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• Comfrey as a regionally adapted feed
crop could be used in poultry farming.

• Intake of comfrey leaves showed no ab-
erration of health and tissue integrity.

• Comfrey leaves in poultry feed can ef-
fectively replace rock mineral supple-
ments.

• Close nutrient cycles by reactivating
phosphorus from over-fertilized soils
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Local cultivars of comfrey (Symphytum spp.) have been used to cover protein andmineral requirements of farm
animals in low-input systems. Due to its known health-promoting (e.g. allantoin), but also anti-nutritive ingre-
dients (e.g. pyrrolizidine alkaloids),multidisciplinary approaches are essential in order to quantify the nutritional
value and the potential of its use in poultry and farm animals in terms of meeting animal needs, using local re-
sources as well as remediating over-fertilized soils. Focusing on animal effects, here one-day old sexed
Cobb500 broiler chickens were subjected to either a standard control diet or a standard diet supplemented
with 4% dried comfrey leaves for 32 days. Performance traits indicate good acceptance of supplementation
with comfrey leaves. Parameters for liver function, mineral homeostasis, bone mineral density as well as intesti-
nal microanatomy revealed no signs of impairment. Quantified pyrrolizidine alkaloids were below the detection
limit in liver and breast muscle (b5 μg/kg tissue). Comfrey supplemented male broiler chickens showed higher
ash content in breast muscle and revealed altered gene expression profiles for metabolic pathways in blood
cells. In healthy broiler chickens, the transcriptome analyses revealed no aberrations in the immune-related
pathways due to comfrey supplementation. The results imply that the use of comfrey leaves in a
high-performance broiler line seems feasible and offers the potential for closed nutrient cycles in site-adapted
local agricultural systems. Further analyses need to focus on possible growth-promoting and health-improving
components of comfrey and the safe use of chicken products for human consumption.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Current feeding systems for highly productive poultry are usually
based on a few plant varieties, where maize, soybeans and wheat are
dominating to cover energy and protein requirements (Ravindran,
2013). At the same time, finite resources and the increasing environ-
mental burdens, due to eutrophication, demand closed nutrient cycles
and the prevention of irreversible losses (Campbell et al., 2017). To
lower vulnerability and to increase options for sustainable livestock
and poultry farming, conservation of agricultural biodiversity and the
implementation of regional nutrient cycles have been proposed as a
strategic goal (Collette et al., 2011). In fact, there is a growingbodyof lit-
erature on plant and insect species, which offer an attractive profile of
macro- and micronutrients and exhibit traits that are beneficial for the
adaptation of feed production to the risks of climate change. Varieties
of grain legumes (Abraham et al., 2019; Olukosi et al., 2019) and black
soldier fly larvae (Spranghers et al., 2017; Onsongo et al., 2018) were
identified as promising alternatives for local use in poultry farming.

Among the cultivation of locally produced feed crops, comfrey
(Symphytum spp.) is of interest for use in animal nutrition [Vogl et al.,
2016]. Comfrey varieties are members of the Boraginaceae family and
appear as fast growing, perennial and drought resistant plants with an
extensive root system (Robinson, 1983). While the usage of comfrey
root has a long tradition to treat e.g. osteoarthritis and skin lesions
[Grube et al., 2007, Barna et al., 2007, Smith and Jacobson, 2011, Stucki
et al., 2019], also comfrey leaves show a valuable profile of nutrients
and phytochemicals. Comfrey leaves contain approximately 14% dry
matter (DM) with up to 25% crude protein, 12.5% crude fiber and 23%
minerals [Heitman and Oyarzun, 1971, Bareeba et al., 1992]. In particu-
lar, comfreymobilizes considerable amounts ofminerals, with its leaves
retaining potassium (5.9%), calcium (1.4%), and phosphorus (0.5%)
(Robinson, 1983). Indeed, comfrey is designated as a dynamic accumu-
lator plant and is known for its capacity to provideminerals in bioavail-
able form, whichmight be beneficial when cultivated on over-fertilized
soils. This has the potential to achieve sparing effects to effectively
replace e.g. calcium phosphate supplements in feed formulation. The
phytochemical composition of comfrey includes a wide variety of
bioactive compounds, such as allantoin, phenolic acids and tannins
(Staiger, 2012). Allantoin naturally origins from purine catabolism and
subsequent uric acid oxidation and is known for its pharmacological
effects for topical application improving wound healing (Araújo et al.,
2010; Savić et al., 2015) and reducing inflammation (Lee et al., 2010;
Frikeche et al., 2015). However, comfrey also contains anti-nutritive
components such as pyrrolizidine alkaloids (e.g. lycopsamine, 7-O-
acetyllycopsamine, echimidine, intermedine, and their N-oxides),
which are mainly present in the root but also appear in the leaves
(Awang et al., 1993; Couet et al., 1996). When administered in
purified form at high levels, pyrrolizidine alkaloids derived from com-
frey root induced hepatotoxic events in a dose-dependent manner in
chickens (Brown et al., 2016). Potential biotechnological approaches
could be used to develop pyrrolizidine alkaloid-depleted varieties
(Kruse et al., 2019).

The agricultural nutrient cycle requires great attention due to its im-
portance for the production of high-quality food and the environmental
challenges associated with animal emissions. Forage crop production
and farm animal husbandry (i.e. monogastrics) have a significant im-
pact in this context. It is hypothesized that comfrey leaves contribute
to the dietary protein and mineral requirements in broiler nutrition as
a locally produced feed component. However, the currently available in-
formation is not sufficient to adequately assess the benefits and risks of
supplementing comfrey leaves in chicken husbandry. The aim of the
present study is to evaluate whether a supplementation of 4% comfrey
leaves in broiler diets proves feasible to effectively replace mineral sup-
plements. The comprehensive phenotyping of Cobb500 broilers com-
prised measurements for performance, tissue integrity and mineral
homeostasis in serum, bone, small intestine, liver, and breast muscle
as well as metabolic and regulatory effects at the transcriptional level
of blood cells.

2. Materials and methods

2.1. Animals, diets and sample collection

The trial was approved by the Animal Welfare Committee of the
Leibniz Institute for Farm Animal Biology (FBN) and was generally li-
censed by the Ethics Committee of the federal state of Mecklenburg-
Western Pomerania, Germany (LALLF 7221.3-1.1-042/17). The protocol
comprised 128 one-day old sexed Cobb500 broiler chickens, which
were randomly assigned to eight floor pens located in two equally
equipped rooms (four pen replicates per dietary group, each pen 3.8
square meters). Animals were kept in groups each consisting eight
males and eight females. The birdswere raised either on a standard con-
trol diet based on wheat, soy and maize or on a control diet supple-
mented with 4% dried comfrey leaves (Tables 1, A.1), with the
nutrient composition of the experimental diets being analyzed by an ex-
ternal laboratory (LMS LUFA, Rostock, Germany). Starter diets (day
1–11 of life) and grower diets (day 12–32 of life) were offered ad
libitum in pelleted formwith 2mmand 4mm in diameter, respectively.
Dried comfrey leaves were obtained from green house cultivars
(OxyGenesis GmbH, Kalkar, Germany). During the grounding of plant
material and the pelleting process, the temperature of the feed stuff
was raised to approximately 58–60 °C (Kahl, Reinbek, Germany). For-
mulated diets met requirements (NRC, 1994) and contained phytase
supplements. Water in automatic drinking cups was supplied ad
libitum. The broilers were inspected daily. At day 32, a subset of 16
male and 16 female individuals balanced for dietary group and pen
was randomly selected for tissue sampling. Broilers were stunned by
electronarcosis and subsequently slaughtered by exsanguination in
the experimental abattoir of the FBN. Sampling comprised trunk
blood, femora, jejunum, liver, and breast muscle. Veterinary inspection
of the broilers before and the carcasses and organs after slaughter con-
firmed the lack of any impairments, disease symptoms and pathological
signs. Serum was prepared by centrifugation of clotted blood (20 min;
4 °C; 3500 × g) and stored at−80 °C until further analyses. The clotted
blood was stored at−80 °C until further usage for total RNA extraction.
The left femora were removed and stored at−20 °C until further anal-
yses. The jejunal sections were approximately 4 cm in length and
were taken 3 cm proximal to the Meckel's diverticulum.

2.2. Quantification of allantoin and pyrrolizidine alkaloids

Allantoin contents of ground comfrey leaves and experimental grower
diets were analyzed via HPLC (PhytoLab GmbH, Vestenbergsgreuth,
Germany). The pyrrolizidine alkaloids were quantified via SPE-LC-MS/
MS (Institute Kirchhoff Berlin GmbH, Berlin, Germany). As liver and
breast muscle represent main product tissues in broiler farming, pooled
samples per dietary group and tissue were subjected to pyrrolizidine
alkaloid quantification. The analyses comprised 28 pyrrolizidine
alkaloids such as 7-O-acetylintermedine, 7-O-acetyllycopsamine, 7-O-
acetylintermedine N-oxide, 7-O-acetyllycopsamine N-oxide, echimidine,
echimidine N-oxide, intermedine, intermedine N-oxide, lycopsamine,
lycopsamine N-oxide which are listed in Table A.2 (detection limit at
5 μg/kg).

2.3. Broiler performance data

Total body weight (BW) was recorded pen-wise at day 1, day 9, day
16, day 23, day 30, and day 32. Daily feed intake (DFI), daily weight gain
(DWG), and feed conversion ratio (FCR) were calculated for the entire
experimental period. At day 32, individual live weight and carcass
weight were recorded for the selected representative animals. For
meat characteristics, individual pH of breast muscle (M. pectoralis)
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was recorded at 24 h (pH24h) post mortem via a probe electrode (pH-
Star, Matthäus, Pöttmes, Germany). The meat colors L* (lightness), a*
(redness), b* (yellowness) were measured in breast muscle samples
using a CR-300 device (Minolta AG, Langenhagen, Germany) after chill-
ing at 4 °C for 24 h. The ash content of breastmuscle samples was deter-
mined in triplicate by calcination in a muffle furnace at 600 °C using
established protocols (Helvich, 1990).

2.4. Bone characteristics

Femora were thawed at room temperature overnight (n = 12, bal-
anced for diet, sex and pen). Once thawed, each bone was weighed
and bone length and diameter were measured using digital callipers.
Dual energy x-ray absorptiometry (DXA) scans were performed using
a STRATOS dR (DMS group France). The region of interest was selected
and contained both trabecular and cortical bone. The scans were ana-
lyzed using the software 3D DXA, Medix DR for measurements of
bone mineral content (BMC) and bone mineral density (BMD). More-
over, a breaking strength test was conducted on each bone (Crenshaw
et al., 1981), which involved subjecting the bones to a specific load
using a 3-point bending jig (Instron 3366, Instron, High Wycombe,
Bucks, UK). The load cell was 100 kg and a crosshead speed of 25 mm/
min was applied. The force of an attached anvil measuring 50 mm in
length and 10mm in width was applied to themidpoint of the same fa-
cial plane of each bone until the bones fails (determined automatically
by the Bluehill software, version 3, Instron).

2.5. Intestinal histology

The dissected segments of the jejunum (n = 32) were washed in
phosphate-buffered saline and were fixed overnight with 3.7% buffered
paraformaldehyde. After fixation, sub-segments of approximately 1 cm
in length were cut from each segment. These jejunal samples were
dehydrated via a series of increasing concentrations of ethanol, trans-
ferred to xylol and embedded in paraffin. With a microtome (LEICA
RM2255) 5 μm thin serial sections were prepared. The histological sec-
tions were deparaffinized and stained with hematoxyline and eosin
(HE). Microphotographs were taken with a bright field microscope
(Zeiss Axio Imager M2). To quantify morphological parameters, micro-
photographs were measured using Fiji, the image processing-package
of ImageJ (https://imagej.net/Fiji). The jejunal villus height, villus
width, and crypt depth were assessed by 10 individual measurements
(Fig. 1). Furthermore, the intestinal villus to crypt ratio (VCR)was calcu-
lated (Jeurissen et al., 2002).

2.6. Serum parameters

Serum aspartate transaminase (AST), γ-glutamyltransferase (GGT),
bilirubin, albumin and triacylglycerides (n = 32) were analyzed to ob-
tain measurements of liver function and integrity with commercial as-
says using Fuji DriChem 4000i (FujiFilm, Minato, Japan). For analyses
of mineral homeostasis and growth, serum inorganic phosphorus and
calcium (FujiFilm) as well as serum parathyroid hormone (CSB-
E118880Ch, CusaBio, Houston, USA) and triiodothyronine (EIA-4569,
DRG, Marburg, Germany) were determined. The hormones were ana-
lyzed in duplicate using commercially available enzyme-linked immu-
nosorbent assays (ELISA) according to the manufacturer's protocols.

2.7. Transcriptome profiling of blood cells

Blood samples (n=32)were ground into powder in liquid nitrogen
and subjected to RNA extraction using TRIzol reagent (Invitrogen, Karls-
ruhe, Germany) as previously described (Mewis et al., 2014). Subse-
quently, DNaseI treatment was applied to RNA extracts (Roche
Diagnostics, Mannheim, Germany). Samples were purified using the
column-based NucleoSpin Kit (Macherey-Nagel, Düren, Germany).
RNA quality and quantity was assessed with a NanoDrop ND-2000
(Peqlab, Erlangen, Germany). All samples showed an absorbance ratio
of 260/280 greater than 2.1, indicating high RNA integrity. All RNA sam-
ples were stored at −80 °C until further use. For hybridization on
genome-wide ChiGene-1_0-st arrays (Affymetrix, Santa Clara, CA,
USA), total RNA samples were used to generate biotinylated DNA tar-
gets with the GeneChip WT PLUS Regent Kit (Affymetrix). Processing
of arrays (n = 32) followed manufacturer's instructions according to
the GeneChip Hybridization, Wash, and Stain Kit (Affymetrix). Raw
data was generated using a GeneChip Scanner 3000 (Affymetrix) and
was deposited in a MIAME-compliant database, the National Center
for Biotechnology Information Gene Expression Omnibus (www.ncbi.
nlm.nih.gov/geo; accession number: GSE147575). Corresponding anno-
tation data were based on an updated assignment of probes and respec-
tive probe-sets via the R package rePROBE (Hadlich et al., 2020).
Genomic information was retrieved from RefSeq (Gallus gallus release
103; http://ftp.ncbi.nih.gov/genomes) and Ensembl (Gallus_gallus.
GRCg6a release 97; ftp://ftp.ensembl.org/pub). In total, the workflow
revealed 17,894 probe-sets for gene expression profiling.

2.8. Data analyses

For performance data referring to thewhole broiler population, a lin-
ear model was applied including dietary group (R language, version
3.6.2, package stats). Individual data obtained at slaughter were ana-
lyzed by a linear model considering dietary group, sex and slaughter
order (R language). Differences were considered significant at P≤0.05.

The quality of all microarrays was assessed via the R package
arrayQualityMetrics (version 3.42.0) [Kauffmann et al., 2009]. Raw in-
tensities were normalized using the RMA (Robust Multichip Average)
approach. Mean and standard deviation of each probe-set were calcu-
lated, probe-sets showing a mean below the 5th percentile among all
samples and a standard deviation above the 90th percentile within
each experimental group were discarded from further analyses to im-
prove statistical power (Bourgon et al., 2010). Expression data were in-
terrelated by dietary groups and sexes using a sparse Partial Least
Squares Discriminant Analysis (sPLS-DA; package ‘mixOmics’, version
6.10.6) (Rohart et al., 2017). The variable selection and classification
process considered three components. Moreover, relative changes of
mRNA abundances were estimated via a linear model (package limma,
version 3.42.0) including dietary group, sex and slaughter order
(Ritchie et al., 2015). To correct for multiple testing, false discovery
rates (q-values) were calculated (package qvalue, version 2.18.0)
(Storey and Tibshirani, 2003; Storey et al., 2019). The level of signifi-
cance was set at q ≤ 0.15 which corresponds to P≤0.014. The identified
geneswere used for enrichment analyses employing the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database using the KEGG
Orthology-Based Annotation System (KOBAS) (Kanehisa and Goto,
2000; Xie et al., 2011). The level of significancewas set at false discovery
rate (FDR) ≤0.05.

3. Results

3.1. Dietary specifications

The used comfrey leaves contained 186 g/kg crude ash, 352 g/kg
crude protein (285 g/kg digestible protein), 27 g/kg crude fat,
126 g/kg crude fiber, 10.8 g/kg calcium (Ca), 6.9 g/kg phosphorus (P),
and 64.9 g/kg potassium (K) in DM. The grower diet supplemented
with 4% comfrey leaves showed an allantoin content of 0.76 mg/g DM,
while allantoinwas not detectable in the control diet. The analyzed con-
centrations of pyrrolizidine alkaloids in ground comfrey leaves were
summed up to 137.0 μg/g DM(Table A.2) which corresponds to approx-
imately 5.5 μg/g DM in comfrey starter and grower diets. Due to a DFI in
broiler chickens of b100 g/day, the ingested pyrrolizidine alkaloid con-
centration therefore corresponds to a dose of about 50% of the toxic

https://imagej.net/
http://www.ncbi.nlm.nih.gov/geo;
http://www.ncbi.nlm.nih.gov/geo;
ncbi-geo:GSE147575
http://ftp.ncbi.nih.gov/genomes
ftp://ftp.ensembl.org/pub


Table 1
Analyzed nutrient composition of the experimental diets during starter and grower periods. FM – fresh matter; DM – dry matter; ME – metabolizable energy.

Item Unit Starter control Starter + 4% comfrey leaves Grower control Grower + 4% comfrey leaves

DM g/kg FM 902 905 904 898
Crude ash g/kg DM 56 60 54 59
Crude protein g/kg DM 221 237 216 218
Crude fat g/kg DM 48 71 42 41
Crude fiber g/kg DM 26 62 36 36
Starch g/kg DM 357 306 371 360
Calcium (Ca) g/kg DM 3.8 3.9 3.8 3.9
Phosphorus (P) g/kg DM 3.0 2.9 3.1 3.0
Ca: P ratio 1.27 1.34 1.23 1.30
Sodium (Na) g/kg DM 1.2 1.0 1.2 0.7
Magnesium (Mg) g/kg DM 0.9 0.9 0.9 0.9
Potassium (K) g/kg DM 5.9 6.9 5.3 6.4
ME (poultry) MJ/kg DM 11.7 11.8 11.6 11.4

4 M. Oster et al. / Science of the Total Environment 742 (2020) 140490
amount estimated for humans (1000 μg/day) atmedium and long-term
exposure (BfR, 2013).

3.2. Broiler performance

Performance was recorded pen-wise with each pen containing 8
male and 8 female broilers. In the starter phase, broilers supplemented
with comfrey leaves showed lower BW at day 9 (P = 0.036). From day
16 on, there were no significant differences among dietary groups
(Table 2). Considering the entire experimental period, values for DFI,
DWG, and FCR remained unaltered between the dietary groups.

3.3. Carcass traits, bone development and intestinal microanatomy

At slaughter, live weight and carcass weight were unaltered be-
tween broilers supplementedwith 4% comfrey leaves compared to con-
trol fed animals at day 32 (Table 3). In breast muscle, the comfrey
supplementation prompted significantly lower values for redness (a*)
and increased values for yellowness (b*) inmale broiler chickens.More-
over, comfrey-supplemented male animals showed increased ash con-
tent of breast muscle compared to control animals. In contrast,
supplemented females showed higher values for b*, but remained un-
changed for a* and ash content compared to controls. The measure-
ments for pH24h and lightness (L*) in breast muscle were unaffected
by diet in both sexes. No statistically significant differences in bone
characteristics including femur maximal load, bone mineral density
and bone mineral content were observed between the dietary groups
Fig. 1. Histological cross section of a representative hematoxylin and eosin (HE)-stained slice o
morphology traits including villus height, villus width and crypt depth (B). Enterocytes lining
pink. Dashed lines indicate the crypt depth. Scale bar = 1 mm (A), 500 μm (B). (For interpr
version of this article.)
within sexes (Table 3). The intestinal parameters such as villus height,
villus width, crypt depth, and VCR remained unaltered between the di-
etary groups in both sexes (Table 3).

3.4. Quantification of pyrrolizidine alkaloids

The analyzed pyrrolizidine alkaloidswere not detectable in liver and
breast muscle tissues of the examined broiler chickens (Table A.2).

3.5. Serum parameters of liver integrity, mineral homeostasis and growth

No signs of impairmentwere detected for parameters related to liver
function and integrity (Fig. 2) such as serum AST (males: P=0.503; fe-
males: P= 1.000), GGT (males: P= 0.954; females: P= 0.574), biliru-
bin (males: P=0.997; females: P=0.996), albumin (males: P=0.847;
females: P=0.591), and triacylglycerides (males: P=0.966; females: P
= 0.986). For mineral homeostasis and growth, serum concentrations
of inorganic phosphorus (males: P = 0.917; females: P = 0.395), cal-
cium (males: P = 0.997; females: P = 0.910), parathyroid hormone
(males: P = 0.871; females: P = 1.000) and triiodothyronine (males:
P = 0.341; females: P = 0.834) were unaltered between the dietary
groups in both sexes.

3.6. Transcriptome profiling of blood cells

The analyses comprised 12,225 probe-sets which represented
10,393 genes. Due to the pronounced sex dimorphism in broiler
f the jejunum (A). Rectangle indicates a representative area used for analyzing intestinal
the villi and the crypts appear in blue color. Muscle cells, fibroblasts and mucin appear in
etation of the references to color in this figure legend, the reader is referred to the web



Table 2
Performance traits between broiler chickens fed a standard control diet and a standard
diet supplementedwith 4% comfrey leaves recorded pen-wise at the respective days. Data
represent the entire experimental period per capita (mean ± SE).

Trait Unit Control diet Control diet + 4%
comfrey leaves

P
value

BW (day 1) g 39.3 ± 0.1 39.3 ± 0.3 0.901
BW (day 9) g 204.5 ± 3.7 192.9 ± 2.2 0.036
BW (day 16) g 588.4 ± 7.1 556.5 ± 12.0 0.062
BW (day 23) g 1153.0 ± 8.0 1126.1 ± 13.8 0.143
BW (day 30) g 1871.4 ± 19.4 1831.8 ± 24.8 0.255
BW (day 32) g 2101.3 ± 19.1 2065.3 ± 31.5 0.365
Daily feed intake (DFI) g 88.8 ± 0.9 89.5 ± 1.2 0.651
Daily weight gain (DWG) g 65.2 ± 0.5 64.2 ± 1.0 0.406
Feed conversion ratio (FCR) g/g 1.36 ± 0.01 1.39 ± 0.03 0.272
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chickens, the sPLS-DA approach identified the first out of three compo-
nents to differentiate betweenmale and female animals (Table A.3). The
respective probe-sets included in the second and third components dif-
ferentiated the dietary responses within sexes (Fig. 3). The second com-
ponent mainly differentiates between the dietary groups and the third
component mainly differentiates between the sexes within the dietary
groups. Corresponding transcripts were displayed in Table A.3. Genes
identified with the highest loadings were HSPA13, RP11-434D12.1
and EMC2 for component 2 and CACNA1H, PCCB and LOC107054910
for component 3.

The differentially expressed gene analysis revealed 681 probe-sets
to be significantly altered between male comfrey-supplemented ani-
mals and male control animals (Table A.4). The corresponding genes
were subjected to an enrichment analysis (Tables 4, A.5). Expression
profiles of supplemented females remained unchanged compared to
controls considering the significance threshold.
4. Discussion

Modern poultry production relies on global resource cycles which
have become increasingly fragmented with associated ecological bur-
dens and economic constrains (Tóth et al., 2014; Jarvie et al., 2015).
Due to its extensive root system, the comfrey plant could facilitate re-
gional nutrient cycles when cultivated on currently over-fertilized
soils. In fact, preventing run-off of e.g. phosphorus is one of the major
challenges in agricultural practice (Campbell et al., 2017). Comfrey
plants can be cultivated in large quantities and harvested multiple
times a year (Robinson, 1983).
Table 3
Final liveweight, carcass traits, bone characteristics and parameters of intestinal histology betw
with 4% comfrey leaves. Data were retrieved from individual broilers at day 32 (mean ± SE).

Trait Unit Males

Control diet Control diet +
4% comfrey lea

Live weight g 2214.1 ± 33.9 2191.4 ± 42.3
Carcass weight g 1487.5 ± 25.6 1426.8 ± 33.7
pH 24 h (M. pectoralis) 5.85 ± 0.04 5.84 ± 0.03
L* (lightness; M. pectoralis) 50.27 ± 1.37 49.92 ± 0.82
a* (redness; M. pectoralis) 6.40 ± 0.46 5.41 ± 0.25
b* (yellowness; M. pectoralis) 0.46 ± 0.42 5.04 ± 0.36
Ash (M. pectoralis) % 1.13 ± 0.01 1.17 ± 0.01
Femur weight g 11.6 ± 0.1 11.5 ± 0.6
Femur length mm 65.0 ± 1.5 65.3 ± 1.2
Femur diameter mm 8.4 ± 0.6 8.9 ± 0.5
Femur max. Load kg 28.9 ± 1.2 22.4 ± 3.8
Bone mineral density g/cm2 0.43 ± 0.02 0.38 ± 0.02
Bone mineral content g 0.85 ± 0.04 0.74 ± 0.04
Villus height (Jejunum) μm 1549.5 ± 68.6 1513.9 ± 85.4
Villus width (Jejunum) μm 272.0 ± 20.8 252.7 ± 27.0
Crypt depth (Jejunum) μm 136.9 ± 7.1 114.2 ± 10.4
VCR (Jejunum) 11.5 ± 0.8 14.0 ± 1.5
Compared to commercial feed crops with respect to the crude ash
(186 g/kg DM) and crude protein contents (352 g/kg DM), dried com-
frey leaves are superior to alternative protein sources such as alfalfa,
Medicago sativa, (116 g/kg, 209 g/kg; dehydrated) and also show a
remarkable profile of micro- and macronutrients compared to soy-
bean, Glycine max., (52 g/kg, 348 g/kg; full-fat, extruded) or blue lu-
pine, Lupinus angustifolius, (35 g/kg, 318 g/kg; toasted) (Sauvant
et al., 2004). Hence, the use of comfrey leaves contributes to meeting
the requirements of bioavailable minerals and protein in chicken
feed (Table 1). Based on the retrieved DFI values throughout the en-
tire experimental period and the analyzed profile of macro- and
micronutrients of comfrey leaves, a dietary supplementation of 4%
comfrey leaves accounts for approximately 9.3% of the phosphorus
intake (calcium: 11.1%; crude protein: 6.25%). As chicken rely on a
daily supply of calcium phosphates via diet, this offers potential for
an effective reduction in mineral supplements of e.g. calcium phos-
phates in poultry nutrition. The usage of comfrey varieties targets
the important issue of lowering the environmental impact of poultry
husbandry in terms of phosphorus emissions.

When considering the entire experimental period in this study, the
supplementation of comfrey leaves was well accepted by the broiler
chickens as reflected in the unaltered daily feed intake and daily weight
gain (Table 2). This suggests that the supplementation with comfrey
leaves was effective. The performance of broilers in both the control
group and the comfrey-supplemented group matched the standard
values of Cobb500 chicken (Cobb-Vantress, 2018). The exploited perfor-
mance of the dietary groups is reflected in constant levels of serum tri-
iodothyronine (Fig. 2), which indicate unaffected superior growth
processes at day 32 of life.

As the representative histological cross-section of an HE-
stained section of the jejunum in Fig. 1 illustrates, there was no ev-
idence of impairment for the intestinal microanatomical parame-
ters in comfrey-supplemented male and female broilers (Table 3).
The values of villus height, crypt depth and VCR were similar to
those of previous work done in broiler chickens (Calik et al.,
2019; Santin et al., 2001). Any intolerances or inflammatory pro-
cesses due to comfrey ingredients would have resulted in e.g. intes-
tinal atrophy and malabsorption. The observations made in this
study indicate that the jejunum of the comfrey-supplemented
chickens were likely functionally equivalent to those chickens fed
the control diets suggesting intestinal integrity in all animals. As
shown in Fig. 2, serum markers of liver integrity and function
such as GGT, AST, bilirubin, albumin and triacylglycerides
remained unaltered by comfrey supplementation in all animals.
eenmale and female animals fed a standard control diet and a standard diet supplemented

Females

ves
P value Control diet Control diet +

4% comfrey leaves
P value

0.884 1940.3 ± 37.2 1819.6 ± 36.8 0.184
0.406 1295.0 ± 37.7 1191.3 ± 31.6 0.178
0.982 5.73 ± 0.04 5.70 ± 0.02 0.984
0.999 52.00 ± 0.8 51.65 ± 0.86 0.974
0.027 6.12 ± 0.19 5.25 ± 0.32 0.447
b0.001 0.35 ± 0.25 6.52 ± 0.45 b0.001
0.024 1.14 ± 0.01 1.17 ± 0.02 0.580
0.997 10.5 ± 0.3 9.6 ± 0.6 0.822
0.999 63.7 ± 2.4 60.0 ± 1.5 0.588
0.872 7.9 ± 0.2 7.6 ± 0.4 0.997
0.246 22.0 ± 2.1 23.2 ± 0.8 0.967
0.368 0.45 ± 0.01 0.45 ± 0.02 0.963
0.360 0.89 ± 0.03 0.89 ± 0.04 0.974
0.994 1324.9 ± 97.9 1507.6 ± 108.1 0.840
1.000 234.9 ± 19.6 259.1 ± 31.1 1.000
0.529 112.5 ± 7.6 107.6 ± 11.4 0.721
0.508 11.9 ± 0.8 14.8 ± 1.3 0.173



Fig. 2. Serumparameters reflecting liver function and integrity, mineral homeostasis and growth ofmale and female animals fed a standard control diet and a standard diet supplemented
with 4% comfrey leaves. Values are displayed as mean ± SE.
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This observation matches to previous reports when a number of
serum parameters, including GGT and AST, were unaffected by
the intake of comfrey alkaloid root extracts in California White
chickens (Brown et al., 2016). Also previously shown, the con-
sumption of moderate amounts of comfrey leaves seems not to
prompt any signs of impaired liver function in humans (Anderson
and McLean, 1989). In the current study, serum parathyroid hor-
mone and mineral concentrations as well as bone characteristics
were equally unaffected by diet in both sexes. This indicates a bal-
anced supply and excretion of minerals to maintain bone develop-
ment in comfrey supplemented broilers.

Interestingly, the ash content of the breast muscle was increased in
male comfrey-supplemented broiler chickens compared to controls
(Table 3),whichmight be attributed to thequantities andbioavailability
of calcium, phosphorus and potassium in comfrey leaves (Table 1).
Moreover, comfrey contains considerable amounts of sulfur-rich
amino acids which might have contributed to the higher ash content
(Robinson, 1983). As meat and a variety of animal products are impor-
tant sources of minerals for human nutrition (Pereira and Vicente,
2013), an increased ash content in the breast muscle of broilers is to
be considered beneficial. Regarding meat color, values indicating the
yellowness of breast muscle were increased in supplemented male
and female broiler chickens compared to control fed animals
(Table 3). Overall, the retrieved meat color data correspond to long-
term analyzes in Ross508 and Cobb500 broiler chickens (Petracci
et al., 2004). The current study shows that the composition of the
poultry feed is crucial for breast meat color development, as has been
revealed by plant supplements using spirulina (cyanobacteria) which
altered values of yellowness due to the pronounced zeaxanthin content
(Toyomizu et al., 2001). Although a quality criteria both in the selection
and acceptance of raw or cooked meat products by the consumer, the
observed yellowness of breastmuscle resembles values known from or-
ganic farming and might be associated with fatty acid metabolism
(Laudadio et al., 2011; Gálvez et al., 2020). Interestingly, a favorable
fatty acid profile with reduced levels of saturated fatty acids (SFA) and
increased levels of monounsaturated fatty acids (MUFA) was observed
in pigs after supplementation with comfrey leaves in both Musculus
longissimus dorsi and back fat (Bee et al., 1999).

Currently there is little data on in-vivo consumption of comfrey
leaves and the molecular mechanisms of efficacy or toxicity are not
yet fully understood. In this study, gene expression profiles from
blood cells served as a proxy to assess the effects of comfrey on metab-
olism and immune status. In order to maximize discrimination of the
experimental groups based on gene expression profiles of whole
blood cells, the resulting components derived by sPLS-DA were shown
in Table A.3. Clearly, male and female broilers were separated by com-
ponent 1 (Table A.3), which resembles the pronounced sex dimorphism
in broiler chickens as described elsewhere (Van der Heide et al., 2016).
However, the variable selection approach showed the separation of
broilers fed on control vs. comfrey-supplemented diets particularly by
component 2, which explained 11% of the variance and discriminated
between males (Fig. 3). Correspondingly, the differential gene



Fig. 3. The applied sPLS-DA identified component 2 and component 3 to differentiate betweenmale and female animals fed a standard control diet and a standard diet supplementedwith
4% comfrey leaves. Corresponding symbols represent individual animals, circles indicate 95% confidence interval for each group.
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expression analysis confirmed dietary effects at the transcriptional level
which were particularly pronounced in male broilers (Table 4). The ap-
pearance of altered ‘metabolic pathways’ and specifically the ‘valine,
leucine and isoleucine degradation’ pathway might be attributed to
the shifts in the dietary supply of distinct amino acids and effects of bio-
active compounds. Against the background of isoenergetic diets, the ca-
tabolism of micro- and macronutrients has to be balanced and
respective downstream products are likely to cover the energy demand
via entering the citric acid cycle. The transcriptional patterns also indi-
cate shifts in fat metabolism, which may be associated with increased
formation of acetyl-CoA during fatty acid beta-oxidation (ACAA2) and
decreased cholesterol biosynthesis (ACAT2, Table A.4). Furthermore,
the ‘Fanconi anemia pathway’ is a network known to maintain DNA in-
tegrity (Kim and D'Andrea, 2012). Its appearance in the list of pathways
after comfrey supplementation could explain the endogenous ability to
process anti-nutritive compounds. Interestingly, the enrichment analy-
sis has revealed differences in the mRNA profile for genes associated
with ‘melanogenesis’ (Tables 4, A.5). The lowered expression of MC1R
(melanocortin 1 receptor) in blood cells of comfrey supplemented
male broilers might be attributed to the body's immune responses. In-
deed, bioactive comfrey ingredients including allantoin are known to
mediate pharmacological mechanisms, e.g. reducing inflammation
(Lee et al., 2010; Frikeche et al., 2015). However, the mRNA profiles re-
vealed no clear status of enriched immune pathways in this study. It
would be of interest to investigate whether any molecular signatures
for immune-promoting effects of comfrey leaves can be observed
Table 4
Significantly enrichedpathways (KEGG, FDR-value≤0.05) deduced fromgenes found to be
differentially expressed between male broiler chickens fed a standard control diet and a
standard diet supplemented with 4% comfrey leaves.

Pathway p-Value FDR # molecules

Metabolic pathways 7.52E−05 0.009 50
Valine, leucine and isoleucine degradation 6.28E−04 0.037 6
Fanconi anemia pathway 1.15E−03 0.037 6
Melanogenesis 1.21E−03 0.037 8
when exposed to challenging conditions, e.g. feather pecking, high par-
asitic load, or inflammation.

The total amounts of analyzed pyrrolizidine alkaloids in ground
comfrey leaves were 137.0 μg/g DM (Table A.2). This corresponds to ap-
proximately 20.6 μg/g fresh leaf material which matches previous re-
ports (Couet et al., 1996). Chickens are considered sensitive to
pyrrolizidine alkaloids (Rode, 2002), however, in this study none of
the animals showed any signs of illness and consequently the content
of pyrrolizidine alkaloids in muscle and liver tissue was below the de-
tection limit (Table A.2). In contrast, rats showed a sensitivity to com-
frey pyrrolizidine alkaloids applied in high dosages while exhibiting
impaired liver function and carcinogenic potential (Culvenor et al.,
1980). However, besides dosages and specific experimental settings,
the murine metabolism does not necessarily resemble avian conditions
and the risk of cancer derived from a murine model due to exposure to
pyrrolizidine alkaloid extracts does not seem to be generally transfer-
able to other species (Prakash et al., 1999; Rode, 2002). On the other
hand, the cytochrome P450 enzyme family is ubiquitously expressed
in different species including chickens and pyrrolizidine alkaloids
could be metabolized by biotransformation to reactive pyrroles with
pronounced toxicity (Stickel and Seitz, 2000). Detailed knowledge of
species-specific detoxification mechanimsmay be useful for the assess-
ment of pyrrolizidine alkaloid exposure to other members of the
Borginaceae family. In fact, there is a conceivable risk fromcontaminated
cereals or the uptake of pyrrolizidine alkaloid containing plants in free-
range farming systems. To further exploit comfrey leaves as an alterna-
tive feed component for broiler nutrition, possible interactions of differ-
ent organs and cell types in the context of an allostatic load after
variable supply of nutrients and anti-nutritive ingredients need to be in-
vestigated in low-intake studies. A compilation of case reports from the
last 30 years shows that the evidence of harm due to comfrey is rather
weak (Avila et al., 2020). In fact, pyrrolizidine alkaloid-depleted com-
frey products are considered non-hazardous and are used for therapeu-
tic purposes (Benedek et al., 2010). To breed for new comfrey varieties
with low or depleted content of pyrrolizidine alkaloids would be there-
fore advantageous.
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5. Conclusions

Taken together, standard broiler diets supplemented with 4% com-
frey leaves prove feasible in terms of performance and could effectively
replace calcium phosphate supplements. The analyzed set of parame-
ters obtained in jejunum, serum, bone, liver and breastmuscle indicated
maintenance of high tissue function and integrity in all animals. Com-
frey cultivation has considerable potential to establish regional value
chains and closed nutrient cycles for locally produced poultry feed. Al-
though animal health is an essential prerequisite for the use of comfrey
as a feeding crop for the future, a bio-economicmodellingwould be use-
ful with regard to the potential for mineral phosphorus savings and the
remediation of over-fertilized soils.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.140490.
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