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Abstract: The industrial processing of crude propolis generates residues. Essential oils (EOs) from
propolis residues could be a potential source of natural bioactive compounds to replace antibiotics and
synthetic antioxidants in pig production. In this study, we determined the antibacterial /antioxidant
activity of EOs from crude organic propolis (EOP) and from propolis residues, moist residue (EOMR),
and dried residue (EODR), and further elucidated their chemical composition. The EOs were ex-
tracted by hydrodistillation, and their volatile profile was tentatively identified by GC-MS. All
EOs had an antibacterial effect on Escherichia coli and Lactobacillus plantarum as they caused distur-
bances on the growth kinetics of both bacteria. However, EODR had more selective antibacterial
activity, as it caused a higher reduction in the maximal culture density (D) of E. coli (86.7%) than
L. plantarum (46.9%). EODR exhibited mild antioxidant activity, whereas EOMR showed the highest
antioxidant activity (ABTS = 0.90 pmol TE/mg, FRAP = 463.97 umol Fe?* /mg) and phenolic content
(58.41 mg GAE/g). Each EO had a different chemical composition, but a-pinene and (3-pinene
were the major compounds detected in the samples. Interestingly, specific minor compounds were
detected in a higher relative amount in EOMR and EODR as compared to EOP. Therefore, these
minor compounds are most likely responsible for the biological properties of EODR and EOMR.
Collectively, our findings suggest that the EOs from propolis residues could be resourcefully used as
natural antibacterial /antioxidant additives in pig production.

Keywords: Escherichia coli; HS-GC/MS; Lactobacillus; pig production; feedstuff; bee product

1. Introduction

To protect the hive, Apis mellifera L. bees produce a resinous type product named
propolis [1-3], which is mainly composed of resin (60%) and, to a lesser extent, wax, es-
sential oils, and other constituents [4]. Propolis samples have antibacterial, antifungal,
antioxidant, and anti-inflammatory properties [3,5,6] as a result of a complex chemical com-
position that is highly correlated with the plant species visited by the bees, including the
occurrence of volatile compounds [4,7]. While different types of propolis have been exten-
sively known for their polyphenol-rich composition, aromatic compounds may also occur
in their chemical profile. The aroma of the sample is relevant for a full characterization of
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the propolis [4,8]. The ethanolic extract of propolis (EEP) is the main commercialized prod-
uct, whose industrial preparation yields a resinous residual material [9,10]. Interestingly,
propolis residues may harbor underexplored biological activities, such as antimicrobial
and antioxidant, which could be resourcefully used for different applications, such as
alternative candidates to replace synthetic antibiotics in livestock production.

Antibiotics have been widely used in pig production and other livestock with growth-
promoting effects since 1950. This has become a common practice to boost the productivity
of livestock production [11,12]. Nonetheless, the overuse of antibiotics for this purpose was
recognized as one of the major causes of the emergence and spread of antibiotic-resistant
bacteria [13]. The bacterial resistance issue not only affects pig production but can severely
compromise human health through the transfer of resistant strains and their associated
genes via the food chain [13]. To overcome this public health issue, restrictions on the use
of antibiotics in livestock were adopted in 2006 by the European Union under regulation
No. 1831/2003 [14]. Currently, other countries around the globe, such as Japan, China,
Canada, United States, and Brazil, have also adopted measures to regulate the use of some
antibiotics in livestock production [15-18], which ultimately encourages the search for
alternative candidates to replace standard drugs.

Over the years, essential oils (EOs) have been regarded as a promising natural alterna-
tive to antibiotics, particularly in pig production, due to their ability to improve the growth
performance of pigs at levels similar to those of antibiotics [19]. The growth-promoting ef-
fects of EOs were associated with their benefits to gut health via stimulation of endogenous
digestive secretion (e.g., enzymes, bile, and mucus), maintenance of the intestinal epithelial
structure, and modulation of the gut microbiota [20,21]. This last effect is mainly reached
by the antimicrobial activity of EOs on the pig gut microbiota in a way that EOs suppress
or reduce pathogenic bacteria while not affect or have a low effect on beneficial bacteria of
the pig gut [21,22]. EOs from propolis have already been shown to have an antibacterial
effect on several Gram-negative and Gram-positive pathogenic bacteria such as Escherichia
coli, Enterobacter cloacae, Klebsiella pneumonie, Pseudomonas aeruginosa, Staphylococcus aureus,
Enterococcus faecalis, Streptococcus pyogenes, Streptococcus mutans [4,23].

In addition to antibiotics, synthetic antioxidants are also commonly used as an effective
feed additive in pig diets to increase the stability of the feedstuff by protecting nutrients (e.g.,
fat and vitamins) from oxidation and decreasing the oxidative stress in animal tissues, such
as the intestinal mucosa. However, the use of synthetic antioxidants has been questioned
due to their potential adverse effects on the pigs’ health [24]. This problematic situation has
driven the search for natural compounds that could not only replace synthetic antioxidants
but also provide additional zootechnical benefits. As a potential solution, EOs have been
reported to efficiently scavenge free radicals [21] and thus could be considered an excellent
choice to replace both antibiotics and synthetic antioxidants.

The incorporation of EOs from propolis residues into pig feedstuff could supply
bioactive compounds at a low cost with antimicrobial and antioxidant properties while
contributing to waste reduction and environmental protection [24,25]. In this study, the EOs
from crude propolis (EOP) and from its moist residue (EOMR) and dry residue (EODR)
were tested for their in vitro antibacterial on Escherichia coli ATCC 25922 (pathogenic
model) and Lactobacillus plantarum ATTC 8014 (beneficial model), which are microorganisms
commonly occurring in the pigs’ gut. Next, the EOs were further tested for their antioxidant
properties and characterized for their volatile composition.

2. Materials and Methods
2.1. Crude Propolis Samples and Industrial Residues

Crude organic propolis and industrial residues from the ethanolic extraction of propo-
lis were provided by Breyer—Naturais e Orgdnicos (Uniao da Vitoria, Parand State, Brazil,
26°11'50.4" S, 51°06’49.9” W). Crude organic propolis was obtained in pieces, whereas
the moist propolis residue was obtained in a solid form soaked in ethanol and the dry
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residue was provided in dried form (Figure 1). The moist residue was first dried at room
temperature and then in an oven at 60 °C to eliminate all the solvent.

Crude
propolis

Drying

[—

Wax
extraction

Dry residue

Figure 1. Flowchart of the processing to obtain propolis residues.

2.2. Essential Oil Extraction

The essential oils from crude propolis (EOP) and from its moist residue (EOMR)
and dry residue (EODR) were obtained by hydrodistillation for 4 h in a Clevenger-type
apparatus, as described by [26]. The samples were five-fold diluted in distilled water for
distillation. The volume of the EOs was measured to calculate the extraction yield. The
samples were stored in amber flasks at 4 °C until use.

2.3. Chemical Volatile Profile

The chemical composition of the EOs was determined by Headspace Gas Chromatog-
raphy/Mass Spectrometry (HS-GC/MS) in a GCMS-QP2010 Plus (Shimadzu Corp., Tokyo,
Japan). The samples were placed in vials and heated at 40 °C with agitation for 5 minin a
heating module to release the volatile constituents. After heating, 500 puL of the gaseous
phase were collected and injected at a 1:50 split ratio. The separation of volatile com-
pounds was performed on an Rtx®-5 MS column (5% diphenyl/95% dimethyl polysiloxane
30m x 0.25mm ID x 0.25 um film thickness) (RESTEK). The temperature ramp began
at 40 °C and was maintained for 4 min, followed by 150 °C at 3 °C/min and 250 °C at
15 °C/min, maintained for 2 min. Helium was used as a carrier gas at a linear velocity
of 36.1 cm/s. Mass spectra and total ion currents (TIC chromatograms) were obtained
by automatic scanning with energy ionization at 70 eV in the mass range 35-500 m/z. To
tentatively identify the chemical constituents, calculated retention indices (Rl.,.) were
compared to the literature (Rl};;). Mass spectra were compared to both the published
literature [27] and MS libraries (Wiley® 8, New York, NY, USA and FENSC 1.3).

2.4. Antibacterial Activity
2.4.1. Bacterial Strains and Growth Conditions

The following bacterial strains from the American Type Culture Collection (ATTC,
Rockville, MD, USA) were used: Escherichia coli ATCC 25922—as a pathogenic model—and
Lactobacillus plantarum (ATCC 8014)—as a beneficial model. E. coli was cultivated in Tryptic
Soy Agar (TSA, Difco™, France) at 37 °C for 18-20 h and L. plantarum in De Man, Rogosa,
and Sharpe agar (MRS, Difco™, France) at 30 °C for 48 h. After activation, the strains were
sub-cultured in Brain-Heart Infusion (Difco™, France) or MRS broth supplemented with
15% of glycerol and stored at —20 °C until use.
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2.4.2. Determination of the Minimum Inhibitory Concentration (MIC)

The Minimum Inhibitory Concentration (MIC) of the EOs was determined by the
broth microdilution method based on the Clinical and Laboratory Standards Institute
guidelines (M07-A9) [28]. The assays were performed in a 96-well microplate containing
Mueller-Hinton (MH) broth (E. coli) or MRS broth (L. plantarum). In total, 50 uL of the
EOs were dissolved in 25 puL of Tween 80 (emulsifier) and MH or MRS broth was added
to obtain a stock solution of 1500 pL. The EO stock solution was added to the wells and
serially diluted (1:2 ratio) from 14.8 to 0.12 mg/mL.

Living colonies from MH (E. coli) or MRS (L. plantarum) agar plates were suspended
in saline solution (0.85% NaCl, v/v) to an optical density of 108 CFU/mL (0.08-0.13 at
625nm). Subsequently, the inoculum was diluted at 1:100 to obtain a final concentration of
10° CFU/mL (final inoculum). Then, 20 uL from the final inoculum were added to each
well of the microplate with 180 uL of the serially diluted EO sample, totaling a final volume
per well of 200 uL and a final cell count of 10°> CFU/mL. A Tween 80 stock solution (25 uL
of Tween 80 complemented with MH or MRS broth to a final volume of 1500 uL) was
used as a control. The plates were incubated in a microplate reader incubator (Vitor™ X3,
PerkinElmer) at 35 °C for 24 h (E. coli) or 30 °C for 36 h (L. plantarum). The existence or
not of bacterial growth was evaluated by optical density measurements at 600 nm (ODgp).
The lowest concentration of the EOs that did not produce detectable ODgq until the end of
the incubation period was considered the MIC. All assays were carried out in triplicate in
three independent experiments.

2.4.3. Bacterial Growth Modeling and Calculation of Kinetics Parameters

The growth kinetics of EO-treated bacterial cultures were measured hourly for 24 h
(E. coli) or 36 h (L. plantarum) at ODgpp. The Gompertz model modified by [29] Equation (1)
was used to adjust the data, as follows:

y= D.exp{—exp |:]/lm5x~e()\ —t)+ 1} } 1)
where y represents the relative population size against time; D represents the maximal
bacterial culture density at 600 nm; pimax corresponds to the maximum specific growth rate
(h~1); Ais the lag phase duration (h). Model parameters for each treatment were obtained
by non-linear regression. For this, a Levenberg-Marquardt algorithm was used in STATIS-
TICA 12.0 (StatSoft, Inc., Tulsa, OK, USA). The Mean Square Error (MSE) and corrected
determination coefficient (R?) for each set of data were used to ensure the suitability of the
adjustments to the model.

2.5. Antioxidant Activity

Prior to the antioxidant assays, EO samples were diluted in ethanol (P.A.) and homog-
enized for 45 min in an ultrasound water bath at 45 °C.

2.5.1. ABTS Free Radical Scavenging Assay

The antioxidant capacity of the EOs was determined by the free radical ABTS (2,2’-
azino-bis-3-ethylbenzothiazoline-6-sulphonic acid) assay, according to [30] with modifica-
tions. The radical ABTS stock solution was diluted in 75 mM potassium phosphate buffer
(pH 7.4) and stored at room temperature for 16 h. The solution was then diluted in ethanol
(P.A.) to an optical density of 0.700 & 0.020 at 734 nm. Aliquots of 30 puL of the EOs and
EEP diluted in ethanol were added to 3 mL of the ABTS radical solution and kept in the
dark at room temperature. The optical density was measured after 6 min of the beginning
of oxidation. Ethanol (P.A.) was used as a blank and Trolox was used as a standard at
concentrations ranging from 1000 to 62.5 uM. The optical density was measured at 734 nm,
and the results were expressed as umol of Trolox equivalents (TE) per mg of the sample
(nmol TE/mg).
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2.5.2. DPPH Free Radical Scavenging Assay

The DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) free scavenging activity of the
EOs was determined as previously described [31]. The reaction mixture consisted of 500 pL
of the diluted solutions of EOs and EEP, 3 mL of ethanol, and 300 uL of a 150 uM DPPH
radical solution in ethanol (P.A.). After 45 min in the dark, the optical density was measured
at 517 nm. Ethanol was used as a blank and a calibration curve was built with Trolox as a
standard at concentrations ranging from 10 to 100 uM. The results were expressed as pmol
of Trolox equivalents (TE) per mg of sample (umol TE/mg).

2.5.3. Ferric Reducing Antioxidant Power

The analysis consists of the reduction of Fe3* with 2,4,6-tris(2-pyridyl)-s-triazine
(TPTZ) in an acid reaction condition, as previously described [32]. Fe>* reduction to Fe?*
in a complex with TPTZ increases the optical density at 595 nm. The FRAP reagent was
prepared with 50 mL of buffer acetate (300 mM, pH 3.6), 5 mL of TPTZ solution (10 mM
TPTZ in 40 mM HCl), and 5 mL of FeCl; (20 mM) in an aqueous solution. Aliquots of
120 uL of the EOs and EEP were added with 180 uL of distilled water and 1.2 mL of FRAP
reagent. The optical density was measured at 595 nm after 8 min of incubation at 37 °C.
Distilled water was used as a blank, and a calibration curve was plotted using ferrous
sulfate as a standard. The results were expressed as uM of Fe?" equivalents per mg of
sample (LM Fe?* /mg).

2.6. Total Phenolic Content

The total polyphenol content of the EOs was determined by the Folin—Ciocalteu
spectrophotometer method, as previously described [33]. The EOs and EEP were di-
luted in ethanol (P.A.) and subjected to the same homogenization procedures described in
Section 2.5. A 150-pL aliquot of the EOs was mixed with 750 uL of Folin—Ciocalteu reagent
(1:10) and 600 pL of 7.5% NapCOs. The optical density was measured in a spectrophotome-
ter UV-mini 1240 (Shimadzu-Co) at 740 nm after 2 h of incubation at room temperature
in the dark. Distilled water under similar conditions served as a blank, and a calibration
curve was plotted using gallic acid as a standard. The results were expressed as mg of
gallic acid equivalents per g of sample (mg GAE/g).

2.7. Statistical Analysis

All assays were performed in triplicate and the results were expressed as means =+
standard deviation. Analysis of variance (ANOVA) followed by Tukey’s post hoc test was
used to detect significant differences between the EO treatments in the growth kinetics
parameters (D, pmax, and A) and antioxidant activity. The chemical composition of the
samples was analyzed by principal component analysis (PCA). The data were analyzed in
the R software and were considered statistically significant at p < 0.05.

3. Results
3.1. Extract Yield and Antibacterial Activity of the EOs

The extraction yield of the EOs was 1.13% for crude propolis (EOP), 0.12% for the
moist residue (EOMR), and 0.16% for the dry residue (EODR). The ~10-fold lower yield
of the EOs extracted from propolis residues as compared to that of the crude samples
indicates that the processing of propolis for ethanolic extract production removed most of
the EO constituents present in crude propolis.

The antibacterial effects of the EOs on E. coli and L. plantarum are shown in
Figures 2 and 3. The highest tested concentration of the EOs (14.8 mg/mL) significantly
affected the growth kinetics of E. coli and L. plantarum (Figure 2). Both bacteria were sus-
ceptible to the effects of the EOs as treated cultures showed lower optical density at the end
of the incubation time compared to that of the untreated control (without EO). However,
the antibacterial effects of the EOs (EOP, EODR, and EOMR) were stronger on E. coli than
L. plantarum. The modified Gompertz model (Equation (1)) was used to fit the bacterial
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growth data, and the adjusted data depicted the activity of the samples (EOP, EOMR, and
EODR) until the maximum Log phase. Thus, this model allowed the evaluation of maximal
bacterial culture density (D), maximum specific growth rate (imax), and lag phase duration
(A). The parameter values for each treatment group are shown in (Figure 3).

u 1.4
| control
n tween
1.2 -
m ECQP
EOMR
10 m  EODR
==« mod control o _.,.-.u'
§ 0.8 - -===--» mod tween - . 'i-'-'“!- ¥
a ¥
o ceeeeee mod EOP *
0.6 mod EOMR *4
------- mod EODR I. ‘+ .z amid
-* - I A WY 1
i AR g
! !”’" .B- + _."‘! Sigs
0.2 - ¥ 13 ¥ &
‘T_,m"_fhitgg $+?+*!-!--**1‘++1‘
0.0 =i & !- AL ’ . .
0 4 8 12 16 20 24
Time (h)
|-
B control
n tween
12 - ST TR
. o gt ibdiitig
EOMR 1 ,,i D
1.0 - = EODR *F o '.++
cesesss mod control i1 = | ‘ +'_ L
g 08 4 e mod tween + _l'* | =
8 <+1eo mod EOP . S1777] il
i "1 3 L1 5
0.6 od EOMR .! ) T,_T--T'"'.il"* #L i1 i’
....... mod EDDR * TT."-;'T!!.'I}'Elii
Xrimun 11
0.4 - ¥l !_'!-‘TT iT LTk l
o I. :
0.2 #T IT
e o
00 s=sssasawiid, ---I*TT

. 4
0 4 8 12 15 20 24 28 32 36
Time (h)

Figure 2. The effects of essential oils from crude organic propolis (EOP) and from its moist residue
(EOMR) and dry residue (EODR) on the growth kinetics of E. coli (A) and L. plantarum (B) at the
concentration of 14.8 mg/mL. Dotted curves indicate the experimental data and dashed curves are
the adjusted data using the modified Gompertz model. Vertical bars represent the standard deviation.

Tween 80, which was used to emulsify the EOs stock solution, had some antibacterial
activity on E. coli, as significantly reduced D (63.1%) and A (36.8%) and increased imax
(120%). However, it did not have any antibacterial effects on L. plantarum.

Treatment with EODR significantly affected the growth kinetics of E. coli, with a
significant reduction in D (86.7%) compared to the control (p < 0.05), whereas EOP and
EOMR had effects like those of Tween 80 on this parameter. The EOs from propolis and
its residues significantly decreased the parameter D of L. plantarum (p < 0.05), particularly,
EOMR (56.9%) and EODR (46.9%) caused a larger reduction compared to EOP (18.2%).

In E. coli, EOP and EOMR were able to reduce the maximal growth rate (pmax) to
0.034 h~! (50.5%) and 0.032 h~! (54.1%), respectively, although this was not significant
compared to the control (0.069 h~1). In contrast, treatment with EODR increased slightly,
albeit non-significantly, the wmax (0.085 h™1) of E. coli. In L. plantarum, EOMR and EODR
significantly (p < 0.05) reduced the pmax to 0.066 h=1 (56.3%) and 0.049 h~! (67.8%), whereas
no effect was observed for EOP compared to the control (0.151 h™1).



Molecules 2021, 26, 4694

7 of 17

160
140
120
100

060
040
0.20
0.00

160
140
120
100

060
040
020
000

Treatment with EOP significantly increased the parameter A (p < 0.05) by approxi-
mately 1.6-fold in E. coli and 1.8-fold in L. plantarum. In contrast, treatment with EOMR
and EODR significantly decreased A of E. coli (p < 0.05) similarly to Tween 80, while none
of these treatments affected this parameter of L. plantarum.
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Figure 3. The effects of essential oils from crude organic propolis (EOP) and from its moist residue (EOMR) and dry residue
(EODR) on the maximal bacterial culture density (D), maximum specific growth rate (max), and lag phase duration (A) of
E. coli (A) and L. plantarum (B). Columns with different letters indicate statistically significant differences (p < 0.05). Vertical

bars represent the standard deviation.

Collectively, our results showed that EODR exhibited the strongest antibacterial
activity on E. coli growth kinetics as it causes the highest disturbance on the normal growth
kinetic of this bacterium. Similarly, EODR and EOMR exhibited the strongest effects on the
growth kinetics of L. plantarum, although they were less pronounced than those on E. coli.
Thus, the data suggest that EODR had a selective antibacterial effect, that is, a stronger effect
on the pathogenic bacterium model (E. coli) and a mild effect on the beneficial bacterium
model (L. plantarum).

3.2. Phenolic Content and Antioxidant Activity

The results of the total phenolic content analysis and antioxidant activity are shown
in Figure 4. Overall, EOMR exhibited the highest phenolic content (58.41 mg GAE/g),
followed by EODR (38.31 mg GAE/g) and EOP (31.34 mg GAE/g)—which had a similar
content of phenolic compounds. Furthermore, EOMR showed the highest antioxidant
capacity in terms of ABTS (0.90 pmol TE/mg) and FRAP (463.97 umol Fe?*/ mg) followed
by EODR and EOP. Nevertheless, all EOs showed a low capacity to scavenge the DPPH
radical, with values ranging from 0.002 to 0.005 umol TE/mg.
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Figure 4. Phenolic content and antioxidant activity [(ABTS and DPPH free radical scavenging and
ferric reducing antioxidant power (FRAP)] of essential oils from crude organic propolis (EOP) and
from its moist residue (EOMR) and dry residue (EODR). Columns with different letters indicate
statistically significant differences (p < 0.05). Vertical bars represent the standard deviation.

3.3. Chemical Composition and Its Relationship with the Biological Activities

The HS-GC/MS analysis tentatively identified 14 compounds in EOP (97.46%), 16 com-
pounds in EOMR (75.43%), and 18 compounds in EODR (53.95%) (Table 1). As shown in
Figure 5, each EO had a different chemical profile. The first and second dimensions of
the PCA explained 72.22% and 27.78% of the total variance, respectively. Alpha-pinene
and (-pinene were the major compounds detected in EOP, EOMR, and EODR, but the
highest relative abundance of both compounds was observed in EOP samples (66.48% and
18.46%, respectively). In addition, the compounds camphene (2.94%), tricyclene (1.54%),
and hexanal (0.19%) were highly correlated with EOP (Figure 5, Table 1). EOMR had the
highest abundance of thuja-2,4(10)-diene (5.02%), p-cymene (2.29%), myrcene (1.32%), ace-
tophenone (0.68%), and n-octanal (0.60%), and exclusively x-copaene (0.93%) (Figure 5 and
Table 1). EODR had a high correlation with ethyl benzoate (7.8%), limonene (3.07%), (E)-
caryophyllene (3.02), n-decanal (1.32%), x-thujene (1.13%), y-terpinene (0.99%), n-nonanal
(0.97%), o-terpinene (0.91%), sabinene (0.50%), ethyl decanoate (0.74%) and zonarene
(3.82%), which were in a higher relative amount in this EO than in EOP or EOMR. Of note,
the relative abundance of a-pinene and [3-pinene was reduced in the EOs extracted from
propolis residues, particularly EODR had the lowest relative amount of both compounds.

Taken altogether, the results of the biological activities suggest that the EOs extracted
from propolis residues (EOMR and EODR) exhibited stronger antibacterial and antioxi-
dant activity than the EO extracted from crude propolis (EOP). The EOs from propolis
residues were characterized by a higher relative amount of thuja-2,4(10)-diene, n-octanal,
a-terpinene, p-cymene, limonene, y-terpinene, acetophenone, n-nonanal, ethyl benzoate,
n-decanal, (e)-caryophyllene. These compounds are most likely to be associated with
the biological activities observed for these EOs. EODR showed the strongest selective
antibacterial activity and exhibited mild antioxidant activity, which may be related to the
occurrence of those minor compounds detected in higher amounts in EODR than EOP.
Similarly, the strongest antioxidant activity exhibited by EOMR could be associated with
the 6 minor compounds detected in a higher relative amount as compared to EODR and
EOP samples.
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Table 1. Chemical composition (%) of the essential oils extracted from crude organic propolis and
from its moist and dry residues.

EOP EOMR EODR
Compound Rl a1 RIy; o
Hexanal 801 801 0.19 - -
Tricyclene 922 926 1.54 - -
a-Thujene 931 930 1.01 0.97 1.13
a-Pinene 938 939 66.48 4217 16.25
Camphene 952 954 2.94 - 0.55
Thuja-2,4(10)-diene 958 960 2.04 5.02 4.67
Sabinene 977 975 0.45 - 0.50
-Pinene 981 979 18.46 10.29 5.15
Myrcene 995 990 0.67 1.32 -
n-Octanal 1005 998 - 0.6 0.35
o-Terpinene 1020 1017 0.22 0.67 091
p-Cymene 1027 1024 0.81 2.29 2.07
Limonene 1032 1029 2.04 2.72 3.07
v-Terpinene 1062 1059 0.26 0.71 0.99
Acetophenone 1068 1065 0.35 0.68 0.64
n-Nonanal 1105 1100 - 0.62 0.97
Ethyl benzoate 1172 1173 - 474 7.80
n-Decanal 1206 1201 - 0.52 1.32
a-Copaene 1377 1376 - 0.93 -
Ethyl decanoate 1395 1395 - - 0.74
(E)-Caryophyllene 1426 1419 - 1.18 3.02
Zonarene 1529 1529 - - 3.82
Total 97.46 75.43 53.95

Rlcg1c: Retention index calculated; Rlj;;: Retention index from the literature; EOP: essential oil of propolis; EOMR:
essential oil from the moist residue of propolis; EODR: essential oil from the dry residue of propolis. The column
used was RTX5MS (RESTREK).
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Figure 5. Principal components analysis (PCA) of the chemical composition profile of essential oils
from crude organic propolis (EOP) and from its moist residue (EOMR) and dry residue (EODR).

The data were represented as relative quantities for each essential oil; the tentative
identification of the compounds present in the samples did not reach 100%.
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4. Discussion

The extraction of EOs from residues generated upon ethanolic extraction of propolis
could increase the sustainability of the propolis chain by adding value to the otherwise-
discarded waste while reducing environmental pollution. EOs from propolis residues
could have an interesting application in animal nutrition as a natural alternative to syn-
thetic products currently used due to their biological properties, such as antibacterial and
antioxidant activity. Moreover, the low cost of propolis residues can substantially minimize
the production costs of animal livestock [24,25].

Our results showed that the EOs extracted from organic propolis and its residues had
a low extraction yield (0.12-1.13%), which is in line with previous reports for EOs from
Brazilian propolis. For instance, [34] obtained a yield of 0.25% during the extraction of
the EO from Brazilian red propolis. Similarly, [8] reported a yield of 0.07% for the EO of
propolis from the Brazilian Cerrado biome, whereas [26] reported a yield of 0.06% for the
EO of propolis from Rio de Janeiro. In our study, the EOP had a higher yield than that of
the EOs from propolis residues, probably because raw propolis expectedly harbors a higher
concentration of volatile compounds than its residues. The processing of raw propolis
generates residues with a low concentration or no traces of volatile compounds [35],
particularly the dry residue since it is further subjected to drying and wax extraction.

In our study, the EOs of propolis and its residues were mainly composed of x-pinene,
-pinene, and limonene, although different concentrations were detected in each EO. In
addition, nine common compounds were present in all EOs. The processing of propolis
samples most likely caused changes in their volatile composition. EOMR was obtained after
ethanolic extraction and drying of the moist residue at 60 °C, whereas EODR was produced
after the drying procedure and withdrawal of the wax. These biochemical changes in
propolis residues are similar to those that occur during the drying of herbs, including
alterations in the aroma produced by the loss of volatiles or the formation of new volatiles
by oxidative or esterification reactions [36].

The EOs of propolis and its residues analyzed in our study showed a quite similar
composition to that of the crude Brazilian green propolis [37], which presented x-pinene
and f-pinene as major compounds. However, those authors found that the chemical
composition varies depending on the green propolis quality. Similarly, [1] observed that
propolis from various localities of South Africa was predominantly composed of «-pinene
(1.2-46.5%), 3-pinene (2.0-21.8%), limonene (trace-11.6%), 1,8-cineole (0.1-11.0%), and
a-thujene (trace-11.0%) when analyzed by solvent-free Head Space technique, the same
technique used in our study. The author highlighted that this technique allowed the
extraction of volatile constituents present in propolis resins. Likewise, [38] also detected
high amounts of x-pinene (20.57-53.41%) and 3-pinene (8.86-27.44%) in propolis samples
from Brazil, China, Estonia, and Uruguay. Similarly, [39] identified a predominance of
a-pinene (57-63%), -pinene (12.5-30.8%) and limonene (1.5-11.2%) in EOs of propolis
from Rio Grande do Sul State (Brazil)—the same three major compounds detected in
our study. However, it has been reported that the relative amount of x-pinene and (3-
pinene in EOs of propolis from different Brazilian regions varies and that these compounds
are not always the major constituents [4]. This is the case of the EO from Brazilian red
propolis, which presented methyl eugenol (13.1%) as the major compound, followed by
(E)-B-farnesene (2.5%) and d-amorphene (2.3%) [34]. Similarly, the EO of propolis from the
Cerrado biome was mainly composed of (E)-caryophyllene (7.85%), 6-cadinene (7.67%),
spathulenol (6.65%), viridiflorene (4.52%), «-copaene (4.01%), aromadendrene (3.85%),
a-trans-bergamotene (3.73%) and (E)-nerolidol (3.72%) [8]. Likewise, the most abundant
compounds in propolis samples from Rio de Janeiro State (Brazil) were 3-caryophyllene
(12.7%), acetophenone (12.3%), and linalool (6.47%) [26]. Several studies have indicated
that the volatile chemical composition of propolis can change with the geographical origin
due to variations in the flora, weather pattern, type of bee involved in the pollination
process, among other factors [1,4].
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Overall, the EOs from propolis and its residues had antibacterial effects on E. coli and
L. plantarum as they caused disturbances on the normal growth kinetics of both bacteria.
E. coli was more susceptible to the treatment with EODR than L. plantarum, suggesting that
it had selective antibacterial activity. Selectivity towards pathogenic bacteria rather than
beneficial bacteria is a desired feature in the antibacterial spectrum of EOs as a potential
alternative to synthetic antibiotics used as growth promoters in pig production. It is
intended that EOs modulate the pig’s gut microbiota [21,40], reducing the load of harmful
bacteria such as E. coli while having a minimal or no effect on beneficial bacteria such as
lactobacilli [22,41]. Antimicrobial selectivity is a relevant characteristic [22,42] to promote a
healthy gut and, consequently, maintain animal welfare and better performance [43,44].
Just a few studies are reporting on the antibacterial activity of EOs from propolis and most
of the literature in the field addresses ethanolic extracts of propolis [4,45]. To the best of our
knowledge, this is the first report on the antibacterial activity of EOs extracted from propolis
residues. The EO of propolis from Rio Grande do Sul (Brazil) was previously shown to
have antibacterial activity on Staphylococcus aureus ATCC 6538, Bacillus subtilis ATCC 6633,
Pseudomonas aeruginosa ATCC 25619, Klebsiella pneumoniae ATCC 1003, and E. coli ATCC
25792. [39]. Other authors also reported that the EO of propolis from Rio Janeiro (Brazil)
was effective against several Gram-positive bacteria and even more effective against E.
coli [26]. Likewise, the EO of propolis samples from different parts of Greece presented a
higher antibacterial effect on several Gram-negative bacteria than Gram-positive bacteria,
showing the strongest activity on E. coli ATCC 25922 at concentrations ranging from 3.4
to 4.9 mg/mL [23]. Thus far, no studies are reporting the effects of EOs from propolis on
Lactobacillus spp. However, the effects of an ethanolic extract of propolis from different
localities of Turkey and Brazil on L. acidophilus ATCC 4356 were previously reported by [46].
These authors found that the ethanolic extract of propolis inhibited or killed L. acidophilus
at concentrations of 4-64 pL/mL and 8-128 uL/mL, respectively.

In our study, while the EOs from propolis (EOP) and its residues (EOMR and EODR)
did not completely inhibit the growth of E. coli ATCC 25922 and L. plantarum ATCC 8414
at the tested concentrations (0.116-14.8 mg/mL), they showed remarkable antimicrobial
effects on the growth kinetics parameters of both strains at the highest concentration
(14.8 mg/mL). Interestingly, treatment with EODR reduced the maximal bacterial density
of E. coli (86.7%) more pronouncedly than L. plantarum (46.9%). The stronger effects of
some EOs or isolated EO compounds on the growth kinetics of E. coli than Lactobacillus
spp. have already been reported. Oregano, thyme, and rosemary EOs, and the isolated
EO compounds carvacrol, eugenol, and thymol, at concentrations ranging from 0.005 to
0.5 mg/mL caused a greater reduction of the maximal bacterial density of two E. coli
(K88™) strains isolated from porcine diarrhea as compared to L. fermentum and L. reuteri [47].
Similarly, a recent study reported that a commercial citrus EO altered to a higher extent the
growth kinetics of an enterotoxigenic E. coli (ETEC) strain isolated from the pig gut than
L. rhamnosus. The citrus EO caused a greater reduction of the maximal bacterial density
(38.9-55.9%) and higher extension of the lag phase duration (12.2-633.9%) of ETEC than
L. rhamnosus (Lag phase extended to 16.5-60.2%) at concentrations ranging from 0.116 to
0.925 mg/mL [22]. Compared to these EOs and EO compounds, the EODR presented a
lower selective antibacterial activity as it altered the growth kinetics parameters of E. coli
and L. plantarum at a higher concentration.

The literature has shown that. combined EOs can more effectively disrupt the growth
kinetics of E. coli, specifically the lag phase duration, as compared to the EOs tested
individually. For instance, the combination of oregano/basil, oregano/balm, oregano/sage,
and oregano/thyme significantly extended the lag phase duration of E. coli ATCC 25922 to
a higher extent than that of oregano EO alone [48].

Our study showed that EODR reduced the maximal bacterial density (46.9%) and
growth rate (to 0.049 h=1) of L. plantarum. Consistent with this, a previous study showed
that Melaleuca armillaris EO reduced the maximal bacterial density (51.8-96%) and growth
rate (to 0.123-0.037 h~1) of L. plantarum at concentrations ranging from 0.25 to 25 pg/mL [49].
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Thus, EODR exerted a lower effect on the growth kinetics parameters than the M. armillaris
EO. The antibacterial mechanism of action of the bioactive products occurring in propolis
is related to their disruptive effects on the permeability of the bacterial cell membrane,
membrane potential, and adenosine triphosphate (ATP) production as well as to a reduc-
tion in bacterial motility [50]. The antibacterial activity exhibited by the EOs tested herein
is likely to be related to these effects in E. coli and L. plantarum. The selective antibacterial
activity observed for EODR may be associated with its more pronounced effects on E. coli
cells rather than L. plantarum cells.

The antimicrobial activity of propolis products, such as EOs, can be related to their
highly complex and variable compounds and the synergistic action between them [51].
Several studies have attributed the antibacterial activity of EOs to their major compounds
only. In our study, while two common major compounds were detected (x-pinene, and
B-pinene) in EOP, EOMR, and EODR, the samples presented different antibacterial ac-
tivity. On one hand, the monoterpenic composition seems to contribute to the biological
properties of the EO from propolis, including the compounds «-pinene and 3-pinene [39]).
These compounds have already been proven to have inhibitory effects on E. coli, S. aureus,
Salmonella enterica, among others [52-54]. On the other hand, previous studies reported
weak or no antibacterial activity of x-pinene and (3-pinene on several pathogenic and
beneficial strains, including E. coli and L. plantarum [55,56]. Thus, it is possible to infer that
these two major compounds are not exclusively responsible for the antibacterial activity
of EOP, EOMR, and EODR. Moreover, these EOs presented a different relative amount of
a-pinene and -pinene, whose concentration was reduced throughout the processing of
crude propolis to residues. The lower relative amount of x-pinene and 3-pinene in EODR
may be related to the drying and wax removal process, which likely favored the loss of
these compounds. Moreover, while EOP presented the highest amount of a-pinene and
B-pinene, EODR showed the highest selective antibacterial activity. Interestingly, EODR
presented a higher relative amount of a-thujene, «-terpinene, y-terpinene, n-nonanal, ethyl
benzoate, n-decanal, (E)-caryophyllene, sabinene, ethyl decanoate, and zonarene. Such
minor compounds could be mechanistically related to the selective antibacterial activity of
EODR rather than the major compounds only.

The selective antibacterial activity of some of the minor compounds detected in the
EOs has already been proven. For instance, x-terpinene showed a remarkable inhibitory ef-
fect on Salmonella pullorum rather than L. plantarum [55]. Similarly, sabinene and y-terpinene
exhibited antibacterial activity on pathogenic bacteria such as Streptococcus mutans and
very weak or no activity on Lactobacillus sp. (L. acidophilus and L. casei) [57]. Furthermore,
(E)-caryophyllene showed inhibitory effects on E. coli, Pseudomonas. aeruginosa, S. aureus
and B. subtillis [58]. The antibacterial activity of (E)-caryophyllene has been associated
with its ability to alter the bacterial membrane permeability and provoke intracellular
content leakage, resulting in cell death [59]. Likewise, a fraction of an EO containing
decanal (73.4%) showed strong antibacterial activity on E. coli and S. aureus at 0.1 mg/mL
(growth inhibition) and 0.2 mg/mL (killing) [60]. The combination of decanal and other
compounds, such as y-terpinene, was responsible for the antibacterial effects of a mandarin
EO on E. coli and other strains [58]. The selective antibacterial performance of EODR could
be more associated with the presence of a-terpinene, sabinene, and y-terpinene, supported
by the other mentioned minor compounds. Even though several compounds play a role in
defining the biological properties of an EO, minor compounds may potentiate or modulate
the activity of the major ones. Thus, minor and major compounds act in consortia to define
the biological properties of an EO, such as its antibacterial activity [61]. Therefore, the
selective antibacterial activity of EODR seems to result mainly from the minor compounds
(detected in a higher amount than in EOP and EOMR), acting synergistically with its major
compounds (x-pinene and (3-pinene).

In our study, the EOs from propolis were also tested for their antioxidant activity
in vitro. EOMR had the highest ABTS radical scavenging, FRAP, and phenolic content,
followed by EODR and EOP. EODR exhibited a slightly higher antioxidant activity com-
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pared to EOP, with no significant difference in the ABTS radical scavenging capacity
and phenolic content. These findings are comparable to the range of antioxidant activ-
ity commonly observed for the main bioactive products of propolis (ethanolic extract of
propolis) [3]. Few studies have investigated the antioxidant activity of EOs from propolis.
Previously, the EO from Brazilian brown propolis exhibited ABTS radical scavenging activ-
ity (ICsp 30.1 £ 8.11 pg/mL) [62]. Another study tested 25 EOs of propolis from different
locations in China for their capacity to scavenge the DPPH radical. The authors showed
that the EOs from temperate zones had the highest antioxidant activity [63]. Nevertheless,
in our study, the EOs from propolis were not capable of scavenging the DPPH radical.

According to the literature, propolis contains up to 1% of EO, or rarely 2-3%, which
is just a fraction of its complex composition with a low content of polyphenols—these
are known for having antioxidant activity [4,51]. The low phenolic content in EOs can be
explained by the modest volatility and partial water-solubility of phenolics that could be
partly lost during hydrodistillation [64]. Nonetheless, some volatile compounds present
in the EOs from propolis can also be responsible for their antioxidant activity [51]. In
our study, the EOs from crude propolis and its residues were rich in terpenes, such as o-
pinene and 3-pinene, which have been considered responsible for the antioxidant activity
of some EOs. However, the differential abundance of these major compounds in our
samples and the lack of correlation with their antioxidant activity allows us to infer that the
antioxidant capacity of the EOs is not likely to be related to these compounds. In contrast,
the minor compounds (thuja-2,4(10)-diene, myrcene, n-octanal, p-cymene, acetophenone,
and a-copaene), detected in a higher abundance in EOMR than EOP or EODR, may explain
the antioxidant capacity of the former.

Some studies have found no association between the high abundance of x-pinene and
B-pinene and the antioxidant activity of the EOs in which they occur. For instance, there
was no direct relationship between the high abundance of x-pinene and the (negligible)
antioxidant activity of rosemary EO [65]. Moreover, -pinene and 3-pinene showed poor
antioxidant activity in ABTS, DPPH, and FRAP assays [58]. Monoterpene hydrocarbons
such as «-pinene, 3-pinene, sabinene, x-thujene, camphene, and limonene, except -
terpinene and y-terpinene (which were detected in EOMR), have been shown to have weak
or negligible antioxidant activity [66]. This supports our assumption that the six minor
compounds present in EOMR play a key role in the antioxidant activity of this EO.

In previous studies, myrcene was shown to have antioxidant activity [67,68]. Com-
pared to other compounds, myrcene exhibit a three-fold higher antioxidant activity than
that of a-pinene [52]. In another study, myrcene and p-cymene were assayed individually
and showed a considerable antioxidant activity—which was higher than that of « -pinene,
3-pinene, limonene, and camphene [66]. Therefore, the occurrence of these minor com-
pounds in EOMR and a possible synergistic effect between them could explain the high
antioxidant performance exhibited by EOMR and determine its antioxidant mechanism.

The antioxidant mechanisms of EOs are associated with their capability to donate
hydrogen or an electron to free radicals (ROS) as well as with their ability to detach unpaired
electrons inside the aromatic structure to counter free radicals and protect biological
molecules from oxidation [69,70]. The supplementation of pig diets with EOs contributed
significantly to controlling body damages produced by the disruption in redox balance
due to excess ROS species in the organism of pigs [69,71]. Thus, EOs such as propolis
EOs, could be used to modulate the oxidative stress in pigs, and prevent DNA, membrane,
protein, and lipid damage in their organism [71].

Although the biological properties of EOs extracted from propolis remain poorly
explored [4], mounting evidence has suggested they can be a promising low-cost source
of compounds with biological properties, particularly the EOs from propolis residues.
These have potential applications as natural antimicrobial /antioxidant agents to replace
antibiotics and synthetic antioxidant additives in pig production. Further research is highly
encouraged to explore and reveal the sustainable applicability of EOs from propolis in the
animal production industry [4].



Molecules 2021, 26, 4694 14 of 17

5. Conclusions

Overall, the EOs from organic propolis residues (EOMR and EODR) exhibited either
antioxidant or antibacterial activity higher than that of the EO from crude propolis (EOP).
EODR was found to have mild antioxidant properties and showed selective antibacterial
activity, that is, higher activity against the pathogenic bacterium model E. coli rather
than the beneficial bacterium model L. plantarum. EOMR showed the highest antioxidant
performance in terms of ABTS radical scavenging, FRAP, and phenolic content.

Each EO presented a different chemical profile, and some of their minor compounds
were more pronouncedly detected in EOMR and EODR. These compounds are most likely
to be associated with the biological activities observed for these EOs (antioxidant and
selective antibacterial activity) rather than the major compounds, a-pinene and 3-pinene.

Therefore, the EOs from organic propolis residues are a source of compounds with
antibacterial /antioxidant properties with potential application as natural additives in pig
feed. Our findings provide valuable information and insights into the current knowledge
of the biological properties of EOs extracted from propolis.
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