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Abstract
Pyroligneous acid (PA) was evaluated as a potential alternative to therapeutic antibiotics in poultry. Antimicrobial activity of PA
was studied at acidic pH (2.0) and neutral pH (7.0) of the liquid against Salmonella enterica and Lactobacillus acidophilus.
Acidic PA gave a MIC value of 0.8% (v/v) and 1.6% (v/v), and neutralized PA gave a MIC value of 1.6% (v/v) and 3.2% (v/v)
against S. enterica and L. acidophilus respectively. Acidic PA was evaluated at different concentrations in a simulated poultry
digestive tract and cecal fermentation to study its effect on the cecal microflora and fermentation profile. PA at a concentration of
1.6% (v/v) completely inhibited S. enterica and was also found to have a similar effect on lactobacilli count as compared with the
control (p = 0.17). Additionally, PA at this concentration was found not to have a significant effect on acetic acid production after
24 h of cecal fermentation (p = 0.20).
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Abbreviations
GIT Gastrointestinal tract
PA Pyroligneous acid
SCFA Short-chain fatty acids
GC-MS Gas chromatography-mass spectrometry
MIC Minimum inhibitory concentration
BHI Brain heart infusion
MRS De Man, Rogosa, and Sharpe

BPLS Brilliant green phenol red lactose sucrose
ANOVA Analysis of variance

Introduction

Bacterial gastroenteritis is a significant issue in the animal as
well as human health. Salmonella enterica is a prevalent
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pathogen in poultry. The normal gut flora in poultry develops
between 3 and 6 weeks of age, hence chicken is highly sus-
ceptible to Salmonella infections [1]. Salmonella is the most
common cause of bacterial gastroenteritis in humans globally,
and is transmitted to humans via the consumption of contam-
inated poultry products [2]. Hence, it is essential to implement
effective control measures during the growing phase of
broilers to decrease or eliminate the S. enterica load in the
poultry gastrointestinal tract (GIT). In poultry, the ceca are
the main site of colonization for Salmonella. The ceca are
the most densely and diversely populated section of the poul-
try GIT and dysbiosis, i.e., an imbalance in the gut flora can
decrease the host resistance to Salmonella infection.

Klasing et al. had suggested that host susceptibility to path-
ogens can be reduced by modification of the poultry diet [3].
Therapeutic antibiotics are one such feed additive that has
been used to control bacterial enteritis caused by
Salmonella. Trimethoprim, polymyxin B, and salinomycin
sodium are some antibiotics that were shown to reduce or
eliminate S. enterica counts in poultry [4]. However, the use
of antibiotics comes at a price of selection and emergence of
drug resistance in the environment [5].

Due to increased public health concerns from consumers, it
has become essential for the food industry to look at alterna-
tives for antibiotics in food production. Several prebiotics,
such as oligofructose and inulin, have been extensively stud-
ied as an alternative to therapeutic antibiotics in broilers.
Prebiotics favor the growth of beneficial bacteria in the gut,
which can eliminate gut pathogens by competitive exclusion,
i.e., the competition for nutrients and attachment sites [6].
Additionally, the selective proliferation of beneficial bacteria
can produce antimicrobials such as short-chain fatty acids,
which can potentially inhibit Salmonella. However, the results
with these have not been consistent, and therefore, other alter-
natives need to be explored [7].

Pyroligneous acid (PA) is produced by the pyrolysis of
lignocellulosic biomass. While the supplementation of PA in
poultry feed has been shown to have a beneficial effect on
broiler health, its use as a therapeutic agent has not been well
explored [8, 9]. PA has a complex composition, consisting of
several organic compounds [10, 11], each of which has a
different mechanism of action for antimicrobial activity, thus
rendering it difficult for pathogens to develop resistance.
Furthermore, Watarai et al. (2005) reported that in an
in vitro study, PA promoted the growth of beneficial bacteria
such as Bifidobacterium [12]. Hence, both the direct and in-
direct antimicrobial actions of PA can be exploited synergis-
tically to develop a suitable, effective, and environmentally
friendly alternative to therapeutic antibiotics in poultry pro-
duction, with a possible growth promotion action.

In the current study, a PA obtained from Pyrovac Inc. by
the pyrolysis of a softwood mixture was evaluated in vitro for
its anti-Salmonella efficiency as an alternative to therapeutic

antibiotics in poultry production. Additionally, the effect of
PA on Lactobacillus, which functions as a probiotic in poultry
gut, was also studied. Before proceeding to poultry feeding
trials, which are time consuming as well as expensive, it
would be helpful to carry out an in vitro screening of the PA
in simulated poultry digestion and cecal fermentation to eval-
uate its effect on pathogenic as well as beneficial gut bacteria.
Therefore, the effect of the supplementation of PA on short-
chain fatty acid (SCFA) production by cecal fermentation as
well as Lactobacilli counts was also studied.

Materials and methods

Production and analysis of PA

The PA was produced by the pyrolysis of a softwood mixture
(white pine, spruce, and fir) that was obtained fromBelle-Ripe
(www.belle-ripe.com), a biomass supplier company.
Pyrolysis of the biomass was carried out in Pyrovac Inc.,
Lambert-de-Lauzon, QC, Canada, at 475 °C as described
previously [13]. The composition of the PA was analyzed by
gas chromatography-mass spectrometry (GC-MS) on an
Agilent 5890 gas chromatograph. A 30-m long DB-5ms fused
silica capillary with an inner diameter of 0.25 mm and coated
with a 0.25-mm film thickness of cross-linked 5% phenyl
methylpolysiloxane was used for separation of the PA com-
ponents. The oven of the GC was maintained at 50 °C for
2 min, after which it was programmed to reach 290 °C at
5 °C min−1, and the final temperature was maintained for
10 min. The temperature of the injector was set to 280 °C with
split mode (with a split ratio of 1/30). Helium, set with a flow
rate of 1 mL min−1, was used as the carrier gas in the GC. The
column end was introduced into the ion source of a mass
detector (Agilent 5970) operated in the elector impact ioniza-
tion mode. The mass spectrometer was operated at the follow-
ing conditions—transfer line 270 °C, ion source 250 °C, and
electron energy 70 eV. After every 0.8 s, the mass range (m/z)
of 30–500 Da was scanned. Manual evaluation of the com-
puterized match was done to maintain the quality of identifi-
cation. The selected target compounds were identified by
matching the retention time and mass spectra with known
standard compounds. A series of standard mixture solutions
(such as phenol, cresol, guaiacol, syringol, catechol, eugenol,
and levoglucosan) at different concentrations were used as
calibration solutions for quantification of the identified com-
ponents of PA [14].

Antibacterial activity

Native PA (pH 2) and PA neutralized to pH 7 (with 10-M
NaOH) were filter sterilized, and the antibacterial activity of
these filtrates was tested against two bacterial strains—a
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pathogen (Salmonella enterica) and a probiotic (Lactobacillus
acidophilus). A pathogenic poultry isolate of S. enterica was
obtained from Dr. Diarra’s Lab (Agriculture and Agri-Food
Canada, British Columbia) and grown in brain heart infusion
(BHI) broth. L. acidophilus (NRRL B-23431), a probiotic
strain, was grown in De Man, Rogosa, and Sharpe (MRS)
broth. The MIC of the PA samples was determined against
the two strains by the broth microdilution method as described
by Fernandez et al. [15]. Briefly, 125 μL of sterile broth was
added into the wells of a sterile 96-well plate. A total of
125 μL of PA was added to the first well, following which
two-fold serial dilutions were carried out. To each well, 50 μL
of a 1:1000 dilution of the overnight bacterial culture was
added to give a final cell concentration of ~ 106 colony-
forming units (CFU) mL−1. The experiments were carried
out in triplicates, and controls with bacterial inoculum without
PA as well as sterile broth were was also maintained. Plates
were incubated at 37 °C for 24 h, and optical densities were
measured using a spectrophotometer at 600 nm.

Cecal inoculum preparation

Cecal samples from chicken raised without antibiotics were
obtained from Abattoir Agri-Bio Inc., QC, Canada. The con-
tents of ceca from five birds were squeezed and pooled into
sterile tubes under aseptic conditions. From this pooled sam-
ple, 0.1 g of cecal content was diluted with 300 mL of sterile
0.1-M anaerobic phosphate-buffered saline (pH 6.8) and
mixed to obtain a homogenous solution, which was used as
inoculum in the in vitro experiment [16, 17].

In vitro poultry digestion and cecal fermentation

Poultry feed used in this study was obtained from Agri-
marché, QC, Canada, and its composition is given in
(Table 1). In vitro digestion was carried out with 0.25 g of
feed with five concentrations of PA—0.08% (v/w), 0.16%
(v/w), 0.8% (v/w), 1.6% (v/w), and 4% (v/w). Basal feed

without any supplementation was used as control. In vitro
digestion was carried out by subsequent incubations with
0.1-M HCl, 1.5-M HCl, and 1-M NaHCO3 as described pre-
viously [18]. At the end of digestion, 5 mL of cecal slurry was
added to each tube, and incubation was carried out at 37 °C for
24 h under anaerobic conditions [17]. Samples were with-
drawn at 0 h and after 24 h of inoculation for analysis.

Bacterial enumeration

Samples were diluted sequentially in sterile saline by a dilu-
tion factor of 10, following which they were incubated on
BPLS (brilliant green phenol red lactose sucrose) agar supple-
mented with sulfa mandelate at 37 °C for 24 h for enumeration
of Salmonella and on MRS (De Man, Rogosa, and Sharpe)
agar at 37 °C for 48 h in anaerobic conditions for enumeration
of lactic acid bacteria [19].

Short-chain fatty acid analysis

For the quantification of SCFAs, the samples were centrifuged
at 13,000×g for 10 min at 4 °C, following which the superna-
tant was filtered through a 0.22-μm syringe filter. To 500 μL
of the filtered supernatant, 500 μL of 100-mM H2SO4 was
added and extraction with diethyl ether was carried out. A
gas chromatograph (6820GE; Agilent, Santa Clara, CA)
equipped with a glass column (HP-innovax, 30 m by
0.320 mm) was used for the quantification of acetic acid,
butyric acid, propionic acid, valeric acid, and iso-valeric acid.
The temperatures of the detector, injection port, and column
were 225 °C, 200 °C, and 200 °C, respectively, and SCFA
concentrations were determined by comparison of peak
heights of samples with those of standards [20].

Statistical analyses

Statistical analyses and SCFA production were carried out
using STATISTICA (StatSoft, Tulsa, Oklahoma, USA). All
results were expressed as the mean value of duplicates with
standard deviation. An analysis of variance (ANOVA) was
used to test the significance of the difference, and the differ-
ence was considered significant at a p value < 0.05.

Results and discussion

Characterization of PA

The chemical composition of the PA used in this study is
given in Table 2. The PA was found to be consisted of known
microbial inhibitors such as organic acids, phenolics, alde-
hydes, and ketones, as compared with previously reported
literature.

Table 1 Composition of
the poultry feed* Component Composition

Crude protein 18.4%

Raw fiber 4.00%

Calcium 0.8%

Phosphorus 0.6%

Sodium 0.19%

Vitamin A 101,000 IU/kg

Vitamin D 4984 IU/kg

Vitamin E 50 IU/kg

All values in %w/w, until specified

*As given by Agri-Marché
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Organic acids, which account for the low pH of the sample,
are produced by the thermal pyrolysis of xylans [21]. The pres-
ent PA sample consisted of 7.5% of organic acids (mainly
acetic, propionic, and formic acid), as compared with those
previously reported by Rattanawut et al. (2.8%) [22], Hou
et al. (3.10%) [23], and Oramahi et al. (between 3.6 and
4.3%) [24]. Phenolics, such as catechol (5.6%) and
methylcatechol (1.2%), were also observed in higher concen-
trations as compared with previous studies by Xu et al. (4.62%)
[25] and Fagernäs et al. (0.16%) [26]. Other antimicrobial com-
pounds such as ketones (e.g., methylisopropylcyclohexanone
(1.5%)), lactones (e.g., furanone (0.8%)), and aldehydes (such

vanillin (0.4%) and hydroxymethylcinnamaldehyde (0.1%))
were also observed.

The feedstock used for pyrolysis determines the composi-
tion of the PA produced by the thermal degradation of plant
lignocellulose. Softwoods (e.g., pine) are rich in 2-
methoxyphenol, which is a major component of lignin and
undergoes demethylation during pyrolysis, leading to the for-
mation of phenols, cresols, and catechol [27]. The higher
abundance of phenolics can also be attributed to the high
temperatures (425–575 °C) at which pyrolysis is carried out
[28]. The pyrolysis of xylans present in softwoods leads to the
production of ketones and aldehydes, while the thermal deg-
radation of hemicellulose produces lactones [11, 21].

Antibacterial activity

The antibacterial activity of acidic and neutralized PA was
evaluated against Lactobacillus acidophilus and Salmonella
enterica. Acidic PA gave an MIC of 0.8% (v/v) and 1.6%
(v/v) against S. enterica and L. acidophilus respectively, while
neutralized PA gave an MIC value of 1.6% (v/v) and 3.2%
(v/v) against S. enterica and L. acidophilus respectively
(Fig. 1). This indicates that acidic pH would be more efficient
as a possible antimicrobial agent because it needed half the
concentration of neutralized PA to inhibit Salmonella growth.

It has been previously postulated that organic compounds
such as organic acids and phenolics are primarily responsible
for the antimicrobial activity of PA [29]. The mechanism of
antibacterial activity of phenolics is via inactivation of bacte-
rial enzymes and disruption of cell membranes [30].
Hydroxylated phenolics such as catechol have been reported
to have a strong antimicrobial activity, due to the presence of

Fig. 1 Comparison of MIC values against S. enterica and L. acidophilus
for acidic and neutralized PA

Table 2 Chemical composition of PA used in the current study

Compound Wt%

Water 45

Sugars** 16

Pyrolytic lignin 9

Acids* 7.5

Catechol 5.6

Methylguaiacol 1.9

Guaiacol 1.5

Methylisopropylcyclohexanone 1.5

Methylcatechol 1.2

Cresol 0.9

Furanone 0.8

Acetyloxycatechol 0.8

Ethylguaiacol 0.6

Hydroquinone 0.6

Propenylcatechol 0.6

Phenol 0.5

Triacetin 0.5

Acetyloxymethylfuraldehyde 0.5

Acetyldihydrofuranone 0.5

Maltol 0.5

Trimethylbenzenediol 0.5

Dimethoxybenzenebutyric acid 0.5

Dioxolane 0.4

Hexenone 0.4

Vanillin 0.4

Dimethylbenzenediol 0.4

Hydroxymethoxyphenylpropanone 0.4

Dimethylphenol 0.3

Eugenol 0.3

Dihydroxybenzenepropanone 0.2

Dihydroxyoctadienedione 0.1

Hydroxymethylcinnamaldehyde 0.1

Total 100

*Mainly formic, acetic, and propionic acids

**Anhydro sugars, mainly levoglucosan
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multiple hydroxyl groups [31]. Undissociated organic acids
can diffuse into bacterial cells and lower the pH of the cyto-
plasm, which leads to inhibition of enzyme activity and cell
leakage [6]. PA is composed of several organic compounds
(phenolics, organic acids, aldehydes, ketones), each of which
has a weak antimicrobial activity. While the antibacterial ac-
tivity of PA could be explained by a possible synergistic effect
of its components, in the present study, it was observed that
acidic PA was found to be more efficient as compared with
neutralized PA. These results, in addition to the higher content
of organic acids in the PA, could indicate that the antibacterial
activity could primarily be associated with the pH of the PA.
Additionally, it was also observed that the minimum concen-
tration of PA needed for inhibition of Lactobacillus was dou-
ble of that required for Salmonella inhibition. Therefore, it
could be inferred that at a concentration needed to inhibit
Salmonella, acidic PA would have no detrimental effect on
the beneficial lactic acid bacteria. Watarai et al. (2005) previ-
ously reported that wood vinegar liquid from evergreen oak
could have two simultaneous effects, i.e., inhibition of patho-
genic bacteria, such as S. enteritidis, and the proliferation of
beneficial bacteria such as Bifidobacterium thermiphilum,
both of which would promote broiler health and productivity
[12]. Based on the above, since the MIC value of acidic PA
against Salmonella showed no detrimental effect on
Lactobacillus, it would be interesting to study the effect of
PA in cecal fermentation in a simulated poultry digestive tract.

Effect of PA on bacterial counts in cecal fermentation

At the end of 24 h of cecal fermentation, there was a signifi-
cant difference between the treatment groups for Salmonella
counts (p = 0.00004). While any supplementation of PA was
shown to decrease Salmonella counts, it was observed that PA
at a concentration of 1.6% (v/w) inhibited Salmonella

completely, and at a concentration of 4% (v/w), there was a
total inhibition of all bacteria (Fig. 2). For the count of total
lactobacilli also, a significant difference was observed among
the treatment groups (p = 0.0005). Increasing concentrations
of PA from 0.08 (v/w) to 1.6% (v/w) were found to increase
Lactobacilli counts (Fig. 3). At 4% v/w concentration of PA,
no bacterial growth was observed on the plate. Post hoc anal-
ysis by using the Neuman Keuls test showed that the mean
Lactobacilli count obtained with 1.6% (v/w) of PA was sta-
tistically comparable to that obtained with the control (p =
0.74), while the counts with 0.08% (v/w), 0.16% (v/w), and
0.8% (v/w) were lesser than that of the control (p = 0.01, 0.37,
and 0.01, respectively). The MIC against S. enterica was
found to be two-fold higher in the cecal fermentation study
as compared with the broth microdilution. When the PA was
added to the feed, there could have been a partial adsorption of
the PA by the feed particles, resulting in the reduced availabil-
ity PA to “interact” with the S. enterica in the simulated hind-
gut. This may potentially explain the increased MIC value in
the cecal fermentation study.

For the use of PA as feed additives, several studies have
been carried out in swine rearing. Choi et al. (2009) reported
that pigs fed with PA (produced from pyrolysis of oak chips at
500–700 °C) had higher counts of ileal Lactobacilli, which
could be attributed to the presence of acidifiers, mainly organ-
ic acids in the PA, which consequently could reduce counts of
harmful coliforms [32]. Similar results were also obtained by
Wang et al. (2013), with piglets fed with bamboo PA with an
acidifier, and they attributed this to the selective antibacterial
activity of the feed supplements against acid-intolerant patho-
genic bacteria and maintenance of the acid-tolerant
Lactobacilli [33]. Kupittayanant and Kupittayanant observed
that PA had a protective effect against diarrhea in weaning
piglets by decreasing counts of Escherichia coli and increas-
ing counts of Lactobacillus spp. [34]. Rattanawut (2013)

Fig. 2 CFU counts for
Salmonella with different
concentrations of PA
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reported that in Betong chicken, bamboo PA (which has acetic
acid as its main component) was shown to reduce fecal E. coli
and Salmonella counts [35].

In the current study, 1.6% (v/w) PA was shown to
completely inhibit Salmonella and has no direct negative ef-
fect on cecal Lactobacilli when compared with the in vitro
control. Since the proliferation of beneficial bacteria is also
dependent on the host immunomodulatory responses, it would
be interesting to study the effect of PA supplementation at this
concentration in the field.

Effect of PA on SCFA production in cecal fermentation

Since no bacterial growth was observed at the PA concentra-
tion of 4% (v/w), SCFA analysis was not done for this treat-
ment. For the other treatments, only acetic acid was detected.
It was observed that after 24 h of fermentation, there was no
significant difference in the production of acetic acid among
the remaining treatment groups (p = 0.2) (Fig. 4). Therefore, it

can be inferred that supplementation of PA at 1.6% (v/w) did
not modify the cecal fermentation profile as compared with
the control in vitro. Previous studies have reported that wood
vinegar can modify cecal microflora as well as nutrient ab-
sorption. This along with its capacity to inhibit intestinal path-
ogens such as Salmonella can be exploited to reduce the load
of therapeutic antibiotics in poultry.

Conclusion

The PA used in the current study was produced from a soft-
wood mixture comprising of white pine, spruce, and fir, and
was found to consist of antimicrobial compounds such as
organic acids, phenolics, and vanillin, the synergistic action
of which could account for the high antibacterial activity
in vitro even at low concentrations. The supplementation of
PA at 1.6% (v/w) was shown to inhibit Salmonella completely
and has no negative effect for Lactobacilli counts or the

Fig. 3 CFU counts for
Lactobacilli with different
concentrations of PA

Fig. 4 Production of acetic acid
by cecal bacteria with different
concentrations of PA
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production of acetic acid in vitro. Therefore, it would be of
interest to study the effect of PA supplementation in the field
against an artificial Salmonella challenge.
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