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ABSTRACT The prophylactic administration of cef-
tiofur to newly hatched chicks is a common practice in
some hatcheries worldwide to mitigate early gastrointes-
tinal infections caused by Enterobacteriaceae. In spite of
the crucial role of the gut microbiome for the broiler’s
health, there is still limited information on how the mi-
crobial composition is affected by such procedure. We
investigated the effects of posthatch prophylactic appli-
cation of ceftiofur on the cecal microbiota of 14-day-old
broilers fed regular or sanguinarine-supplemented diets.
DNA samples were extracted from cecal contents,
amplified for the V3-V4 regions of the microbial 16S
rRNA gene, and sequenced in a high-throughput
sequencing platform (Illumina MiSeq). After down-
stream bioinformatics and statistical analyses, our results
demonstrated that both ceftiofur and sanguinarine
treatments similarly increased the proportions of the
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phylum Bacteroidetes and the genera Bacteroides and
Megamonas, whereas reduced the relative abundances of
Firmicutes and Lachnospiraceae in the ceca of the birds.
Such changes are probably associated with increased
carbohydrate fermentation processes favoring the pro-
duction of short-chain fatty acids. This was also corrob-
orated by the functional prediction findings, which
suggest an increase in some metabolic pathways associ-
ated with digestibility in broilers receiving ceftiofur.
Considering that antimicrobial stewardship in animal
production systems is strongly needed to mitigate the
threat of antimicrobial resistance, our findings show that
supplementation with a phytogenic feed additive can lead
to a similar microbial composition in the ceca of com-
mercial broiler chickens, suggesting that the use of alter-
native products could lead to functional modifications
without increasing pressure for antimicrobial resistance.
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INTRODUCTION

The poultry industry supports the increasing global
demand for affordable and high-quality protein and
plays a strategic role in the economy of leading chicken
meat exporter countries, such as the United States and
Brazil (Wen et al., 2019). Improved food efficiency, lower
production costs, and more accessible prices to con-
sumers are some competitive advantages that ensure
the success of the poultry industry over the production
of other animal proteins such as beef (OECD/FAO,
2019).

For more than half a century, antibiotics have signifi-
cantly contributed to the improvement of animal produc-
tivity either as growth promoters that enhance
performance or astherapeutic, prophylactic, and meta-
phylactic drugs to treat or prevent infectious diseases
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that compromise production (Singh et al., 2012; Cox
et al., 2014; Brown et al., 2017). Efficient antibiotic ther-
apy is and will continue to be a crucial resource for the
broiler industry to treat infectious diseases (Sharma
et al., 2016). On the other hand, the emergence of
antimicrobial-resistant avian pathogens has imposed a
challenge for the poultry industry (Bortolaia et al.,
2016). In recent decades, there has been an intense global
debate about how public health is actually impacted by
the use of antibiotics in intensive animal production.
The drivers for this are not restricted to the emergence
and spread of zoonotic resistant pathogens (Bortolaia
et al., 2016; Bueno et al., 2018) but also include putative
risks associated with the spread of resistance genes to
humans through the consumption of foods, such as
chicken meat, or some direct and indirect contact with
environmental sources contaminated by waste of farming
systems, where antimicrobials are intensively used
(Maron et al., 2013; Panzenhagen et al., 2016; Wall
et al., 2016; Costa et al., 2017; Xiong et al., 2018). The
presence of commensal bacteria in foods represents a pub-
lic health concern, as they can serve as vehicles carrying
resistance genes that could be ultimately transferred to
the human gut bacteria by horizontal transfer mecha-
nisms (Lerner et al., 2017).

Epidemiologic studies indicate a direct positive associ-
ation between the use of some classes of antibiotics in an-
imal production and increased antimicrobial resistance
among pathogens causing infections in humans (Tang
et al., 2017). The use of antimicrobial substances in
intensive animal production has been restricted by regu-
lations in several countries, including the United States
and Brazil, whereas in other regions, such as the Euro-
pean Union, antimicrobial growth promoters have been
banned for almost 2 decades (Maron et al., 2013; Costa
et al., 2017).

In some poultry hatcheries, the Marek’s disease
vaccine is mixed with ceftiofur, a third-generation
cephalosporin belonging to the b-lactam group, to be
administered prophylactic in a single dose to posthatch
chicks (Baron et al., 2014). The mechanisms underlying
the beneficial effects of this practice are unknown. The
gut commensal microbiome is responsible for the rapid
development of the intestinal epithelium, as well as for
its proper functionality. Modulation of specific
commensal microbial species can favor animal perfor-
mance by improving feed conversion (Kogut, 2019).
On the other hand, the recurrent use of antibiotics can
cause imbalances in the bacterial community and, as a
consequence, predisposition to various conditions,
mainly when they occur in the early stages of develop-
ment (Yassour et al., 2016).

Moreover, cephalosporins are known to induce the
bacterial conjugation process of resistance genes, a phe-
nomenon observed in vitro among several pathogenic
microorganisms, for example, Salmonella enterica and
Escherichia coli originating from commercial poultry
(Mo et al., 2017; Campos et al., 2018). Resistance to
cephalosporins represents a major public health prob-
lem, as they are listed among the Highest Priority
Critically Important Antimicrobials classes of drugs by
the World Health Organization (Scott et al., 2019).
Considering the major challenges represented by anti-

microbial resistance and the consequent limitation of the
use of antibiotics, the animal industry has been exploring
alternatives to conventional drugs, such as digestive
enzymes, probiotics, prebiotics, organic acids, and phy-
togenic compounds, to reduce losses in productivity
and improve animal health (Gadde et al., 2017). These
substances can act directly modulating the intestinal
microbiota and improving performance (Liu et al.,
2017; Salaheen et al., 2017; Mehdi et al., 2018). Among
these alternative compounds, sanguinarine, a bioactive
phytogenic alkaloid, has been used as an alternative
feed additive in commercial broiler production (Hassan
et al., 2018). It is a benzophenanthridine alkaloid with
anti-inflammatory (Wang et al., 2017), antibacterial
(Miao et al., 2011), antitumoral (Gaziano, 2016), and
antihelminthic properties (Huang et al., 2020). However,
as in the case of the prophylactic administration of cef-
tiofur, there is not much information available on the po-
tential effects of sanguinarine on the gut microbial
community of broiler chickens. Furthermore, there is
no information on the potential effect of sanguinarine
as a modulator of the microbiota in case of changes
caused by a previous antibiotic treatment.
The aim of this study was to investigate putative

changes in the cecal microbiota of 14-day-old chicks trig-
gered by the posthatch administration of ceftiofur. In addi-
tion, we investigated possible changes in the microbiota
resulting from the dietary supplementation of sanguinarine
alone or in combination with posthatch administration of
ceftiofur. To investigate that, we used 16S rRNA
sequencing, that is, high-throughput sequencing of ampli-
fied hypervariable regions of the microbial 16S rRNA
gene, as it has been shown to be an efficient method for mi-
crobial ecology studies (Gill et al., 2006).
MATERIAL AND METHODS

Experimental Design

The experimental proposal was submitted and
approved (protocol 6513240218) by the Animal Use
Ethics Committee of the Federal University of Paraiba,
accredited by the Brazilian Council for Animal Experi-
mentation Control.
The experiment was carried out in accordance with a

completely randomized design, with 4 treatments and 3
repetitions per treatment with 11 birds (n 5 132): nega-
tive control (NC) (subcutaneous injection of Marek’s
disease [MD] vaccine resuspended in 0.2 mL sterile saline
solution at the first day after hatch); PHYTO (birds
receiving only MD vaccine and fed the sanguinarine-
based commercial product Sangrovit, 50 g/ton); ATB
(birds given subcutaneous injection of 0.2 mL of MD
vaccine resuspended in 1 mg/mL sodium ceftiofur solu-
tion); and MIXED (birds given subcutaneous MD vac-
cine plus sodium ceftiofur and also fed the
sanguinarine-supplemented diet). The animals were fed



Figure 1. Boxplots showing alpha diversity measured by Shannon (A) and Chao1 (B) diversity indexes for each treatment group: NC (negative
control), PHYTO (sanguinarine supplementation), ATB (prophylactic use of ceftiofur), and MIXED (sanguinarine and ceftiofur). Three-
dimensional PCoA plot from an unweighted UniFrac distance matrix showing the dissimilarities (beta diversity) across the different groups (C):
NC (red), ATB (blue), PHYTO (green), MIXED (purple). Abbreviation: PCoA, principal component analysis.
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antibiotic-free corn–soybean meal diets (22% CP;
2,950 kcal ME/kg; 1.31% digestible lysine; 0.852%
digestible threonine; 0.94% digestible
methionine 1 cysteine), according to Rostagno et al.
(2017). Water and food were provided ad libitum. The
animals were reared on floor pens with wood shavings
as litter material, and temperature was monitored twice
daily. After 14 D of hatch, 5 birds per treatment were
randomly chosen and euthanized, and samples of the
mucosa and contents of the left cecum were scraped.
Samplings were performed at 14 D after hatch because
this is the age in which the gut microbiota of commercial
broilers presents maximum richness and evenness when
exposed to antibiotics (Ocejo et al., 2019).

DNA Extraction and Sequencing Library
Preparation

Total DNA was extracted using a commercial kit
(PowerSoil DNA Isolation Kit, Qiagen) as per the man-
ufacturer’s protocols. The V3-V4 region of the microbial
16S rRNA gene was amplified by PCR (95�C for 3 min,
followed by 25 cycles at 95�C for 30 s, 55�C for 30 s, and
72�C for 30 s and a final extension to 72�C for 5 min) us-
ing the primers 341F: 5’-TCG TCG GCA GCG TCA
GAT GTG TAT AAG AGA CAG CCT ACG GGN
GGC WGC AG-30 and 785R: 50-GTC TCG TGG
GCT CGG AGA TGT GTA TAA GAG ACA GGA
CTACHVGGGTATCTAATCC-3’. Library prepara-
tion was performed as per the standard Illumina 16S
rRNA gene protocol (Illumina). The amplification
products were visualized in 1.5% agarose gel for integrity
analysis before being purified using AMPure beads
(Beckman Coulter). The purified PCR products were
then quantified by fluorometry (Qubit2.0, Life Invitro-
gen), and quality was assessed using a capillary
electrophoresis system (Fragment Analyzer, Agilent).
Sequencing was performed with the Illumina V2 kit
(2 ! 250 cycles) using the Illumina MiSeq.
Sequencing Data Processing

The raw demultiplexed paired-end sequences were
downstream processed using QIIME 2 platform v.19.10
(Bolyen et al., 2019). Reads from 200 to 500 bp were
selected, joined, quality filtered (minimum Phred score
of 20) and rereplicated through VSEARCH (Rognes
et al., 2016). Chimeric sequences were removed using
UCHIME (Edgar et al., 2011). Operational taxonomic
unit (OTU) identification was performed by the de
novo clusterization method with 99% similarity between
the centroid groups. The sequences were aligned by
MAFFT (Katoh, 2002) and then used for the construc-
tion of the phylogenetic tree by FastTree2 (Price et al.,
2010). The visualization of taxonomic compositions at
their different levels, relative abundances of OTU, and
alpha diversity were performed using phyloseq v.1.8.2
(McMurdie and Holmes, 2013) in R v.3.5.7. Taxonomic
classifications were attributed using the Na€ve Bayes
method on the trained database of SILVA, version
132, with 99% for region V3-V4 (Quast et al., 2012).

The indexes Chao1 and Shannon, which estimate rich-
ness and evenness of the microbial communities, respec-
tively, were chosen for the assessment of alpha diversity.
For beta diversity analysis, the distance matrix was
determined considering all pairs of samples by the



Figure 2. Relative abundances of the 7 most prevalent phyla (A), the 10 most prevalent families (B), and the 15 most prevalent genera (C) across
the 4 treatment groups: NC (negative control), PHYTO (sanguinarine supplementation), ATB (prophylactic use of ceftiofur), and MIXED (sangui-
narine and ceftiofur).
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UniFrac method (Lozupone and Knight, 2005) in its
qualitative unweighted metric variant. Visualization
was performed by principal component analysis using
the QIIME 2 visualization platform. We also performed
a functional prediction for the intestinal microbial com-
munity based on the taxonomic information by means of
the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (Langille et al.,
2013).
Statistical Analysis

Statistics for alpha diversity indices were performed
by paired Kruskall-Wallis test, whereas the dissimilarity
between treatments was assessed via permutational
multivariate ANOVA at 5% probability. Differential
abundance analysis to identify putative differences
regarding specific OTU between treatments was per-
formed by means of linear discriminant analysis effect
size (Segata et al., 2011).

The statistical analysis of taxonomyand functional pro-
files (Parks et al., 2014) was used for visualization and
significance testing of Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States gene
prediction.
RESULTS AND DISCUSSION

16S rRNA Sequencing Products

A total of 24,500 reads rarefaction per sample were
performed before downstream analyses. The mean
length of reads was 448.95 bp, ranging from 207 to
497 bp. It was possible to detect 84,000 OTU after de
novo centroid-based clustering using a 99% cutoff, corre-
sponding to 322 different taxa as per SILVA v. 132
classifier.
Microbial Diversity Analyses

In terms of alpha diversity, the NC group showed the
highest values for Shannon’s diversity index (Figure 1A)
and the lowest for the Chao1 index (Figure 1B). The
opposite pattern was observed in the groups PHYTO,
ATB, and MIXED. However, no statistical differences
were observed (P . 0.05).
In accordance with the beta diversity analysis, the

different treatment groups were clustered apart, as
shown in the principal component analysis plot
(Figure 1C), where the NC group was the most dissimi-
lar one to MIXED. Less dissimilarity was observed be-
tween NC and PHYTO. Our findings corroborate



Figure 3. Operational taxonomic units (OTU) showing statistically significant (P, 0.05) differential abundances between NC (control group) and
ATB (broilers receiving ceftiofur after hatch) assessed by LEfSe (A). Relative abundance of Lactobacillus-associated OTU among the different treat-
ment groups (B). Relative abundance of Enterobacteriaceae-associated OTU among the different treatment groups (C). Abbreviation: LEfSe, linear
discriminant analysis effect size
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previous studies revealing increased dissimilarities be-
tween antimicrobial-exposed birds and their respective
control (nonexposed) groups (Costa et al., 2017). This
microbial shift caused by ceftiofur use has already been
observed in other species, such as steers (Foster et al.,
2019) and piglets (Ruczizka et al., 2019), but not in
chickens. Considering that antibiotic-driven shifts in
the microbiota might be associated with a decreased
adaptive immune system stimulation, compromising
some basic sanitary protocols, such as vaccination
(Yitbarek et al., 2019), the practice of administering cef-
tiofur with MD vaccine should be revisited.
Microbial Compositional Analyses

The compositional structure of the cecal microbiota of
14-day-old broiler chicks (Figure 2A) evidenced microbi-
al shifts in the most abundant taxa between the treat-
ment groups. The phyla Firmicutes (83.4%/NC,
55.5%/PHYTO, 57.26%/ATB, and 50.77%/MIXED)
and Bacteroidetes (12.40%/NC, 43.50%/PHYTO,
40.98%/ATB, and 47.14%/MIXED) comprised the
main taxa at this taxonomic level. In comparison with
the control group, all treatments led to a reduction in
the Firmicutes abundance while increased Bacteroi-
detes. Increased Bacteroidetes abundance was also
observed in birds given antibiotics as growth promoters
(Mancabelli et al., 2016). In contrast, non–antibiotic-
exposed free-range chickens presented higher Firmicutes
abundance (Ocejo et al., 2019). Changes in the Firmi-
cutes/Bacteroidetes ratio in the gut microbiota could
lead to dysbiosisand therefore predispose to gastrointes-
tinal diseases (Le Roy et al., 2019).
Major bacterial families (Figure 2B) included Lachno-
spiraceae (42.62%/NC, 34.37%/PHYTO, 26.40%/ATB
and 28.78%/MIXED), Ruminococcaceae (28.11%/NC,
13.63%/PHYTO, 25.75%/ATB and 14.83%/MIXED),
Bacteroidaceae (12.64%/NC, 43.04%/PHYTO, 41.68%/
ATB and 47.90%/MIXED), and Enterobacteriaceae
(4.04%/NC, 0.95%/PHYTO, 1.72%/ATB and 1.91%/
MIXED). The decrease in Lachnospiraceae triggered by
both sanguinarine and ceftiofur could be considered as
an undesirable result because this family is associated
with BW gain and improved digestion (Torok et al.,
2011; Crisol-Martínez et al., 2017), as well as an indicator
for healthy gut microbiota in broiler chickens (Apajalahti
and Vienola, 2016).

Bacteroides (19.37%/NC, 53/11%/PHYTO, 52.91%/
ATB, and 59.69%/MIXED) and Ruminococcus
(27.66%/NC, 23.91%/PHYTO, 13.34%/ATB, and
14.63%/MIXED) comprised the main microbial genera
(Figure 2-C). According to Johnson et al. (2017), higher
Bacteroides abundance is associated with increased
polysaccharide fermentation and production of short-
chain fatty acids, which contribute to the rapid develop-
ment in broiler chickens (Zheng et al., 2019).

Our findings indicate that sanguinarine supplementa-
tion in the diet (PHYTO), ceftiofur administration
(ATB), or both (MIXED) led to similar effects in terms
of structural composition of the cecal microbiome
(Figure 2) at the end of the initial production phase
(14 D), corroborating a previous study about the use of
different antibiotics in broilers (Chen et al., 2019). The
most significant advantage of the phytobiotics relies on
the fact that no pressure for antimicrobial resistance
has been expected by this product (Yadav and Jha,



Figure 4. Gene prediction results from PICRUSt showing KEGG metabolic pathways at the third hierarchical level between ATB (ceftiofur) and
NC (negative control). Abbreviation: PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States.
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2019), and it is associated with the prevention of gastro-
intestinal diseases, such as necrotic enteritis related to gut
dysbiosis in broilers (Xue et al., 2017). Furthermore, no
negative collateral effects have been observed in chickens
fed sanguinarine, which is partially absorbed in the intes-
tines and metabolized in the liver (Hu et al., 2019).

There were significantly higher abundances of Rumi-
noclostridium and Anaerotruncus in NC, whereas
increased abundances ofMegamonas and Veillonellaceae
were observed in ATB (Figure 3A). Interestingly, these
differences were not observed in birds treated with cef-
tiofur and supplemented with sanguinarine, indicating
that the phytogenic additive mitigated the microbial
shifts associated with the use of antibiotic only. The
higher abundance of Ruminiclostridium in NC suggests
that the cecal microbiota of nonexposed birds could be
more efficient in terms of fibrous material digestion
because some organisms belonging to this genus, such
as Ruminiclostridium cellulolyticum, are able to metab-
olize cellulose (Ravachol et al., 2016). The higher abun-
dance of Anaerotruncus in NC may suggest a high short-
chain fatty acid production because the main byprod-
ucts of its metabolism are acetic and butyric acids
(Lawson, 2015). In this case, the absence of antimicro-
bial drugs may favor not only fiber digesting bacteria
such as Ruminococcus but also organisms involved in
carbohydrate fermentation. On the other hand, it is
possible that the higher abundance of Megamonas
observed in ATB may be associated with improved car-
bohydrate digestion and short-chain fatty acid produc-
tion, similar to Bacteroides (Polansky et al., 2016).
These changes could lead to augmented carbohydrate
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fermentation in birds fed antimicrobials and thus
contributing to an improved performance.
Interestingly, a higher abundance of Veillonellaceae

was detected in ceftiofur-treated birds. These organisms
seem to be responsive to dietary calcium as they are more
abundant in animals under calcium supplementation
(Tilocca et al., 2016) and involved in bone formation
disorders in broiler chickens, such as tibial dyschondro-
plasia (Tong et al., 2018).
To better compare the results of the present study

with those of previous reports using conventional micro-
bial analyses, the relative abundance of OTU counts
related to Escherichia-Shigella and Lactobacillus taxa
were selected and compared across the groups
(Figures 3B, 3C). The highest abundance of Lactoba-
cillus was observed in the ATB group, which is associ-
ated with a better protection against gut pathogens
(Clavijo and Fl�orez, 2018). Although this genus is not
very abundant in chickens cecum (Johnson et al.,
2018), our findings suggest that the prophylactic use of
ceftiofur favored Lactobacillus growth at the end of the
initial production phase, which can possibly contribute
to improve performance in antibiotic-treated commer-
cial birds (Pereira et al., 2019).
Lower abundances of Enterobacteriaceae in response

to both ceftiofur and sanguinarine treatments might
have been caused by their bactericidal effects. A massive
reduction in Enterobacteriaceae groups within 24 h after
the administration of b-lactam antibiotic compounds
has already been reported (Schokker et al., 2017). Our
findings indicate that such reduction caused by the
administration of ceftiofur can last until 14 D in broiler
chickens. Although a decreased Enterobacteriaceae pop-
ulation is considered a positive effect of the antimicrobial
treatment, the prophylactic use of ceftiofur could be a
driver for selection of antibiotic-resistant bacteria.
Indeed, the increased number of extended-spectrum
beta-lactamase E.coli strains from the chicken gut has
been associated with the posthatch administration of
ceftiofur (Saraiva et al., 2018). Further studies on the
dynamics of resistance determinants in the microbiota
of broiler chickens under supplementation of phytogenic
feed additives are warranted.
Gene Prediction

It was possible to detect significant differences
(P , 0.05) between NC and ATB in terms of functional
prediction performed by Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States
(Figure 4). The prophylactic use of ceftiofur seems to in-
crease the metabolism of alanine, aspartate, glutamine,
and glutamate, as well as the transcription machinery
that indicates intense protein metabolic routes. The
interaction between the gut microbiota and the host is
crucial to guarantee appropriate digestion and promote
BW gain (Pan and Yu, 2014). The findings observed in
this study indicate that ceftiofur treatment is associated
with increased metabolic pathways related to protein
synthesis, which corroborates the augmented
stimulation of enterocyte development and the increased
nutrient absorption in birds receiving antibiotics
(Qi et al., 2018; Xue et al., 2018).

The difference between NC and ATB groups for buta-
noate production by the phosphotransferase system is
probably due to the higher abundances of fiber-degrading
bacteria such as Ruminococcus and Ruminiclostridium,
which are associated with the ability to degrade fiber and
the establishment of healthy gut commensal bacteria
(Hou et al., 2016).
CONCLUSION

Microbial shifts in the cecum of broiler chickens at the
end of the first production phase (14 D) caused by san-
guinarine added to feed were similar to those triggered
by the off-label administration of ceftiofur after hatch.
In view of the challenges imposed by the emergence of
antimicrobial resistance and the need to reduce the use
of highly critically important antimicrobial in livestock,
the use of sanguinarine could be an alternative to modu-
late the microbiota of commercial broiler chickens under
intensive production systems. Our findings warrant
further investigation on the mechanisms associated
with intestinal microbial modulation.
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