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A B S T R A C T

In the animal production industry, plant-derived antimicrobial phytobiotics are used as an alternative to anti-
biotics. Here we investigated the role sanguinarine-based phytobiotic in broiler recovery from Necrotic Enteritis
(NE) infection. A total of 100 one-day-old broiler chicks (Ross 308) were randomly allocated to four treatments:
negative control CTR (no challenge, no phytobiotic supplementation); positive control NE (NE challenged);
phytobiotic SG (sanguinarine phytobiotic, 0.12 g/kg); and SG þ NE, (sanguinarine phytobiotic, 0.12 g/kg and NE
challenge). Sanguinarine-based phytobiotic supplementation caused significant changes between the groups in
performance, livability and histological measurements, however, these changes were not significantly different
between SG þ NE and NE groups. Significant improvement was detected in NE lesion score of the duodenum and
ileum of SG þ NE birds compared to NE challenged birds at the end of the production cycle at 40 days old,
indicating improved post-NE recovery with the addition of phytobiotic. Sanguinarine-based phytobiotic supple-
mentation in NE challenged birds significantly compensated for a NE associated reduction of Firmicutes and an
increase in Bacteroidetes. Functional profile of sanguinarine-based phytobiotic supplemented birds microbiota
was distinct from CTR functional profile. NE challenge was associated with a significant increase in cecal pro-
pionic acid, while sanguinarine-based phytobiotic supplementation resulted in an increase in cecal acetic acid.
1. Introduction

Phytobiotics are described as distinctive bioactive plant products with
multiple beneficial characteristics. Phytobiotics can be added to the feed
as growth promoters to maintain balanced gastrointestinal microbiome,
improve immune readiness and performance, reduce oxidative and heat
stress [1, 2, 3, 4, 5, 6, 7]. Several phytobiotics have been recognized as
safe by the Food and Drug Administration (FDA) of the United States [8].
In the animal production industry, phytobiotics are primarily applied as
an alternative to antibiotic growth promoters (AGPs) [6, 9]. Although
their mode of action varies considerably based on the chemical structure
of the bioactive component, it was suggested that phytobiotics present
their benefits by modulating the gut microbiota and reducing the sus-
ceptibility toward pathogenic organisms through the changes in
y).

September 2020; Accepted 23 O
vier Ltd. This is an open access ar
membrane permeability to hydrogen ions (Hþ) [3, 7]. The beneficial
properties of a phytobiotic depend on several factors such as plant spe-
cies, geographical location, harvesting period, manufactural processing,
and storage conditions [2, 7, 10].

The use of sanguinarine-like alkaloid supplements in poultry feed has
a positive influence on growth performance, anti-inflammatory proper-
ties, and antimicrobial activity against enteric pathogens [11, 12, 13, 14,
15]. Karimi et al. [16], investigated the impact of commercial
sanguinarine-based phytobiotic on broiler performance, small intestine
morphology, and immune function. The results indicated that feed intake
and small intestinal morphology were not significantly altered. However,
serum antibody titers were notably improved, thereby enhancing the
immune state of birds. The supplementation improved both bird's per-
formance and carcass yield. Abudabos et al. [17], evaluated the impact of
ctober 2020
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Table 1. Nutritional components and calculated nutrient analysis of broilers
starter and finisher feed.

Ingredients Starter Finisher

Yellow corn 50.635 65.39

Soybean meal 42.40 20.70

Wheat bran 0.00 0.60

Corn Gluten meal 0.00 0.70

Choline chloride CL 60 0.05 0.05

Corn oil 3.60 3.00

Dicalcium Phosphate 1.270 1.027

Ground Limestone 1.080 1.04

Salt 0.300 0.30

Phytase xp 10000 TPT 0.005 0.005

Digestive L-methionine 0.295 0.22

Lysine-HCL 0.080 0.36

Threonine 0.085 0.11

Vitamin- Mineral premix1 0.200 0.200

Total 100 100

Analysis

ME, kcal/kg 3000 3200

Crude protein, % 23.0 19.5

Non phytate P, % 0.48 0.359

Calcium, % 0.96 0.81

Digestive Lysine, % 1.28 1.03

Sulfur amino acids, % 0.85 0.8

Threonine, % 0.86 0.69

1 Vitamin-mineral premix contains in the following per kg: vitamin A,
12000000 IU; vitamin D3, 5000000 IU; vitamin E, 80000 IU; vitamin K3, 3200
mg; vitamin B1, 3200 mg; vitamin B2, 8600 mg; vitamin B3, 65000 mg; pan-
tothenic acid, 20000 mg; vitamin B6, 4300 mg; biotin 220 mg; antioxidant (BHA
þ BHT), 50000 mg; B9, 2200 mg; B12, 17 mg; copper, 16000 mg; iodine, 1250
mg; iron, 20000 mg; manganese, 120000 mg; selenium, 300 mg, and zinc,
110000 mg.
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sanguinarine-based phytobiotic on growth traits and blood biochemical
parameters of S. Typhimurium challenged broilers and concluded that
commercial sanguinarine-based phytobiotic supplementation is a valid
contributor to maintaining growth performance and biochemical profile
of Salmonella challenged broilers.

The current investigation aimed to evaluate the capability of
sanguinarine-based phytobiotic to benefit in maintaining microbial
community and intestinal health in broilers recovering from necrotic
enteritis.

2. Materials and methods

2.1. Ethical statement

This study was completed in agreement with the Gloucestershire
County Council's (GCC) Animal Welfare Act recognized and officially
approved in Royal Decree No. (M/44) by the Saudi Arabian government.
The Research Ethics Committee (Deanship of Scientific Research, Vice-
Rectorate for Graduate Studies & Scientific Research at King Saud Uni-
versity, Riyadh) approved this study under the authorization number
KSU-SE-18-38.

2.2. Study design, dietary treatments and sample collection

One hundred broiler chicks (Ross 308) were acquired as one day old.
Chicks of the average initial weight of 201 g were obtained from Alwadi
Poultry Farms Ltd, Co., Alkharj, Saudi Arabia and randomly distributed
to treatment groups. The chicks were reared in controlled units under the
same managerial and hygienic settings using cage system. Chicks were
distributed randomly into four dietary treatments and allocated into five
replicate cages with five chicks per cage (total of 25/treatment). Treat-
ment groups were a negative control with no challenge, and no supple-
mented phytobiotic (CTR), NE challenged (NE), sanguinarine-based
phytobiotic (0.12 g/kg as recommended by a supplier) supplemented
group (SG) and both sanguinarine-based phytobiotic supplemented (0.12
g/kg) and NE challenged group (SG þ NE). We used commercial phy-
tobiotic Sangrovit®, which contains a minimum of 1.5% sanguinarine, a
quaternary benzo[c]phenanthridine alkaloid (QBA) extracted from
plume poppy (Macleaya cordata) [11].

Birds were fed a standard starter (0-21d) and finisher diets (21–40 d)
and had constant access to feed and fresh water (Table 1). Induced
necrotic enteritis was applied following the infection model previously
described by Prescott et al. [18], with minor modifications. Briefly, on
day 23, birds from NE and SG þ NE groups were orally co-infected with
Eimeria sp. using13 times the recommended dose of Coccidia™-D vac-
cine, along with C. perfringens (type A strain) challenge [19] at the rate of
4� 108 CFU for three consecutive days; 26, 27, and 28. NEmodel success
was confirmed by the investigation of microscopic and macroscopic
lesion characteristic representative of NE in broilers small intestine. From
the first day of C. perfingens challenge onwards, post mortem dissections
were performed to confirm if the mortality was caused by NE, by
assessing representative signs of confluent necrosis and sloughing
epithelium of the intestinal tract.

Following NE challenge broilers were allowed to reach the end of
production time at 40 days before sample collection: cecum contents
were collected randomly for microbiota examination and SCFA analysis.
Cecum samples were transferred immediately on ice and stored at -80 �C.
Ileum tissue was collected from six birds per treatment for histological
analysis. Tissue samples were washed in phosphate-buffered saline (PBS)
and fixed in 10% buffered formaldehyde.

2.3. Performance measurements

Records for average body weight gain (BWG), feed intake (FI) and
feed conversion ratio (FCR) were obtained weekly. Broiler's feed intake
was calculated by subtracting the volume of rejected feed from the
2

offered feed. Occurredmortality was recorded, and FCRwas adjusted and
computed for each treatment group. The Production Efficiency Factor
(PEF) was calculated according to the following equation:

PEF¼Livability� Live weightðkgÞ
Age in days� FCR

� 100

2.4. DNA extraction, 16S rRNA amplification and sequencing

Genomic DNA was extracted from chicken cecal samples for micro-
biota investigation using a protocol defined previously [20, 21] with
minor modifications. Extracted DNA was quantified and quality-assured
using a Nanodrop spectrophotometer. Amplicons of the V3–V4 hyper-
variable regions of the 16S rDNA gene were generated in by using
primers forward ACTCCTACGGGAGGCAGCAG, and reverse GGAC-
TACHVGGGTWTCTAAT. Primers were designed with barcodes, spacers
and Illumina linkers, according to Fadrosh et al., [22]. The sequencing
library was prepared following the manufacturer's protocol (Illumina
Inc., San Diego, CA, USA). Sequencing of amplicons was performed on
the Illumina MiSeq platform using 2 � 300 bp paired-end sequencing.
2.5. Data processing

The sequencing data were analyzed using Quantitative Insights into
Microbial Ecology (QIIME v.1.9.1) [23]. Paired-end joining was per-
formed using Fastq-Join algorithm with no mismatches within the
overlap region. Only sequences with Phred quality threshold higher than
20 were included in further analysis. The sequences were clustered into
operational taxonomic units OTUs at 97% identity using UCLUST
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algorithm [24]. All taxonomic allocations were completed in QIIME
using GreenGenes reference database and QIIME default arguments [25].
OTUs with abundance under 0.01% were removed. The data quality
filtering and removal of samples with low sequencing coverage resulted
in 52 sequenced cecum samples in total. Hellinger transformed [26] OTU
table was used in the analysis. Data visualization and statistical analysis
were performed using Calypso (http://cgenome.net/calypso/) [27].
Alpha diversity was assessed with Chao1, Shannon, Richness, Evenness,
and Simpson diversity indexes. Untransformed data is presented in fig-
ures comparing relative abundance. Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States (PICRUSt) analysis was
performed using KEGG Orthologue functional classifications and was
performed using default settings on publics data analysis server https://h
uttenhower.sph.harvard.edu/galaxy/. Significant alterations between
treatment groups were detected using ANOVA. Sequencing dataset from
this trial is publicly accessible on the MG-RAST server (http://metage
nomics.anl.gov/) under accession library number mgl816605.

2.6. Short-chain fatty acid analysis

Extraction of short-chain fatty acids (SCFAs) metabolites was done
using an acidified water-extraction method proposed by Zhao, Nyman
[28], and the final extracted solution was filtered using a 0.45 μm syringe
filter. Standard acids were obtained from Dr. Ehrenstorfer (Augsburg,
Germany) and included; acetic acid (C2) (99.9%), propionic acid (C3)
(99.9%), butyric acid (C4) (99.5%), i-butyric acid (i-C4) (99.0%),
n-valeric acid (C5) (99.3%) and i-valeric acid (i-C5) (99.0%). All stan-
dards concentrations were adjusted in methanol to 1000 ug/ml (ppm),
and calibration curves were constructed using standard stock solutions
that contained all six acids.

The GC-MS system on an Agilent (Palo Alto, CA) 7890A with an
Agilent350 �C column (30 m � 250 μm x 0.25 μm) was used to analyze
SCFA from cecal samples. GC-MS was operated in total ion chromato-
gram (TIC) scan mode to measure the retention time of each SCFA and
the mixture of SCFAs. Separation of the SCFAs was done following
methods described previously [29, 30, 31, 32]. GC/MS was operated in a
single ion monitoring (SIM) mode according to the following instru-
mental parameters: oven temperature program started at 50 �C and held
for 1 min, then ramped at 6 �C per min to a temperature of 100 �C, and
finally ramped at 25 �C per min until the final temperature of 270 �C was
reached and held for 1 min (a total of 18.133 min run program), and 2
min post run of 300 �C. A 2 μL sample volume was injected at heater at
250 �C with helium as the carrier gas in a split-less mode. The pressure
was maintained at 11.747 psi at 24.4 mL/min through the entire flow
cycle.

2.7. Microscopy and lesion scoring

Ileal tissue samples approximately two-centimetre in length were
collected from the mid-section for histological analysis from six indi-
vidual birds per treatment, samples were fixed for 72 h in 10% buffered
formaldehyde, dehydration in graded alcohol, embedded in paraffin and
stained by hematoxylin and eosin (H&E) stain described by Samanya and
Yamauchi [33]. Photomicrographs were scanned using a Nikon Eclipse
Ni–U microscope with a camera (Nikon, Tokyo, Japan).

The histological analysis consisted of villi height, villi width, and
calculation of total villi surface area performed by using an IX71 Inverted
Olympus Microscope (eyepiece: WH10x; objective lens: 4x), digitalized
by Olympus DP72 microscope digital camera (Olympus NV, Aartselaar,
Belgium) and analyzed using CellSens digital imaging software tools.
Measurements were assessed based on at least ten well-oriented villi/
bird. Calculation of the villus surface area was based on the following
formula:

Villus Surface Area: ½2π�ðvillus width = 2Þ� villus length�
3

Lesion scoring examination of the small intestine was conducted by
scoring for lesions at three sites: duodenum, ileum, and jejunum on a
scale of 0–3 based on their severity, according to the grading method
described by Gholamiandehkordi et al., [34]. A score of zero represented
clear intestine with absences of lesions, and the score of three signified
diffuse necrosis illustrative of field cases. A sample-blinded histopathol-
ogy expert performed histological and lesion examination.

2.8. Statistical analysis

Data presented in Tables 2, 3, and 4 were analyzed using general
linear models (GLM) of SAS (2009) software, and one-way analysis of
variance (ANOVA) was used for randomized complete block design.
Means of treatment groups were compared by the least significant dif-
ference (LSD) test, and differences were considered significant at P-value
< 0.05.

3. Results

In the current study, we investigated the beneficial effects of
sanguinarine-based phytobiotic supplementation on birds challenged
with NE by following the birds up to the end of productive life, to
investigate overall benefit for the production and the influence of san-
guinarine product on post-NE recovery. While most NE studies focus on
the peak of infection, several other studies also followed the birds
through the recovery stage [35, 36, 37, 38, 39].

3.1. Growth performance

Growth performance was calculated following different stages of the
trial in conjugation with different phases of NE infection, as following:
pre-infection (0-21d), NE active infection (21-28d), recovery (28-35d),
and cumulative performance (0-35d), in addition to overall livability and
final body weight (Table 2). No significant differences were observed in
anymeasured parameters across all treatment groups throughout the pre-
infection period. Significant changes were observed in the remaining
periods (21-28d), (28-35d) and in overall performance (0-35d), however,
there were no differences in any of the performance parameters in any of
the growth stages between NE challenged birds, and NE challenged SG
supplemented birds indicating that, based on our number of birds pre-
treatment, there was no performance improvement in NE challenge
resulting from SG supplementation. There was a significant difference
between the groups in livability (P ¼ 0.005), again, not significantly
different between the NE and SG þ NE group.

3.2. Microscopic and macroscopic effects of phytobiotic supplementation

Table 3 represents the impact of sanguinarine-based phytobiotic
administration and NE challenge on ileal histological measurements,
including villus length, width, and calculation of total surface area in
broilers at (40 d). Histological analysis showed no significant differ-
ences between any of the treatments in the ileum. Figures 1, 2, and 3
represent the histopathological changes observed in the bird's small
intestine. Birds that were NE challenged (NE) illustrated several
microscopic presentations of necrotic enteritis (NE) starting with
disorganized villi with flattening and fusion, lymphocytes and poly-
morphonuclear cells, crypt hyperplasia and edema, in addition to
macroscopic NE lesion from jejunum region (Figure 2). Broilers under
NE challenge and phytobiotic supplementation (SG þ NE) showed
slightly improved villus structure with broad and thickened villus tips
(Figure 3).

Lesion scoring in broiler small intestine included duodenum, jejunum
and ileum regions, at 40 d. Significant differences were detected across
all examined sections, where NE challenged (NE) represented the highest
scores. Birds exposed to NE challenge and had their diet supplemented
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Table 2. Effect of sanguinarine-based phytobiotic supplementation and NE challenge on cumulative feed intake, body weight gain, feed conversion ratio and production
efficiency factor of broilers during different stages of the experiment.

Treatment
group

Performance Livability
%

d 0–21 (Pre-Infection) d 21–28 (Necrotic Enteritis) d 28–35 (Recovery) d 0–35 (Overall)

FI, g BWG, g FCR, g:g PEF FI, g BWG, g FCR, g:g PEF FI, g BWG, g FCR, g:g PEF FI, g BWG, g FCR, g:g PEF Final body
weight, kg

CTR 971.7 804.3 1.209 333.79 738.9 540.8a 1.367c 362.6a 858.5 587.8 1.461b 378.6a 2569.1 1932.9 1.329b 415.8a 1.934 100a

NE 970.9 795.3 1.221 325.9 669.6 430.9b 1.556ab 291.1b 914.5 546.9 1.674a 284.4c 2555.0 1773.0 1.441a 329.7b 1.800 93b

SG 919.4 760.6 1.207 325.9 676.3 455.2b 1.483b 302.1b 853.2 582.2 1.473b 356.0ab 2448.9 1798.0 1.361b 384.4ab 1.831 100.0a

SG þ NE 933.5 770.0 1.212 286.2 689.9 435.4b 1.586a 292.9b 912.0 573.8 1.596a 324.9bc 2535.5 1779.2 1.426a 334.0b 1.809 96ab

SEM� 28.23 19.68 0.014 13.33 31.23 19.24 0.029 11.28 23.7 23.99 0.032 15.95 64.97 44.49 0.014 18.42 0.047 1.369

p-value 0.52 0.46 0.91 0.16 0.57 0.016 0.002 0.007 0.19 0.68 0.0014 0.01 0.60 0.16 0.0008 0.03 0.36 0.005

CTR: Negative Control; NE: Positive Control, NE challenge; SG: Sanguinarine-Based phytobiotic, unchallenged; SG þ NE: Sanguinarine-Based phytobiotic and NE
challenge.BWG, bodyweight gain; FI, feed intake; FCR, feed conversion ratio; PEF, production efficiency factor.
abcdMeans in the column with different superscripts differ significantly.
NS, not significant.

Table 3. Ileum histomorphometric measurements of broilers at (40 d).

Treatment group Histomorphometric Measurements

L (μm) W (μm) SA (μm)

CTR: Negative control 624.8 75.9 0.147

NE: Positive control, NE challenge 566.3 75.6 0.142

SG: Sanguinarine-based phytobiotic, unchallenged 652.6 69.8 0.146

SG þ NE: Sanguinarine-based phytobiotic, NE Challenge 620.7 70.5 0.143

SEM1 �22.72 �4.67 �0.011

p-Value 0.059NS 0.69NS 0.9877 NS

L: villus length; W: villi width; SA: surface area.
NS; not significant.

1 SEM: standard error of the mean.

Table 4. Intestinal macroscopic NE lesion scores (0–3) of broilers at 40 d.

Treatment group Macroscopic NE Lesion Scores (points)

Duodenum Jejunum Ileum

CTR: Negative control 0.00c 0.00b 0.00b

NE: Positive control, NE challenge 1.86a 1.21a 1.07a

SG þ NE: Sanguinarine-based phytobiotic, NE challenge 0.71b 1.00a 0.29b

SEM1 �0.163 �0.211 �0.1029

p-Value 0.0001*** 0.0005*** 0.0001***

ab Means values within a column with different superscripts are significantly different *, P < 0.05; **, P < 0.01; ***, P < 0.001.
NS, not significant.

1 SEM: standard error of the mean.

M.R. Aljumaah et al. Heliyon 6 (2020) e05361
with sanguinarine phytobiotic (SG þ NE), showed significant improve-
ment in both duodenum and ileum regions compared to challenged un-
supplemented group (P ¼ 0.0001), while no significant changes were
detected in jejunum between these two groups (Table 4).

3.3. Microbiota composition

Overall, the cecal microbiota structure of broilers in this experiment
was represented by five main phyla: dominant Firmicutes followed by
Bacteroidetes, Actinobacteria, Tenericutes, and Proteobacteria, respec-
tively. At a genus level, regarding known genera, cecal microbiota profile
was dominated by Faecalibacterium followed by Oscillospira,
4

Ruminococcus, Coprococcus, Bacteroides, Lactobacillus, Blautla, Eubacte-
rium, Dorea, Coprobacillus, and Eggerthella.

There were no significant variations in the alpha diversity between
treatment groups (Shannon, Richness, Chao1, Evenness, and Simpson).
Using Adonis multivariate analysis, only the phylum level showed sig-
nificant differences between treatments (P ¼ 0.006) while genus and
OTU levels were not significantly altered. Phylum level differences were
due to NE induced significant drop in Firmicutes and expansion of Bac-
teroidetes. This major NE driven phylum shift was significantly (Tukey
test) corrected with the addition of SG (Figure 4) with NE and SG þ NE
showing a significant difference (P ¼ 0.0023 and P ¼ 0.0084 for Firmi-
cutes and Bacteroidetes respectively).



Figure 1. Ileum photomicrograph of negative control CTR (10X magnification),
Haematoxylin and Eosin (H&E) stain.

Figure 2. Microscopic and macroscopic presentations of NE in broilers small intestin
disorganized villi with fusion and flattening, infiltration of lymphocytes and polym
examination of NE lesion in the jejunum region.
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The lack of major differences between genera based on multivariate
analysis was confirmed with slight differences between treatments
(ANOVA) at the genus level, where only 4 genera significantly (P< 0.05)
differed between the treatments: unclassified Barnesiellaceae, Dehalo-
bacterium, Bacteroides and Allobaculum. Only unclassified Barnesiellaceae
were significantly different (Tukey test) between SG supplemented, and
unsupplemented NE challenged birds (P(NE vs SGþNE) ¼ 0.0074), showing
sharp increase only under the NE challenge compared to all other groups
including SG þ NE. Discriminant analysis of principal components
(DAPC) plot demonstrates group to group similarities showing that
microbiota of the birds in SG þ NE group overlaps with SG rather than
with NE group (Figure 5A).
3.4. Functional analysis

Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) analysis on KEGG Ortholog inferred func-
tional capabilities of the microbial communities showed minor overall
alterations in bacterial function between the groups (multivariate Adonis
e (NE), (left): ileum photomicrograph of broilers under NE challenge presenting
orphonuclear cells, crypt hyperplasia, and severe edema, (right) macroscopic

Figure 3. Ileum photomicrograph of broilers
under NE challenge and phytobiotic supple-
mentation (SG þ NE). It is showing the sep-
aration of villus with broad and thickened
villus tips in many villi and an increase in
absorptive surfaces without exudate into the
lumen (black arrows) with hyperplastic villus
epithelium containing abundant goblet cells
(blue arrows). Crypt hyperplasia is still pre-
sent but with shorter and normal-sized
Glands of Lieberkühn (red arrows). Haema-
toxylin and Eosin (H&E) stain.



Figure 4. Phylum level alterations in cecal microbiota were due to NE induced shift in Firmicutes and Bacteroides abundance.
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analysis P ¼ 0.298), with several significantly altered individual func-
tions, however, the differences were strongly significant (P < e�4) only
between CTR and NE and CTR and SG, with no significant alterations
between NE and SG þ NE groups.

NE challenge altered challenged birds microbial community towards
less capacity to energy metabolism, signal transduction, peptidoglycan
biosynthesis, bacterial secretion system, vitamin and lipid metabolism
(Figure 6). Still, surprisingly NE and SG had an analogous effect on
functional changes in microbiota compared to control. To further
investigate this incongruity, we again used discriminant analysis of
principal components (DAPC) and, unlike in microbiota structure, where
SG þ NE group overlapped with SG, in functional capability SG þ NE
group overlapped with NE rather than with SG (Figure 5B). Microbiota
DAPC plot (Figure 5A) shows an overlap between the CTR and SG, but in
terms of function, CTR and SG are quite distinct from one another
(Figure 5B). The biomarker discovery tool, Linear Discriminant Analysis
Effect Size (LEfSe) plot in Figure 7 shows functional categories that are
strongly enhanced within individual groups.

3.5. Short-chain fatty acid production

SCFA production analysis included acetic acid, propionic acid, butyric
acid, i-butyric acid, n-valeric acid, and i-valeric acid. Sanguinarine phy-
tobiotic supplemented group (SG þ NE) was distinctive by a significant
Figure 5. Discriminant analysis of principal components (DAPC) plot demonstrat
microbiota functional (B) profiles.

6

increase in acetic acid (16.74 μg/g cecum content) followed by SG, NE,
and CTR, respectively (P < 0.0001). The butyric acid concentration was
also the highest in phytobiotic supplemented group (SG þ NE). A sig-
nificant increase in propionic acid concentration was associated with NE
challenged group (NE) compared to the rest of the groups (P ¼ 0.0091),
and n-valeric acid was significantly elevated in negative control broilers
(CTR) (Figure 8).

4. Discussion

Quaternary benzo[c]phenanthridine alkaloids have extended atten-
tion because of their low level of toxicity and their multiple beneficial
biological activities [40, 41]. QBA's have been extracted from various
plant families includingMeliaceae, Rutacea, Fumariaceae, Papaveraceae,
and Caprifoliaceae [42]. QBA's can be described as phytoallexines due to
their antimicrobial, anti-fungal, antitumor activities [42, 43, 44, 45, 46,
47]. Detailed chemical structure of QBA's is available in Stiborov�a et al.
[47]. Sanguiritrin (a mixture of sanguinarine, chelerythrine, and other
minor QBA's) have been used as an antimicrobial in myopathy cases. An
additional QBA example is fagaronine that exhibits antileukemic prop-
erties and has been viewed as a potential novel antitumor drug [43]. In
the current trial, the supplementation of sanguinarine-based phytobiotic
did not affect performance parameters in the post-NE induced infection
period. Others reported an increase in body weight, enhanced
es group to group variations in microbiota community structure (A) and in



Figure 6. PICRUSt analyzed functional capabilities differences between the treatments. Significance is given by ANOVA while Tukey test was showing significant
differences only between CTR and NE and CTR and SG.
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performance, and carcass yield [11, 16]. Recently El-Sheikh et al. [48],
reported an improvement in the clinical signs of NE in birds under
C. perfringens and sanguinarine phytobiotic supplementation, including
intestinal lesion scores. Authors attributed this to the presence of
essential oils in phytobiotics that are linked to enhanced nutrient di-
gestibility due to the improved activities of amylase and trypsin [49, 50].
These observations are in agreement with our results, as we observed a
significant reduction in intestinal lesion score in phytobiotic treated birds
in both duodenum, and ileum. At the same time, NE challenged birds
represented with the highest scores (P ¼ 0.0001). NE challenge and
phytobiotic supplementation did not introduce significant changes in
cecal microbiota composition nor in the diversity measures in our data-
set. This is opposite to the previous report indicated that NE in chickens
could be linked to modifications in both alpha and beta diversity [51],
however, the two studies were done using very different NE challenge
model.

In the GIT tract, sanguinarine like alkaloids are converted initially to
non-toxic dihydrosanguinarine; both compounds are discharged through
feces and urine [41]. Previous studies on broiler chickens have demon-
strated that sanguinarine phytobiotic can modify gut microbiota and
significantly increase the abundance of lactic acid bacteria [50]. How-
ever, we did not observe any significant changes in lactic acid related
7

genera as the ceca of the birds in our trial were dominated by
Faecalibacterium.

One of the key health determinates of the host is the capability for the
absorption of nutrients is the condition of the intestinal mucosa and in-
testinal morphology which is immensely influenced by bird feed and
microbiota [52]. Dietary supplementation of quaternary benzophenan-
thridinze and protopine alkaloids combination has been related to
increasing of villi height, villi width, villus/crypt ratio, and surface area
of jejunum in broilers [53]. Conversely, Karimi et al. [16], and Zhang
et al. [54], reported that dietary supplementation with sanguinarine had
no effect on intestinal histology which is more in line with our data.
Comparing ileum photomicrograph of broilers under NE challenge and
phytobiotic supplementation represented a slight improvement in villus
structure.

Previous studies described benefits of SCFAs in birds include
improving the colonic musculature, intestinal blood flow, enterocyte
growth, stimulating fluid uptake, regulating intestinal mucin composi-
tion, improving intestinal immune functions, and controlling bacterial
pathogenesis [55, 56, 57, 58]. Sanguinarine phytobiotic administration
was correlated with a significant increase in acetic acid concentrations
(P < .0001). Butyric acid has been described in several investigations as
beneficial to bird's energy, performance and intestinal development [59,



Figure 7. The biomarker discovery tool, LEfSe, plot showing functional categories that are enhanced within individual groups on PICRUSt inferred KEGG Orthologue
functional categories.

Figure 8. Impact of NE challenge and sanguinarine based-phytobiotic administration on six SCFA concentrations in broiler chicken cecum. Error bars represent
standard deviation (�SD). abcd Means in the bar with different superscripts differ significantly. NS: not significant.

M.R. Aljumaah et al. Heliyon 6 (2020) e05361
60]. In addition, acetic acid serves as a carbon and energy source for
intestinal bacteria via the activation of glyoxylate pathway enzymes
[61]. The data presented in Figure 8 is showing that SG and NE, in
combination, have a unique SCFA profile different from their individual
treatments. Intense SG associated boost in acetic acid can be related to
beneficial effects on the lesion score. Increased levels of naturally pro-
duced acetic acid have been associated with improvement of colitis
8

symptoms [62], but externally administered high concentrations are
often used as a model for inducing intestinal injury [63].

Another interesting finding is a similar effect of NE challenge and SG
supplementation on reduced functional capability of microbiota towards
lipid and vitamin metabolism and energy metabolism. The PICRUSt
analysis cannot distinguish in which direction this would change actual
concentrations as it does not differentiate anabolic from catabolic
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alterations. Similarly, peptidoglycan biosynthesis and toxin secretion
microbiota capability may be inhibited by both NE and SG; in NE via
competitive exploits of C. perfringens and in SG via exhibiting previously
reported beneficial effects via boosting of probiotic species. The meta-
genomic analysis could provide an answer if this is an area worth further
exploration.
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