mg 100 g~ "), epicatechin (LOD
0-006 mg 100 g~' and LOQ 0-007 mg 100 g~ "), catechin (LOD 0-006 mg 100 g~' and LOQ 0.008 mg 100 g~ '), epicatechin-gallate (LOD
0-006 mg 100 g~" and LOQ 0-007 mg 100 g~ "), epigallocatechin-gallate (LOD 0-004 mg 100 g~' and LOQ 0-005 mg 100 g~ "), procyanidin A,
(LOD 0-006 mg 100 g~" and LOQ 0-007 100 g~ '), procyanidin B; (LOD 0-001 mg 100 g~' and LOQ 0-001 mg 100 g~") and procyanidin B,
(LOD 0-004 mg 100 g~" and LOQ 0-006 mg 100 g~ "), trans-caftaric acid (LOD 0-009 mg 100 g~ ' and LOQ 0-001 100 g~"), p-coumaric acid
(LOD 0-010 mg 100 g~" and LOQ 0-012 mg 100 g~ "), chlorogenic acid (LOD 0-011 mg 100 g~' and LOQ 0-015 mg 100 g~"), caffeic acid (LOD
0-001 mg 100 g~" and LOQ 0-001 mg 100 g~"), trans-resveratrol (LOD 0-004 mg 100 g~ and LOQ 0-006 mg 100 g~ "), kaempferol (LOD
0-010 mg 100 g~' and LOQ 0-012 mg 100 g~"), quercetin 3-glucoside (LOD 0-011 mg 100 g~ and LOQ 0-014 mg 100 g~ '), rutin (LOD
0-008 mg 100 g~' and LOQ 0-010 mg 100 g~"), myricetin (LOD 0-005 mg 100 g~ and LOQ 0-007 mg g~"), malvidin 3-glucoside (LOD
0-085 mg 100 g~' and LOQ 0-141 mg 100 g~ "), cyanidin 3-glucoside (LOD 0-011 mg 100 g~' and LOQ 0-015 mg 100 g~"), malvidin 3,5-
diglucoside (LOD 0-024 mg 100 g~' and LOQ 0-028 mg 100 g~"), cyanidin  3,5-diglucoside (LOD 0-007 mg 100 g~' and LOQ
0-008 mg 100 g~"), pelargonidin 3-glucoside (LOD 0-006 mg 100 g~' and LOQ 0-008 mg 100 g~'), delphinidin 3-glucoside (LOD
0-017 mg 100 g~' and LOQ 0-022 mg 100 g~ "), pelargonidin 3,5-diglucoside (LOD 0-005 mg 100 g~' and LOQ 0-005 mg 100 g~"), petunidin
3-glucoside (LOD 0-010 mg 100 g~" and LOQ 0-012 mg 100 g~ ).
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and PEC had MIC and MBC of 31-25 and 62-5 mg ml},
respectively. PEM had MIC and MBC of >1000 mg ml},
indicating weak inhibitory effects on target strains (Van
Vuuren 2008; Diniz-Silva et al. 2017). Considering the
MIC and MBC found for the tested extracts, only PEA
and PEC were selected for inclusion in further experi-
ments.

An early study reported MIC of 50 mg ml™' for a
methanol extract from pomegranate (Punica granatum L.)
by-product on E. coli (Gullon et al. 2016). Available liter-
ature has shown superior inhibitory effects of phenolic
compounds commonly found in fruit on Gram-positive
bacteria, although these compounds have also exerted
inhibitory effects on distinct Gram-negative bacteria,
including E. coli (Diaz-Goémez et al. 2014; Paz et al. 2015;
Coman et al. 2018; Lima et al. 2019). MIC and MBC of
PEA, PEC and PEM on target ETEC strains were not cor-
related (P > 0-05) with total summed content of deter-
mined phenolic compounds in each extract. It indicates
that the phenolic compound profile of PEA, PEC and
PEM could affect the intensity of their inhibitory effects
on target ETEC strains rather than the total summed con-
tent of determined phenolic compounds.

The effects of PEA and PEC (MIC/2: 156 mg ml™!,
MIC: 312 mg ml™' and MBC: 62:5 mg ml™') on the
viable counts of target ETEC strains are shown in Figs 1
and 2, respectively. PEA and PEC caused significant viable
count reductions during the 24h of exposure (P < 0-001)
regardless of the tested extract concentration and ETEC
strain. Each PEA and PEC at a same concentration caused
similar reductions (P > 0-05) in viable counts of the dis-
tinct ETEC strains during the 24 h exposure. Viable count
reductions of >5 log (i.e., 299:999% viable initial count
reduction) were caused by 62:5 mg ml™' of PEA on
ETEC ECL20898 after 24 h (Fig. 1d). Viable count reduc-
tions of >5 log were caused by 62-5 mg ml~' of PEC on
ETEC ECL19790, ETEC ECL 23141 and ETEC ECL 20898
(Fig. 2a,c,d) after 12 h, as well as on ETEC ECL20440
and ETEC ECL21858 after 24 h (Fig. 2b,e). Viable count
reductions of >3 log (i.e, >99-9% viable initial count
reduction) were caused by 62-5 mg ml™' of PEA on
ETEC ECL19790, ETEC ECL20440, ETEC ECL231441 and
ETEC ECL21858 after 24 h (Fig. la—c,e).

The greatest viable count reductions caused by
31-2 mg ml~' of PEA and PEC were observed on ETEC
ECL20440 (2-98 and 2-75 log, respectively) after 24 h
(Figs 1b and 2b), while the greatest viable count reduc-
tions caused by 15-6 mg ml~" of PEA and PEC were on
ETEC ECL19790 (1 log) and ETEC ECL20440 (0-43 log)
after 2 h, respectively (Figs la and 2b).

The viable count reductions of tested ETEC strains at
time zero (baseline) were compared with those after each
pre-established exposure time to PEA and PEC during the
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24 h. The concentrations of 312 and 62:5 mg ml™' of
PEA caused significant viable count reductions after 12 h
(P <0-001) and 4 h (P = 0-010), respectively, while both
31-2 and 62-5 mg ml™' of PEC caused significant viable
count reductions (P < 0-001 and P = 0-010, respectively)
after 4 h. The viable count reductions correlated
(P < 0-001) with extract concentration (P = 0-785) and
exposure time (P = 0-142).

The results showing the killing effects of PEA and PEC
on distinct ETEC strains demonstrate their efficacy to
inhibit this bacterium, notably the size of the viable count
reductions caused by 62-5 mg ml™! of PEA and PEC,
which were always of >3 log after 24 h. Plant-derived
products capable of causing viable count reductions of >3
log have exerted strong bactericidal effects on target
microorganism, while reductions of <3 log indicate bacte-
riostatic effects (LaPlante 2007; de Souza 2016; Lima and
Souza 2020). The killing effects of phenolic-rich extracts
or phenolic compounds on E. coli have rarely been stud-
ied. An earlier study reported that gallic acid
(4-5 mg ml™') caused sharp viable count reductions in
E. coli after 6 h of exposure, while catechin (5 mg ml™")
failed to cause significant reductions after 24 h of expo-
sure (Diaz-Gomez et al. 2014).

The effects of a 24 h exposure to 312 and
62-5 mg ml~' of PEA and PEC on distinct physiological
functions of three target ETEC strains, namely ETEC
ECL20440, ETEC ECL23141 and ETEC ECL21858, were
investigated with multiparametric flow cytometry (MFC)
using five different fluorochromes (propidium iodide
(PI), BOX, cFDA, CTC and EB) (Tables 2 and 3) to pro-
vide accurate information on cellular events underlying
the reported viable count reductions. PEA and PEC
caused disturbance (P < 0-001) of the various measured
physiological functions regardless of the tested extract
concentration and ETEC strain. However, the sizes of
ETEC cell subpopulations with damage in measured phys-
iological functions correlated (P < 0-001) with extract
concentration (P = 0-748), which agree with the results of
assays to measure viable count reductions over time.

The PI is an impermeant fluorochrome capable of
interacting with only dead cells. Damaged cell membrane
permits fluorescence after PI staining of nucleic acids (de
Sousa Guedes and de Souza 2018; Wilkinson 2018; Bar-
bosa et al. 2020). PEA caused higher sizes of cell subpop-
ulations with damaged cell membranes (PI") than PEC
(P =0-011). The exposure of ETEC strains to 62-5 and
31-2 mg ml~" of PEA led to sizes of cell subpopulations
with damaged membrane ranging from 24-6-29-5% and
10-0-17-5%, respectively (Table 2). The exposure to 62-5
and 31-2 mg ml~" of PEC led to sizes of cell subpopula-
tions with damaged membranes ranging from 7-9-14-9%
and 3-4-8-7%, respectively (Table 3).
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Figure 1 Viable counts of enterotoxigenic Escherichia coli ECL 19790 (a), ECL 20440 (b), ECL 23141 (c), ECL 20898 (d) and ECL 21858 (e) as a
function of the exposure to different concentrations of phenolic-rich extract from acerola by-products (PEA). 62.5 mg ml~" (), 31-2 mg ml™'

(-@), 156 mg mI~" (-@-), control (without exposure to extract) (-E]-).

The BOX is a lipophilic molecule used to evaluate cell
membrane potential. Functional bacterial cells with intact
membranes are negatively charged and capable of elimi-
nating anionic molecules (e.g., BOX) and only depolar-
ized cells could allow BOX accumulation. Membrane
potential of bacterial cells could indicate both membrane
integrity and metabolic activity (Rezaeinejad and Ivanov
2011; de Sousa Guedes and de Souza 2018; Almeida et al.
2019). The exposure of ETEC strains to 62-5 and
31-25 mg ml~' of PEA led to sizes of depolarized (BOX")
cell subpopulations ranging from 25-2 to 86:9% and 18-8
to 68:1%, respectively (Table 2). Exposure to 62-5 and
3125 mg ml~" of PEC led to sizes of depolarized cell
subpopulations ranging from 47-0 to 69-6% and 53-7 to
58:1%, respectively (Table 3). The highest sizes
(P =10-011) of depolarized cell subpopulations were
found for ETEC ECL 21858 following the exposure to
PEA.
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The cFDA is a non-fluorescent substrate, although
enzymatically active bacterial cells can hydrolyse cFDA by
action of non-specific intracellular esterases to produce
fluorescent carboxyfluorescein (cF). cF negative charge
causes fluorochrome retention within bacterial cells allow-
ing cell enzymatic activity evaluation (Léonard et al. 2016;
Barbosa et al. 2020). PEA caused higher sizes of ETEC cell
subpopulations (P < 0-001) without enzymatic activity
(cF7) than PEC. The exposure of ETEC strains to 625
and 31-25 mg ml™" of PEA led to sizes of cell subpopula-
tions without enzymatic activity ranging from 93-0-96-4%
and 87-4-91-3%, respectively (Table 2), while the expo-
sure to 62-5 and 3125 mg ml~' of PEC led to sizes of
cell subpopulations without enzymatic activity ranging
from 65-9-84-4% and 19-4-67-0%, respectively (Table 3).
The lowest sizes (P < 0-05) of cell subpopulations without
enzymatic activity were found to ETEC ECL 20440 fol-
lowing the exposure to PEC.
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Figure 2 Viable counts of enterotoxigenic Escherichia coli ECL 19790 (a), ECL 20440 (b), ECL 23141 (c), ECL 20898 (d) and ECL 21858 (e) as a
function of the exposure to phenolic-rich extract from cashew apple by-products (PEC) in concentrations of 62-5 mg ml~" (), 31-2 mg ml™"

(-@-), 156 mg mI~" (-@-), control (without exposure to extract) (<)

The CTC is a membrane-permeable and non-fluorescent
compound. Dehydrogenase enzymes associated with elec-
tron transport system in bacterial cells can reduce CTC to
produce a red fluorescent formazan derivative (CTC-
formazan), which indicates respiratory activity and bacte-
rial viability (Créach et al. 2003; Nie et al. 2016; de Sousa
Guedes and de Souza 2018). Exposure of ETEC strains to
62-5 and 31-2 mg ml~' of PEA led to sizes of cell subpopu-
lations without respiratory activity (CTC™) ranging from
61-63-99-30% and 58-07-97-78%, respectively (Table 2).
The exposure to 62-5 and 31-2 mg ml~" of PEC led to sizes
of cell subpopulations without respiratory activity ranging
from 62-3-83-1% and 32-3-88-1%, respectively (Table 3).
The highest sizes (P < 0-001) of cell subpopulations with-
out respiratory activity were found for ETEC ECL21858
regardless of the tested extract.

The extrusion of toxic compounds via efflux pump
activity is crucial to keep homeostasis and defense mecha-
nisms in bacterial cells. EB is a membrane-permeant

570

product able to enter bacterial cell and interact with DNA
to produce fluorescence. Functional efflux activity in bac-
terial cells causes EB pumping out via a non-specific pro-
ton anti-port transport system (Léonard et al. 2016;
Miladi et al. 2016). PEA and PEC caused similar sizes
(P =0-220) of cell subpopulations with compromised
efflux pump activity (EB"). The exposure of ETEC strains
to 625 and 31-2 mg ml~" of PEA led to sizes of cell sub-
populations with compromised efflux pump activity
(EB") ranging from 45-6-72-2% and 27-5-47-6%, respec-
tively (Table 2), while the exposure to 62-5 and
31-2 mg ml~" of PEC led to sizes of cell subpopulations
with compromised efflux pump activity ranging from
36-0-56-8% and 33-7-51-9%, respectively (Table 3). These
results showing the capability of PEA and PEC of dis-
turbing the efflux activity in ETEC are important since
the active extrusion has been a well-known mechanism
involved in ETEC resistance to clinically relevant antibi-
otics (Davin-Regli et al. 2019).
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Table 2 Size of subpopulations (average =+ standard deviation) of enterotoxigenic Escherichia coli strains (ECL 20440, ECL 23141 and ECL
21858) stained with PI, BOX, cFDA, CTC and EB after exposure to two different concentrations of phenolic-rich extract from acerola by-products
(PEA, 31-25 and 62-50 mg ml~")

Treatments
Control (without PEA PEA
Cellular structure or Enterotoxigenic exposure to extract) (31-25 mg ml=" (62-50 mg ml="
function disruption E. coli strains Size of subpopulations (%)
Permeabilized cells (PI+) ECL 20440 5.6 + 0.2°¢ 11.5 & 2.7%° 28.7 + 0.17@
ECL 23141 3.5 4+ 0.5%¢ 175 & 2.0"° 29.5 4+ 1.8
ECL 21858 3.0 + 1.8%¢ 10-0 + 0.3%° 24.6 + 1.9%
Depolarized cells (BOX") ECL 20440 10-2 + 0.4%¢ 24.5 + 2.7%° 49.0 + 3.5%2
ECL 23141 8.1 + 1.08¢ 18.8 4 1.5 25.2 + 0.8
ECL 21858 76 + 1.15¢ 681 + 2.3 869 + 1.9/
Cells without enzymatic ECL 20440 9.1 + 0.6"° 905 + 2.6"° 93.0 + 1.4%°
activity (cF™) ECL 23141 5.0 + 1.6%° 91.3 + 4.7%° 96-4 + 1.4"°
ECL 21858 8.9 4+ 1.6"¢ 874 + 1.7°° 95.1 + 2.0"
Cells without respiratory ECL 20440 5.4 + 1.1° 58.0 + 3.2¢° 616 + 2.3
activity (CTC™) ECL 23141 6-0 + 0.2%¢ 90.7 + 1.5% 73.8 + 1.3%
ECL 21858 7.7 £1.7%° 97.7 + 3.77° 99.3 + 1.4"°
Cells with compromised ECL 20440 10.5 + 3.4°¢ 31.2 + 4.3% 45.6 4 1.9%
efflux ECL 23141 11.9 4+ 0.8¢ 275 £ 3.1 47.4 + 1.082
pump activity (EB+) ECL 21858 8.6 + 0.75¢ 476 + 1.9%° 722 + 2.5%°

Different superscript lowercase letters (a—c) in the same row denote significant differences (P < 0-05), based on Kruskal-Wallis test. Different
superscript capital letters (A-C) in the same column denote significant differences (P < 0-05) among different strains, for a same treatment and
fluorescence stain, based on Kruskal-Wallis test.

Table 3 Size of subpopulations (average + standard deviation) of enterotoxigenic Escherichia coli strains (ECL 20440, ECL 23141 and ECL
21858) stained with PI, BOX, cFDA, CTC and EB after exposure to two different concentrations of phenolic-rich extract from cashew apple by-
product (PEC, 31-25 and 62-50 mg ml~")

Treatments
Control (without PEC PEC
Cellular structure or Enterotoxigenic exposure to extract) (31-25 mg mlI~") (62-50 mg ml~")
function disruption E. coli strains Size of subpopulations (%)
Permeabilized cells (Pl +) ECL 20440 3.8 + 2.3A¢ 8.7 + 0.3 14.92 + 1.3
ECL 23141 2:0 + 0.9%¢ 3.4 + 1.0°%° 8.25 + 1.0%
ECL 21858 3.2 + 1.5%¢ 3.9 & 1.4% 791 + 1.4%
Depolarized cells (BOX") ECL 20440 11-6 + 0.4 53.7 £ 1.47° 69-6 + 3.4"°
ECL 23141 6-1 + 1.0%° 57.2 + 3.4 59.7 + 3.5%2
ECL 21858 5.5 + 1.45¢ 58.1 4 4,742 47.0 £ 2.3%
Cells without enzymatic ECL 20440 3.8 + 0.2°° 19-4 + 1.9% 659 4+ 5.18
activity (cF™) ECL 23141 74 + 0.8 67.0 + 2.2 84.4 + 1.3
ECL 21858 4.9 4 0.25¢ 64.5 + 1.8"° 80-3 + 4.6
Cells without respiratory ECL 20440 65 + 0.4°¢ 323 + 1.8 62-3 + 2.4
activity (CTC™) ECL 23141 5.5 + 0.8"° 763 + 4.7% 74.6 + 3.3%
ECL 21858 69 + 1.3°° 88.1 + 3.1%@ 83.1 + 2.2%@
Cells with compromised ECL 20440 8.5 + 1.4°¢ 33.7 + 2.6 56-8 + 2.9
efflux pump activity ECL 23141 8.1 + 0.2°° 51.9 4 2.27° 53.0 & 3.5%°
(EB+) ECL 21858 5.6 + 0.15 42.8 + 3.3%2 36.0 + 5.0%°

Different superscript lowercase letters (a—c) in the same row denote significant differences (P < 0-05), based on Kruskal-Wallis test. Different
superscript capital letters (A-C) in the same column denote significant differences (P < 0-05) among different strains, for a same treatment and
fluorescence stain, based on Kruskal-Wallis test.
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The MFC results have shown the capability of PEA and
PEC of impairing distinct physiological functions or cell
structures of ETEC, including cell membrane polarization
and permeability, as well as enzymatic, respiratory and
efflux activities. This is the first study reporting the physi-
ological responses of ETEC to the exposure to fruit by-
product phenolic-rich extracts. Early studies have sug-
gested the cell membrane as the main target of phenolic
compounds in bacterial cells, as well as ion gradient col-
lapse leading to membrane hyper ionization and alter-
ations in fatty acid membrane composition leading to
decreased membrane fluidity as mechanisms involved in
bacterial cell membrane dysfunctions caused by phenolic
compounds (Lacombe et al. 2013; Wang et al. 2018).
However, the electronegativity of the outer membrane of
Gram-negative bacteria (e.g., E. coli) could result in lower
interaction of phenolic compounds with bacterial cell
membrane in comparison with Gram-positive bacteria
(Lima et al. 2019). It could justify the overall lower sizes
of ETEC cell subpopulations with damaged cell mem-
brane (PI") following the exposure to PEA and PEC com-
pared with the sizes of cell subpopulations with damage
in other measured physiological functions.

The hydrophobic nature and occurrence of multiple
hydroxyl groups in phenolic compounds could mediate
the evolution of their impairing effects on bacterial mem-
brane structure and stability, resulting in delayed effective
transport, enzymatic function and energy metabolism dis-
ruption (Cushnie and Lamb 2005; Duarte et al. 2015;
Singh et al. 2016; Aldulaimi 2017). Although it has been
reported that bacterial cell subpopulations could still have
metabolic activity under stress conditions even being not
capable of growing on agar medium to form visible colo-
nies (Léonard et al. 2016; de Sousa Guedes and de Souza
2018; Barbosa et al. 2020), the results of viable counts
reductions and physiological function disruptions have
shown the remarkable inhibitory effects of PEA and PEC
on target ETEC strains. It is noteworthy that
62:5 mg ml~' of PEA and PEC caused viable count
reductions of >5 log on target ETEC strains and induced
sizes of ETEC cell subpopulations without metabolic/res-
piratory activity (cF~ and CTC™) of >80%, which indi-
cate bacterial death or no cell ability to revert to
physiologically active conditions (de Sousa Guedes and de
Souza 2018; Barbosa et al. 2020).

In conclusion, the results showed that agro-industrial
by-products of acerola and cashew could produce
phenolic-rich extracts with inhibitory extracts on distinct
ETEC strains. The concentrations of 156, 31-2 and
625 mg ml~' of PEA and PEC caused significant reduc-
tions in viable counts of target ETEC strains during 24 h
of exposure, standing out the >3 logs reductions caused
by 62:5 mg ml~' of these extracts. The inhibitory effects
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of PEA and PEC on target ETEC strains could involve a
multi-target action mode causing impairments in different
physiological functions of bacterial cells, including the
depolarization and cell membrane permeabilization and
enzymatic, respiratory and efflux activities. PEA and PEC
could represent novel value-added antibacterial substances
recoverable from agro-industrial by-products. These
phenolic-rich extracts should be considered as possible
solutions to control ETEC infection in the human and
veterinary fields.

Materials and methods

Fruit by-products

The acerola (Malpighia emarginata L.), cashew apple (A.
occidentale L.) and mango (M. indica L.) by-products
were obtained from two different fruit pulp processing
companies located in the city of Joao Pessoa (PB, Brazil;
Geographical coordinates: latitude —7-11532, longitude
—34-861; 7°6/55"S, 34°51'40"W). Approximately 1 kg of
each by-product from three different fruit processing
batches were pooled for a total of 3 kg, frozen
(—18 £ 2°C, 24 h) and freeze-dried (-50 + 2°C,
<130 pHg, 18 h) with a bench-top lyophilizer (model LI-
101; Liotop, Sao Carlos, SP, Brazil). The freeze-dried
materials were ground with a domestic blender and stored
hermetically with protection from light under freezing
(—18 £ 2°C) up to the extract preparation step (Duarte
et al. 2017).

Preparation of phenolic-rich extracts from fruit by-
products

Freeze-dried fruit by-products were suspended in 80%
ethanol (Neon, Sao Paulo, SP, Brazil) in a proportion of
1:10 and homogenized with an orbital shaker (model
TE-141; Tecnal, Piracicaba, SP, Brazil) at 200 rev min !
for 2 h. Subsequently, the extracts were -centrifuged
(4000 g, 10 min, 4°C), supernatants were collected and
subjected to total ethanol removal with a rotary evapora-
tor (Model R-3; Buchi, Valinhos, SP, Brazil) at 45 + 2°C,
frozen (—18 £ 2°C, 24 h) and freeze-dried (lyophilizer
model LI-101; Liotop, —50 + 2°C, <130 pHg, 18 h)
(Shen et al. 2014; Paz et al. 2015; Singh et al. 2016). The
obtained phenolic-rich extracts from by-products of acer-
ola (PEA), cashew apple (PEC) and mango (PEM) were
tested separately in experiments.

ETEC strains and inoculum preparation

Five distinct ETEC strains were used as target microor-
ganisms, namely ECL 19790 (STb virotype, isolated from
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faeces of pig (growing-finishing, 90-240 days) with diar-
rhoea), ECL 20440 (STb virotype, isolated from ileum of
pig (nursery, 22-89 days) with diarrhoea), ECL 23141
(STb virotype, isolated from ileum of pig (nursery, 22—
89 days) with diarrhoea), ECL 20898 (STb virotype, iso-
lated from ileum of pig (nursery, 22-89 days) with diar-
rhoea) and ECL 21858 (STb virotype, isolated from faeces
of pig (nursery, 22—-89 days) with diarrhoea), which were
supplied by the Reference Laboratory for E. coli (Faculty
of Veterinary Medicine, Université de Montréal, Québec,
Canada). For the preparation of inoculum used in experi-
ments, a loopful from working culture of each strain was
resuspended in 5 ml of BHI broth and incubated over-
night (37 £ 1°C). Subsequently, the optical density of the
culture at 625 nm was adjusted to approximately 0-1,
which provided viable counts of 7-8 log colony units per
millilitre—CFU per ml, to obtain the standard cell sus-
pensions (McMahon et al. 2008; Almeida et al. 2019).
Each strain was tested separately in experiments.

Determination of phenolic compounds in fruit by-
product phenolic-rich extracts

The PEA, PEC and PEM were diluted (1 : 2, v/v) in 30%
ethanol (Modern Chemistry, Barueri, SP, Brazil) and fil-
tered with a 0-45 um nylon membrane (K18-430 filter;
Kasvi, Sao José dos Pinhais, PR, Brazil). The identification
of the phenolic compounds was done with high-
performance liquid chromatography using an Agilent
1260 Infinity LC system liquid chromatograph (Agilent
Technologies, Santa Clara, CA) coupled to a diode
arrangement detector (DAD) (model G1315D). A Zorbax
Eclipse Plus RP-C18 column (100 x 46 mm, 3-5 um)
and a Zorbax Cl18 pre-column (12-6 x 46 mm, 5 pm)
(Agilent Zorbax, Santa Clara, CA) were used. The other
analytical conditions were: temperature 35°C; injection
volume 20 pl of samples previously diluted in solvent A
and filtered through a 0-45 um membrane (K18-430 fil-
ter; Kasvi); solvent flow of 0-8 ml min™’; separation gra-
dient from 0 to 5 min: 5% B, 5-14 min: 23% B, 14—
30 min: 50% B, 30-33 min 80% B; solvent A was a phos-
phoric acid solution (0-1 mol 17!, pH 2); and solvent B
methanol acidified with 0-5% H;PO,.

The quantification was done by using calibration curves
of the external standards (Sigma-Aldrich, St. Louis, MO)
according to a validated method (Padilha et al. 2017).
The spectral purity of the peaks was verified using the
threshold tool to ensure the identification accuracy
compared with the external standards. All determined
phenolic compounds had calibration curves with
R* > 0-998. The detection was done at 280 nm for gallic
acid, syringic acid, cis-resveratrol, hesperidin and narin-
genin; at 220 nm for epicatechin, catechin, epicatechin-
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gallate, epigallocatechin-gallate, procyanidin A,, procyani-
din By and procyanidin B,; at 320 nm for trans-caftaric
acid, p-coumaric acid, chlorogenic acid, caffeic acid and
trans-resveratrol; at 360 nm for kaempferol, quercetin 3-
glucoside, rutin and myricetin; and at 520 nm for mal-
vidin 3-glucoside, cyanidin 3-glucoside, malvidin 3,5-
diglucoside, cyanidin 3,5-diglucoside, pelargonidin 3-
glucoside, delphinidin 3-glucoside, pelargonidin 3,5-
diglucoside and petunidin 3-glucoside. Data were pro-
cessed with OpenLAB CDS ChemStation Edition software
(Agilent Technologies). Results were expressed in
mg 100 g~ ' of extract (Padilha et al. 2017).

Determination of minimum inhibitory concentration and
minimum bactericidal concentration of fruit by-products
phenolic-rich extracts

The MIC of PEA, PEC and PEM was determined with
broth microdilution. A 50 pl-aliquot of PEA, PEC and
PEM diluted in sterilized BHI to reach concentrations of
4000 mg ml~" was distributed into wells of the 96-well
microplate containing 50 ul of BHI broth. Subsequently,
50 pl were transferred to the following wells through geo-
metric dilutions and 50 pl aliquot of the tested strain was
added to each well (reaching a final viable count of 6-7
log CFU per ml). The final concentrations of phenolic-
rich extracts varied from 0-98 to 1000 mg ml~'. Each
microplate included a set of positive (BHI broth with
ETEC inoculum) and negative controls (non-inoculated
BHI broth). At the end of the incubation period
(37 & 1°C for 24 h), the MIC was the lowest concentra-
tion of each extract where no visual growth of target
ETEC strain was observed.

To determinate the MBC, an aliquot (100 pl) of each
microplate well was diluted in sterile peptone water
(0-1 g peptone 100 ml ™), each dilution (10 pl) was inoc-
ulated on BHI agar and incubated (37 & 1°C, 24 h). The
MBC was the lowest concentration of each extract causing
reduction of >3 logs CFU per ml of the initial counts of
target ETEC strain (LaPlante 2007; CLSI 2019).

Effects of fruit by-products phenolic-rich extracts on
ETEC viable counts

The effects of PEA and PEC on the viable counts of ETEC
strains were evaluated during 24 h. The cell suspension of
target ETEC strain (200 ul) was added to BHI broth
(2 ml, reaching a final viable count of 6-7 log CFU per
ml) with different concentrations of PEA and PEC (15-6,
312 and 62-5 mg ml™'), followed by incubation at
37 4+ 1°C. On different incubation periods (i.e., zero—
immediately after homogenization, 2, 4, 8, 12 and 24 h),
an aliquot (100 pul) of the cultivation medium was serially
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diluted in sterile peptone water (0-1 g peptone 100 ml ")
and each dilution (10 pl) was inoculated on BHI agar. At
the end of the incubation period (37 £ 1°C, 24 h), the
visible colonies on agar were counted and results were
expressed as log CFU per ml. A control consisting of
inoculated BHI broth without phenolic-rich extract was
used for each ETEC strain (Almeida et al. 2019; Barbosa
et al. 2019). The detection limit of the test was 2 log CFU
per ml

Effects of fruit by-products phenolic-rich extracts on
ETEC cellular functions

MFC was used to measure the effects of PEA and PEC on
distinct physiological functions of the distinct ETEC
strains (ECL20440, ECL23141 and ECL21858). An inocu-
lum aliquot (200 ul) of each ETEC strain was added to
BHI broth (2 ml) with or without (control) PEA or PEC
(3125 and 62-50 mg ml™") and maintained at 37 + 1°C
for 24 h. Afterwards, the bacterial cells were harvested
(4500 g, 15 min, 4°C), washed and re-suspended in phos-
phate buffer solution (PBS, 8 g 17" of NaCl, 02 g 1! of
KCl, 144 g 17" of Na,HPO, and 0-24 g 1" of KH,POy;
pH 7-4). The bacterial cell functions were evaluated using
PI (Sigma-Aldrich) to measure membrane integrity, bis-
1,3-dibutylbarbutiric acid (BOX; Molecular Probes, Invit-
rogen, Eugene, OR) to measure membrane potential, car-
boxyfluorescein diacetate (cFDA; ThermoFisher Scientific,
Bartleville, OK) to measure enzymatic activity, 5-cyano-
2,3-ditolyl tetrazolium chloride (CTC; Polysciences, War-
rington, PA) to measure respiratory activity and ethidium
bromide (EB; Sigma-Aldrich) to measure efflux activity
(de Sousa Guedes and de Souza 2018; Almeida et al.
2019; Aragjo et al. 2020).

For the membrane integrity and efflux activity, the bac-
terial cells were suspended in PBS with PI (1 ug ml™')
and EB (10 pg ml™'), respectively. For membrane poten-
tial and enzymatic activity, the bacterial cells were sus-
pended in PBS with 4 mmol 17" EDTA containing BOX
(2-5 pg ml™") and cFDA (15 pg ml™"), respectively. For
the respiratory activity, bacterial cells were suspended in
PBS with glucose 1% (w/v) and CTC (5 mmol .
Staining was done by incubation at 37 £+ 1°C for 15 min
except for CTC where the cells were incubated for 30 min
(Wang et al. 2010; Silva et al. 2011; de Sousa Guedes and
de Souza 2018).

A BD Accuri C6 flow cytometer (BD Accuri C6; Becton
Dickson, Franklin Lakes, NJ) with 488 nm excitation
from a blue solid-state laser was used to measure the sizes
of distinct bacterial cell subpopulations. Green fluores-
cence was collected in FL1 channel (533 & 30 nm) and
red fluorescence in FL3 channel (>670 nm). Fluorescence
signals (pulse area measurements) were collected by FL1
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(cFDA and BOX) and FL3 (PI, EB and CTC) bandpass
filters. Threshold point was adjusted for FSC (12 000) to
eliminate noise or particles (cellular debris) much smaller
than intact cells. Sample acquisition was operated at 2500
events per second, and a total of 10 000 events were
acquired for each sample. Cytometry data analysis was
done with BD Accuri C6 Software (de Sousa Guedes and
de Souza 2018; Barbosa et al. 2020).

Statistical analysis

The experiments were done in triplicate in three indepen-
dent tests, and results were expressed as average + stan-
dard deviation. Results of determination of MIC and
MBC are expressed as modal values. Kolmogorov—Smir-
nov normality test was run to assess whether data had
normal distribution. The inferential statistical analysis was
done with Kruskal-Wallis test, Friedman test or Mann—
Whitney U test considering a P value of <0-05 for signifi-
cance. A Spearman’s correlation analysis was run to deter-
mine the coefficient of correlation between continuous
variables. Statistical analysis was done with software
Jamovi (ver. 1.6; Computer Software, retrieved from
https://www.jamovi.org).
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