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pollen from PA-producing plants. Accordingly, the 
results showed that palynological analysis is not suf-
ficient to determine PA in pollen. In addition, a risk 
assessment was followed to estimate the risk of the 
detected PA concentrations to humans.
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Introduction

From early spring to late summer, honey bees (Apis 
mellifera) are collecting pollen from various plants. 
Being rich in protein, fatty acids, and vitamins, bee 
pollen is the primary nutritional source for bees (Avni 
et al., 2014; Mărgăoan et al., 2014; Taha et al., 2019). 
Due to these valuable ingredients, bee pollen is also 
an attractive food supplement in human nutrition 
(Feás et  al., 2012). For this purpose, bee pollen can 
be collected by the installation of pollen traps at the 
hive from early spring (usually April to June) to late 
summer. However, a thorough control of samples is 
important because bee pollen may be contaminated 
with both residues of pesticides applied in agriculture 
mainly during spring (April to June) (Böhme et  al., 
2018; Drummond et  al., 2018; Friedle et  al., 2021; 
Traynor et  al., 2016) and also harmful natural con-
taminants produced by plants during summer (June to 
August) (BfR, 2013).

Abstract  Pyrrolizidine alkaloids (PA) are second-
ary plant defense compounds and known pre-toxins 
when containing a 1,2-double bond. They are com-
monly produced by various plants and may thus be 
present in bee pollen which may be consumed by 
humans as food supplements. In this study, PA were 
determined in bee pollen samples from 57 locations 
in Southern Germany sampled by means of pol-
len traps in July 2019. Samples were analyzed by 
using palynological methodology and solid-phase 
extraction (SPE) followed by LC–MS/MS. In total, 
52 pollen samples featured total pyrrolizidine alka-
loids (ΣPA) with concentrations up to 48,000  ng/g 
bee pollen, while the N-oxides (NO) echinatine-NO 
and rinderine-NO clearly dominated. In contrast, the 
palynological analysis only detected 33 samples with 
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One class of potential natural contaminants of bee 
pollen is pyrrolizidine alkaloids (PA) (EFSA, 2011, 
2017). PA are a group of secondary plant defense 
compounds whose common structural element is a 
1-azabicyclo[3.3.0]octane (pyrrolizidine) backbone 
which usually carries an additional 1,2-double bond 
(present in all toxic variants) along with a hydroxy-
methyl substituent in the 1-position and a hydroxyl 
group in the 7-position, respectively (Fig.  1a). 
The resulting PA core is the so-called necine base 
which is either esterified once (monoesters) or twice 
(diesters or cyclic diesters) with acyl moieties vary-
ing in structure and stereochemistry (Fig. 1b). Like-
wise, the stereocenter in 7-position (*) can be both 
R- or S-configurated (Fig. 1a). Last but not least, vir-
tually all PA exist in two distinct forms, e.g., tertiary 

heterocyclic amines and the corresponding N-oxide 
form (PANO) (Fig.  1c). These structural variations 
give rise to more than 600 structurally different PA 
(EFSA, 2011). In the following, the designation “PA” 
is also used as summarizing term for PA and PANO. 
Assumedly, around 3% of all flowering plants may 
produce PA (Smith & Culvenor, 1981). Most of these 
plants belong to the families of Asteraceae (e.g., 
Senecioneae (Senecio spp.) and Eupatorieae (Eupa-
torium spp.)), Boraginaceae (e.g., Borago spp. and 
Echium spp.), and Fabaceae (e.g., Crotalaria spp.) 
(EFSA, 2011; Hartmann & Toppel, 1987).

Harmful PA are hepatotoxic to both animals and 
humans and can cause acute poisoning and chronic 
effects (Colegate et  al., 2012; EFSA, 2011; Kakar 
et  al., 2010). Chronic exposure to low PA amounts 

Fig. 1   a Structures of 
necine base. b Examples 
of PA with different kinds 
of esterification. c A PA 
structure (rinderine) with 
the corresponding N-oxide 
(PANO)
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can result in diseases such as liver cirrhosis or pos-
sibly cause cancer as metabolic activation produces 
genotoxic and cancerogenic metabolites (Edgar et al., 
2011). As a consequence, the US Food and Drug 
Administration (FDA) decreed to ban PA-containing 
products from the market (Food & Drug Administra-
tion, 2001). By contrast, maximum levels of PA are 
currently not in force for food in the European Union 
(EU). A novel EU regulation defining maximum PA 
levels for pollen and pollen-based food supplements 
among other foods such as (herbal) teas, herbs, and 
spices will be effective by July 2022. Then, for pollen 
and related food supplements a maximum PA level of 
500 µg/kg must not be exceeded (European Commis-
sion, 2020). Furthermore, a maximum intake of 1 µg 
PA per day was established in pharmaceutical prod-
ucts (Federal Institute for Pharmaceuticals and Medi-
cal Products,  2016). Likewise, the European Food 
Safety Authority (EFSA) has introduced a benchmark 
dose lower confidence limit 10% (BMDL10) amount 
of 237  µg riddelliine per kg body weight (BW) in 
rats as a reference point for the assessment of carci-
nogenic risks, assuming similar carcinogenic potency 
for different PA (EFSA, 2017). Considering a tolera-
ble margin of exposure (MOE) of 10,000 for humans, 
this corresponds with a maximum intake of 0.024 µg 
PA per kg BW per day (BfR, 2020). This in turn cor-
responds with a maximum daily intake of 1.8 µg PA 
per day for adults (75 kg BW) and ~1 µg for juveniles 
(40 kg BW, 10 years) (GBE, 2017).

Next to foods with a direct botanical background 
such as teas and herbals, PA were also exemplarily 
studied in honey and bee pollen (Bodi et  al., 2014; 
Boppré et al., 2005; Dübecke et al., 2011; Gottschalk 
et  al., 2018; Kaltner et  al., 2020; Kast et  al., 2018, 
2019; Kempf et  al., 2010, 2011; Martinello et  al., 
2014; Orantes-Bermejo et  al., 2013; Roeder, 1995). 
In one study, 17 of 55 commercial pollen products, 
mainly from Spain, Romania, Italy, and France, were 
contaminated with toxic PA of up to 16,400 ng/g pol-
len (Kempf et  al., 2010). Similarly, Dübecke et  al. 
(2011) detected PA in 60% of 119 bee pollen sam-
ples from various countries with ΣPA contents of up 
to 37,900  ng/g pollen. Recently, Kast et  al. (2018) 
presented two complementary methods: a high- 
performance liquid chromatography coupled to tan-
dem mass spectrometry (LC–MS/MS) method which 
allowed studying 18 PA and PANO in commercial 
bee pollen products as well as daily collected bee 

pollen samples, and a LC-HRMS method compar-
ing daily collected pollen samples to flower heads, 
by detecting of all PA types, including saturated, 
non-cancerogenic PA. To achieve higher confidence 
for identification of the plant source, nearly all PA-
containing plants occurring in Switzerland were 
also analyzed by LC-HRMS. Bee-collected pollen 
indicated the presence of highest PA concentrations 
in “Echium-type PA” samples collected in June and 
“Eupatorium-type PA” samples (assigned as inter-
medine and lycopsamine (-N-oxides)) mainly from 
mid-July and August (Kast et al., 2018). However, no 
reliable information existed about PA levels in bee-
collected pollen from Germany.

Given the geographic neighborhood of Switzer-
land (the observation site Basel of Kast et al. (2018) 
is directly at the border to Germany) and Southern 
Germany, we aimed to carry out a thorough study by 
collecting bee pollen by means of traps in 57 loca-
tions in Baden-Wuerttemberg (Southern Germany). 
Knowing the fact that pollen samples in spring (from 
April to June) could be highly contaminated with pes-
ticides in Southern Germany (Friedle et  al., 2021), 
the aim was to determine whether the pollen samples 
were otherwise contaminated in a later period. In 
the end of July 2019 (July 15–August 1), bee pollen 
was daily collected on each site on 14 consecutive 
days, and then pooled. The pooled site samples were 
analyzed palynologically using a microscope to get 
insights into the botanical background of the samples. 
Chemical analysis was carried out with an optimized 
LC–MS/MS method which allowed determining 42 
PA simultaneously. The results were used to evalu-
ate whether bee pollen from Baden-Wuerttemberg 
(Southern Germany) can be safely consumed.

Materials and methods

Chemical reagents

PA standards used for analysis were 7-acetylintermedine,  
7-acetylintermedine-N-oxide, 7-acetyllycopsamine, 7- 
acetyllycopsamine-N-oxide, echinatine, echinatine- 
N-oxide, heliosupine, heliosupine-N-oxide, heliotrine, 
heliotrine-N-oxide, indicine hydrochloride, indicine-N- 
oxide, integerrimine, integerrimine-N-oxide, intermedine,  
lycopsamine, lycopsamine-N-oxide, retrorsine, riddel-
liine, riddelliine-N-oxide, rinderine, rinderine-N-oxide, 
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senecionine, senecionine-N-oxide, seneciphylline,  
and senkirkine, from PhytoPlan (Heidelberg, Ger-
many). Echimidine, echimidine-N-oxide, erucifoline, 
erucifoline-N-oxide, europine hydrochloride, europine-
N-oxide, intermedine-N-oxide, jacobine, jacobine-N-
oxide, lasiocarpine, monocrotaline-N-oxide, retrorsine-
N-oxide, seneciphylline-N-oxide, senecivernine, and 
senecivernine-N-oxide were from PhytoLab (Vesten-
bergsgreuth, Germany). Lasiocarpine-N-oxide was from 
Cfm Oskar Tropitzsch (Marktredwitz, Germany). Mono-
crotaline was from Carl Roth (Karlsruhe, Germany) 
and trichodesmine from Latoxan (Valence, France). 
For the palynological analysis and sample preparation, 
the following reagents were used: demineralized water, 
ultrapure water, dish soap, Kaiser’s glycerol gelatin, dry 
ice, 0.05 M sulfuric acid, ammonia solution, and metha-
nol. For sample analysis, 5 mM ammonium formate and 
0.1% (v/v) formic acid in methanol were used.

Sample collection

Bee pollen traps were installed on apiaries at 57 loca-
tions in Baden-Wuerttemberg, Southern Germany, to 
collect pollen loads from returning honey bees (Apis 
mellifera) (Fig.  S1). All traps were installed on pri-
vately owned bee colonies of voluntary beekeepers, 
so no exact coordinates will be given and no permits 
were needed for this study. The collecting time (July 
15–August 1) was adapted to the flowering phase of 
Borago sp., Echium sp., Eupatorium sp., and Senecio 
sp. at the end of July 2019. Pollen samples were col-
lected daily within 14 consecutive days (rainy days 
uncounted) and mixed to one pooled sample per site. 
An aliquot of 45 g pooled pollen per site was taken 
and stored at −20 °C until preparation.

Sample preparation

Bee pollen samples were prepared following a vali-
dated solid-phase extraction (SPE) protocol originally 
developed by the BfR (2014). In brief, samples were 
brought up to room temperature and homogenized 
with dry ice in a mill (Retsch, Haan, Germany). An 
aliquot of 2.0  g ± 0.1  g bee pollen was weighted 
into a tube (Sarstedt, Nümbrecht, Germany), mixed 
with 20  mL 0.05  M sulfuric acid and extracted for 
15 min in an ultrasonic bath. The samples were cen-
trifuged (5  min, 3000 × g) and the supernatant was 
transferred to another tube. The pellet was used for a 

second extraction using 20 mL 0.05 M sulfuric acid 
and was re-extracted for 15 min in an ultrasonic bath. 
After centrifugation (5  min, 3000 × g) the superna-
tant was transferred to the first extract and adjusted to 
pH 6–7 with an ammonia solution. SPE was carried 
out with DSC-C18 SPE cartridges (500  mg, 6  mL, 
Supelco Merck, Darmstadt, Germany) in a vacuum 
chamber as follows. Conditioning was performed 
using 5  mL methanol, followed by 5  mL ultrapure 
water. The sample extract was loaded onto the car-
tridge (2 × 5 mL), followed by washing with 2 × 5 mL 
ultrapure water and 5 min drying under vacuum con-
ditions. The sample was eluted with 5 mL methanol 
and evaporated to 1  mL in a heating block main-
tained at 55 °C under nitrogen flow. After addition of 
ultrapure water to a total volume of 10 mL, an aliquot 
was filled into an LC vial for analysis.

LC–MS/MS analysis of pyrrolizidine alkaloids

PA single component analysis on 42 PA/PANO was 
performed with a 6490 tandem mass spectrometer 
(Agilent Technologies, Waldbronn, Germany) cou-
pled to a 1290 ultra-high-performance liquid chro-
matography (UHPLC) system (Agilent Technolo-
gies, Waldbronn, Germany) at the Chemical and 
Veterinary Analysis Agency (CVUA Stuttgart, Ger-
many). Chromatographic separation was carried out 
on a 150  mm × 2.1  mm i.d., 1.7  µm particle-sized 
Acquity CSH C18 UPLC column (Waters, Esch-
born, Germany), using aqueous 5  mM ammonium 
formate solution with 0.1% (v/v) formic acid as elu-
ent A and 5  mM formate solution with 0.1% (v/v) 
formic acid in methanol as eluent B. Gradient elu-
tion started at 2.5% eluent B (1.0  min), linearly 
increased to 10% eluent B at 15.5  min, and then 
increased further to 23% eluent B at 20.5 min and 
in the next step to 36% eluent B at 25.0 min before 
being ramped to 100% B at 28.0 min (1.5 min). At 
29.6 min, initial conditions were restored and kept 
until the final run time of 31.5 min. Flow rate was 
set at 0.35  mL  min−1 at a controlled column tem-
perature of 50  °C. The injection volume was 2 µL 
for all runs.

The Jet Stream electrospray ion source was oper-
ated in positive mode at a capillary voltage of 3500 V. 
The nebulizer pressure was set to 25 psi with a gas 
flow of 13 L min−1 at a temperature of 250 °C. Sheath 
gas flow rate was set to 12 L min−1 at a temperature of 
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360 °C. High- and low-pressure ion funnel RFs were 
set to 150 V and 60 V, respectively. For each analyte, 
three transitions were recorded in dynamic multi-
ple reaction monitoring (dMRM) mode (Table 1). In 
dMRM mode, an acquisition window of 6  min was 
set around the retention time of each PA and the cycle 
time was fixed at 500  ms. To increase signal inten-
sity, a ∆EMV setting of + 200  V was employed. To 
avoid matrix effects, an external matrix-matched cali-
bration employing 7-point calibration curves was per-
formed and resulted in limits of detection (LOD) and 
limits of quantification (LOQ) as shown in Table  1. 
LOD and LOQ were determined according to DIN 
32,645 by calculating the process standard devia-
tion sx0 of the linear calibration curve, whereas the 
LOD was defined as the 3.6-fold value of sx0 and the 
LOQ as the 10.8-fold value of sx0, respectively (DIN 
32654, 2008). Values below the LOQ are given as not 
detectable. The validated linear working range of the 
method was between 0.1 and 40 ng/mL. Sample solu-
tions exceeding this calibration range were diluted 
accordingly. For method validation, recovery values 
were determined at low and high spiking levels by 
spiking a blank fennel matrix with known amounts 
of each analyzed PA(NO) at levels of 8 and 80 µg/kg 
plant material in quintuplicate, respectively. For veri-
fication purposes of this pollen study, recovery values 
were determined by spiking a blank pollen matrix 
with known amounts of each analyzed PA(NO) at a 
medium to low PA level of 20 µg/kg pollen (Table 1). 
Throughout the study, sample results were not cor-
rected for recovery.

Palynological analysis

The samples were brought up to room temperature, 
homogenized with a mortar. An aliquot of 100  mg 
homogenized bee pollen was weighed into a 50-mL 
tube (Buddeberg, Mannheim, Germany) and mixed 
with 10  mL demineralized water. After adding a 
drop of dish soap, the mixture was shaken by hand 
for 1 min. An aliquot of 10 µL was transferred to an 
object carrier, dried for 30  min, and covered with 
Kaiser’s glycerol gelatin for microscopy (Merck, 
Darmstadt, Germany). Three hundred pollen grains 
per sample were manually counted under a light 
microscope (10 × 40; VWR International, Darmstadt, 
Germany) which is considered representative for a 
pollen sample (Barth et al., 2012; Carpes et al., 2013; 

Morais et al., 2011). Due to the sample size of 57 pol-
len samples, 17,100 pollen grains were studied and 
subdivided into pollen from known PA producers and 
other plant families. Ten comparative samples were 
used to classify the pollen of PA-producing plants. 
The Asteraceae family includes many pollen types 
and each of them represents different plant species. 
However, pollen shape and size differ slightly from 
species to species within this family. For instance, the 
size of pollen was used to distinguish Solidago from 
Senecio pollen. Specifically, pollen sizes between 
20 and 25 µm were assigned to pollen grains of the 
Solidago-type, which means all plants of Asteraceae 
which share similar shape and size of Solidago pollen 
cannot be differentiated. Therefore, Eupatorium sp. 
pollen were assigned to the group of Solidago-type. 
Pollen sizes > 30  µm (within the Asteraceae family) 
were considered to be of the Senecio-type. Using this 
classification scheme, Petasites and Adenostyles pol-
len belong to the Senecio-type. However, according 
to the literature, where measurements of six Bidens 
species and 20 Senecio species are listed, some 
Bidens species have similar pollen sizes as Senecio 
and vice versa (Beug, 2015). Hence, these two spe-
cies could not be precisely distinguished by means of 
pollen sizes.

Results and discussion

Pyrrolizidine alkaloids detected by LC–MS/MS

In total, 52 of the 57 analyzed samples were detected 
with positive PA findings. Except for three samples 
without detectable PA and two samples with levels 
below LOQ, ΣPA concentrations ranged from 0.48 to 
48,400  ng/g bee pollen (Table  2; Fig.  2). Extraordi-
narily high ΣPA concentrations in a few samples had 
a strong impact on the mean values. This can be seen 
from the fact that median and mean ΣPA concentra-
tions of 44 and 2160 ng/g bee pollen in all samples, 
respectively, varied by two orders of magnitude. The 
median and mean ΣPA concentrations in the posi-
tive samples showed only minimally higher values 
(Table 2).

Furthermore, 24 of the 42 analyzed PA/PANO 
were detected in the 57 samples (Table  S3). This 
variety included 13 basic structures which were pre-
dominantly present as PANO (96%) along with minor 

Page 5 of 20    250



Environ Monit Assess (2022) 194: 250	

1 3
Vol:. (1234567890)

Ta
bl

e 
1  

A
na

ly
ze

d 
su

bs
ta

nc
es

 w
ith

 M
R

M
 d

et
ai

ls
. L

O
D

 (n
g/

g)
, L

O
Q

 (n
g/

g)
 a

nd
 re

co
ve

ry
 ra

te
 (%

) a
s o

bt
ai

ne
d 

by
 th

e 
la

bo
ra

to
ry

 (C
V

U
A

)

Py
rr

ol
iz

id
in

e 
al

ka
lo

id
Re

te
nt

io
n 

tim
e 

(m
in

)
Pr

ec
ur

so
r 

io
n 

(m
/z

)
Pr

od
uc

t i
on

 
(m

/z
)

Q
ua

nt
ifi

er
C

ol
lis

io
n 

en
er

gy
 

(e
V

)

C
el

l 
ac

ce
l. 

(V
)

LO
D

 (µ
g/

kg
)

LO
Q

 (µ
g/

kg
)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

8 
µg

/k
g)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

80
 µ

g/
kg

)

Re
co

ve
ry

 ra
te

 
(p

ol
le

n 
m

at
rix

 
20

 µ
g/

kg
)

7-
A

ce
ty

lin
te

r-
m

ed
in

e
17

.8
7

34
2.

2
19

8.
1

36
1

0.
53

1.
6

10
5%

10
6%

91
%

34
2.

2
18

0.
1

16
3

34
2.

2
12

0.
1

x
30

3
7-

A
ce

ty
lin

te
r-

m
ed

in
e-

N
-

ox
id

e

19
.2

8
35

8.
2

21
4.

1
x

30
4

0.
40

1.
2

99
%

10
2%

92
%

35
8.

2
18

0.
1

32
5

35
8.

2
13

7.
1

34
1

7-
A

ce
ty

lly
co

ps
-

am
in

e
18

.3
0

34
2.

2
19

8.
1

32
4

0.
24

0.
71

10
6%

10
7%

71
%

34
2.

2
18

0.
1

16
5

34
2.

2
12

0.
1

x
30

1
7-

A
ce

ty
lly

co
p-

sa
m

in
e-

N
-

ox
id

e

19
.6

3
35

8.
2

21
4.

1
x

32
1

0.
75

2.
3

10
1%

10
4%

88
%

35
8.

2
18

0.
1

32
1

35
8.

2
13

7.
1

38
1

Ec
hi

m
id

in
e

23
.6

6
39

8.
2

22
0.

1
16

2
0.

35
1.

1
91

%
98

%
91

%
39

8.
2

12
0.

1
x

28
1

39
8.

2
83

.0
28

2
Ec

hi
m

id
in

e-
N

-
ox

id
e

23
.9

7
41

4.
2

25
4.

1
x

36
2

0.
32

0.
97

90
%

98
%

94
%

41
4.

2
22

0.
1

34
3

41
4.

2
13

7.
1

40
1

Ec
hi

na
tin

e 
(w

ith
 ri

nd
er

-
in

e)

7.
84

30
0.

2
15

6.
1

28
5

0.
09

0.
26

99
%

10
3%

90
%

30
0.

2
13

8.
1

x
24

1
30

0.
2

94
.1

50
3

Ec
hi

na
tin

e-
N

-
ox

id
e

10
.2

8
31

6.
2

17
2.

1
x

30
5

0.
28

0.
84

10
1%

10
0%

74
%

31
6.

2
13

8.
1

32
3

31
6.

2
94

.1
50

3
Er

uc
ifo

lin
e

5.
65

35
0.

2
32

2.
2

26
1

0.
30

0.
89

10
4%

11
3%

93
%

35
0.

2
12

0.
1

x
30

1
35

0.
2

67
.1

54
1

Er
uc

ifo
lin

e-
N

-
ox

id
e

9.
28

36
6.

2
13

6.
1

x
36

1
0.

93
2.

8
12

0%
11

7%
10

3%
36

6.
2

12
0.

1
35

4
36

6.
2

11
8.

1
38

4

250   Page 6 of 20



Environ Monit Assess (2022) 194: 250

1 3
Vol.: (0123456789)

Ta
bl

e 
1  

(c
on

tin
ue

d)

Py
rr

ol
iz

id
in

e 
al

ka
lo

id
Re

te
nt

io
n 

tim
e 

(m
in

)
Pr

ec
ur

so
r 

io
n 

(m
/z

)
Pr

od
uc

t i
on

 
(m

/z
)

Q
ua

nt
ifi

er
C

ol
lis

io
n 

en
er

gy
 

(e
V

)

C
el

l 
ac

ce
l. 

(V
)

LO
D

 (µ
g/

kg
)

LO
Q

 (µ
g/

kg
)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

8 
µg

/k
g)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

80
 µ

g/
kg

)

Re
co

ve
ry

 ra
te

 
(p

ol
le

n 
m

at
rix

 
20

 µ
g/

kg
)

Eu
ro

pi
ne

8.
00

33
0.

2
15

6.
1

34
4

0.
14

0.
42

10
4%

10
4%

91
%

33
0.

2
13

8.
1

x
22

4

33
0.

2
12

0.
1

42
4

Eu
ro

pi
ne

-N
-

ox
id

e
10

.0
5

34
6.

2
25

6.
1

28
1

0.
18

0.
54

97
%

97
%

80
%

34
6.

2
17

2.
1

x
36

3
34

6.
2

11
1.

1
54

1
H

el
io

su
pi

ne
23

.8
0

39
8.

2
33

6.
2

18
1

0.
24

0.
72

93
%

10
0%

93
%

39
8.

2
22

0.
1

18
1

39
8.

2
12

0.
1

x
30

1
H

el
io

su
pi

ne
-N

-
ox

id
e

25
.6

4
41

4.
2

35
2.

2
26

1
0.

19
0.

57
90

%
96

%
98

%
41

4.
2

25
4.

1
x

30
1

41
4.

2
94

.1
56

3
H

el
io

tri
ne

15
.9

8
31

4.
2

15
6.

1
30

1
0.

24
0.

71
10

4%
10

2%
83

%
31

4.
2

13
8.

1
x

20
4

31
4.

2
94

.1
39

2
H

el
io

tri
ne

-N
-

ox
id

e
18

.9
0

33
0.

2
17

2.
1

x
28

4
0.

25
0.

76
10

2%
99

%
89

%
33

0.
2

11
1.

1
47

2
33

0.
2

80
.1

66
2

In
te

ge
rr

im
in

e
19

.9
3

33
6.

2
13

8.
1

32
1

0.
62

1.
9

81
%

92
%

10
8%

33
6.

2
12

0.
1

x
30

4
33

6.
2

94
.1

36
2

In
te

ge
rr

im
in

e-
N

-o
xi

de
21

.7
1

35
2.

2
13

6.
1

36
1

0.
65

2.
0

97
%

10
1%

81
%

35
2.

2
11

8.
1

36
5

35
2.

2
94

.1
x

42
4

In
te

rm
ed

in
e

7.
02

30
0.

2
15

6.
1

27
4

0.
16

0.
47

95
%

96
%

87
%

30
0.

2
13

8.
1

20
2

30
0.

2
94

.1
x

28
1

In
te

rm
ed

in
e-

N
-

ox
id

e
10

.7
9

31
6.

2
17

2.
1

30
4

0.
34

1.
0

10
4%

96
%

74
%

31
6.

2
13

8.
1

x
32

4
31

6.
2

94
.1

52
1

Page 7 of 20    250



Environ Monit Assess (2022) 194: 250	

1 3
Vol:. (1234567890)

Ta
bl

e 
1  

(c
on

tin
ue

d)

Py
rr

ol
iz

id
in

e 
al

ka
lo

id
Re

te
nt

io
n 

tim
e 

(m
in

)
Pr

ec
ur

so
r 

io
n 

(m
/z

)
Pr

od
uc

t i
on

 
(m

/z
)

Q
ua

nt
ifi

er
C

ol
lis

io
n 

en
er

gy
 

(e
V

)

C
el

l 
ac

ce
l. 

(V
)

LO
D

 (µ
g/

kg
)

LO
Q

 (µ
g/

kg
)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

8 
µg

/k
g)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

80
 µ

g/
kg

)

Re
co

ve
ry

 ra
te

 
(p

ol
le

n 
m

at
rix

 
20

 µ
g/

kg
)

Ja
co

bi
ne

7.
35

35
2.

2
28

0.
2

24
1

0.
75

2.
2

11
2%

10
4%

88
%

35
2.

2
15

5.
1

x
30

3

35
2.

2
77

.1
56

1
Ja

co
bi

ne
-N

-
ox

id
e

10
.5

9
36

8.
2

29
6.

2
x

24
1

0.
45

1.
4

99
%

10
1%

84
%

36
8.

2
12

0.
1

40
4

36
8.

2
94

.1
58

3
La

si
oc

ar
pi

ne
26

.4
9

41
2.

2
33

6.
2

19
2

0.
24

0.
73

93
%

10
2%

87
%

41
2.

2
22

0.
1

19
3

41
2.

2
12

0.
1

x
27

1
La

si
oc

ar
pi

ne
-N

-
ox

id
e

27
.3

0
42

8.
2

35
2.

2
24

1
0.

64
1.

9
98

%
99

%
10

4%
42

8.
2

25
4.

2
x

32
1

42
8.

2
94

.1
54

1
Ly

co
ps

am
in

e
7.

54
30

0.
2

15
6.

1
32

1
0.

13
0.

40
94

%
97

%
88

%
30

0.
2

13
8.

1
22

1
30

0.
2

94
.1

x
29

1
Ly

co
ps

am
in

e-
N

-o
xi

de
11

.4
9

31
6.

2
17

2.
1

x
30

4
0.

25
0.

74
10

1%
98

%
72

%
31

6.
2

13
8.

1
30

4
31

6.
2

94
.1

48
1

M
on

oc
ro

ta
lin

e
3.

33
32

6.
2

28
0.

2
24

1
0.

16
0.

48
10

7%
10

1%
10

8%
32

6.
2

19
4.

1
31

4
32

6.
2

12
0.

1
x

42
1

M
on

oc
ro

ta
lin

e-
N

-o
xi

de
7.

06
34

2.
2

13
7.

1
x

33
2

0.
72

2.
2

10
2%

98
%

63
%

34
2.

2
12

0.
1

39
1

34
2.

2
94

.1
56

2
Re

tro
rs

in
e

14
.1

7
35

2.
2

13
8.

1
31

2
0.

87
2.

6
95

%
99

%
86

%
35

2.
2

12
0.

1
x

32
1

35
2.

2
94

.1
36

1
Re

tro
rs

in
e-

N
-

ox
id

e
16

.8
8

36
8.

2
13

6.
1

42
1

2.
2

6.
5

97
%

97
%

81
%

36
8.

2
11

8.
1

33
1

36
8.

2
94

.1
x

52
2

250   Page 8 of 20



Environ Monit Assess (2022) 194: 250

1 3
Vol.: (0123456789)

Ta
bl

e 
1  

(c
on

tin
ue

d)

Py
rr

ol
iz

id
in

e 
al

ka
lo

id
Re

te
nt

io
n 

tim
e 

(m
in

)
Pr

ec
ur

so
r 

io
n 

(m
/z

)
Pr

od
uc

t i
on

 
(m

/z
)

Q
ua

nt
ifi

er
C

ol
lis

io
n 

en
er

gy
 

(e
V

)

C
el

l 
ac

ce
l. 

(V
)

LO
D

 (µ
g/

kg
)

LO
Q

 (µ
g/

kg
)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

8 
µg

/k
g)

Re
co

ve
ry

 ra
te

 
(fe

nn
el

 m
at

rix
 

80
 µ

g/
kg

)

Re
co

ve
ry

 ra
te

 
(p

ol
le

n 
m

at
rix

 
20

 µ
g/

kg
)

R
id

de
lli

in
e

9.
69

35
0.

2
13

8.
1

32
2

2.
6

7.
9

10
1%

97
%

89
%

35
0.

2
12

0.
1

x
32

3

35
0.

2
94

.1
44

2
R

id
de

lli
in

e-
N

-
ox

id
e

12
.3

3
36

6.
2

13
6.

1
38

2
3.

6
11

10
1%

98
%

84
%

36
6.

2
12

0.
1

x
38

3
36

6.
2

94
.1

50
2

R
in

de
rin

e-
N

-
ox

id
e

9.
98

31
6.

2
17

2.
1

x
32

3
0.

15
0.

46
94

%
95

%
78

%
31

6.
2

11
1.

1
48

2
31

6.
2

94
.1

48
2

Se
ne

ci
on

in
e

20
.3

1
33

6.
2

13
8.

1
34

1
0.

17
0.

51
98

%
10

0%
10

6%
33

6.
2

12
0.

1
x

30
2

33
6.

2
94

.1
40

1
Se

ne
ci

on
in

e-
N

-
ox

id
e

21
.8

8
35

2.
2

13
6.

1
40

1
0.

23
0.

70
96

%
98

%
81

%
35

2.
2

11
8.

1
38

1
35

2.
2

94
.1

x
51

1
Se

ne
ci

ph
yl

lin
e

15
.6

7
33

4.
2

13
8.

1
29

2
0.

82
2.

5
10

6%
10

0%
88

%
33

4.
2

12
0.

1
x

30
3

33
4.

2
94

.1
40

2
Se

ne
ci

ph
yl

lin
e-

N
-o

xi
de

19
.0

1
35

0.
2

13
6.

1
37

2
0.

49
1.

5
10

1%
10

2%
11

9%
35

0.
2

12
0.

1
40

2
35

0.
2

94
.1

x
52

3
Se

ne
ci

ve
rn

in
e

19
.4

5
33

6.
2

30
8.

1
30

1
0.

52
1.

6
10

0%
10

4%
88

%
33

6.
2

13
8.

1
34

1
33

6.
2

12
0.

1
x

32
3

Se
ne

ci
ve

rn
in

e-
N

-o
xi

de
21

.1
2

35
2.

2
13

6.
1

40
1

0.
40

1.
2

98
%

99
%

90
%

35
2.

2
11

8.
1

46
1

35
2.

2
94

.1
x

43
4

Se
nk

irk
in

e
23

.7
8

36
6.

2
16

8.
1

x
32

5
1.

3
3.

8
64

%
90

%
89

%
36

6.
2

15
0.

1
28

4
36

6.
2

12
2.

1
32

5

Page 9 of 20    250



Environ Monit Assess (2022) 194: 250	

1 3
Vol:. (1234567890)

contributions (4%) of all but two also as (free) PA 
(jacobine, retrorsine) and two of them as 7-acetyl-
PA. As can be seen from Table  3, lycopsamine and 
intermedine are characteristic for plants of groups 2, 
3, and 4, respectively, whereas plants of group 2 fea-
tured besides echimidine only lycopsamine and inter-
medine of the 42 PA included in the study.

However, commercial bee pollen samples mostly 
consist of one pool sample collected over the whole 
collection season (April to August), while our sam-
ples were pooled within a short period of ~ 14  days 
(rainy days excluded) in the end of July. Compared 
to our short sampling period during the blooming 
time of PA producers, the longer collection periods 
over 5 months in the literature study may have caused 
a dilution effect by the inclusion of daily bee pollen 
samples free of PA. Although palynological analysis 
only indicated 33 samples with PA-containing pollen 
(Fig. S2), chemical LC–MS/MS analysis verified PA 
in 52 of 57 pollen samples (91%) (Fig. 3; Table S3). 
This could be partly due to a high number of screened 
PA as well as low LOD values of ~0.1–3.5 ng/g bee 
pollen. For instance, six out of 39 bee pollen samples 
containing echinatine featured this alkaloid at lev-
els < 1 ng/g bee pollen (Table S3).

Altogether, 16 bee pollen samples exceeded ΣPA 
concentration of > 1000  ng/g bee pollen. Similarly, 
seven individual PANO and one PA (echinatine/
rinderine, both co-eluted) individually contrib-
uted > 1000  ng/g bee pollen to ΣPA (Fig.  S3). It is 
noteworthy that for the highest contaminated sample, 
echinatine-NO (23,900 ng/g bee pollen) and rinderine-
NO (19,000  ng/g bee pollen) dominated the sample 
with free echinatine/rinderine at ~ 1000 ng/g bee pol-
len (Fig.  2). Hence, free echinatine/rinderine repre-
sented only ~ 2% of the PANO level. Also, in other 
samples, free echinatine/rinderine reached only 1–7% 
of the corresponding PANO level (sum of echinatine-
NO and rinderine-NO) (Table 4; Table S3). This fur-
ther illustrated the predominant role of PANO com-
pared to PA. Apart from this group, lycopsamine-NO, 
intermedine-NO, echimidine-NO, retrorsine-NO, and 
also senecivernine-NO exceeded the 1000  ng/g bee 
pollen level in one or two samples (Fig. S3).

Echinatine-NO (n = 8) and rinderine-NO (n = 7) 
not only show the highest frequency of > 1000 ng/g 
ΣPA concentrations, but both were usually detected 
with a very constant echinatine-NO/rinderine-NO 
(E/R) ratio of close to 1 (Fig.  4). This included Ta
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all samples at ΣPA > 500 ng/g bee pollen that fea-
tured a high content of rinderine-NO compared to 
echinatine-NO. This produced strong evidence that 
both PA were co-occurring in the contaminated 
pollen and therefore originated from the same plant 
source. Interestingly, 70% of the samples featured 
both echinatine-NO and rinderine-NO on a similar 
level (except 6 samples; Table  3). These samples 
featured pollen of Solidago-/Bidens-/Eupatorium-
type. As mentioned before, these genera could not 
be distinguished by palynological analysis (see 
“Materials and methods”). Despite the equivocal 
palynological verification, coincidence of Eupa-
torium sp.–type PA and potential Eupatorium 
sp.–type pollen was striking.

Hence, we propose that echinatine-NO and rinderine-
NO, present in about the same ratio, are suitable markers 
for Eupatorium-type PA (Table 3, group 4). This classic 
distribution was modified by assigning echinatine-NO 
when predominant (absence of rinderine-NO) to group 
2 (Echium-type) (Table 3). Likewise, both lycopsamine-
NO and intermedine-NO are also belonging to groups 2, 
3, and 4.

Co-occurrence of echinatine-NO and rinderine-NO 
(Eupatorium-type) was the common case (Fig. 4). Only 
sample #25 was highly contaminated with echimidine-
NO (2290  ng ΣPA/g bee pollen), without remarkable 
amounts of rinderine-NO and other PANO character-
istics for Eupatorium-type pollen (Fig.  S4a, b). This 
pointed to the presence of Echium-type PA in sample 
#25, which was verified by palynological analysis. This 
was one of the few samples in which Echium sp. pol-
len was palynologically detected and also the one with 
the highest number of pollen of this kind (53 of 300 
counts). However, high abundance of echimidine-NO in 
sample #25 also indicated contamination by Borago sp. 
pollen (3 counts) (Tables 3 and 4). One further sample 
(#31, two Echium sp. counts) featured echimidine-NO 
at 70 ng/g bee pollen. Extrapolation of the level in sam-
ple #31 from two to 53 pollen counts (70 ng/g multi-
plied by factor 26.5) would result in an echimidine-NO 
level of ~ 1860 ng/g bee pollen, which was very similar 
to the amount in sample #25. However, other samples 
with Echium sp. counts (#44, #31, #29, #55) were low 
in or did not feature echimidine(-NO). Apparently, this 
PA was unsuited as a reliable marker for Echium sp. and 
concentrations were comparably low (echivulgarine 
(-NO) was shown to be the main alkaloid for Echium 
sp. pollen (Dübecke et al., 2011)).

All our data supports that Eupatorium sp. (group 
4) and not Echium sp. (group 2) was the predomi-
nant reason for high PA concentrations in the pre-
sent samples, due to sample collection period end 
of July. However, as already discussed, the palyno-
logical detection of Eupatorium sp. was equivocal 

Table 2   Main results of pyrrolizidine alkaloids (PA) analysis in pollen samples from 57 locations in Southern Germany sampled in 
July 2019

* Seven samples (9%) were < LOD

Positive samples Minimum ∑PA 
conc (ng/g)*

Maximum ∑PA 
conc (ng/g)

Mean ∑PA conc 
in pos. samples 
(ng/g)

Median ∑PA 
conc in pos. 
samples (ng/g)

Mean ∑PA conc 
in all samples 
(ng/g)

Median ∑PA conc 
in all samples 
(ng/g)

52 0.48 48,400 2370 93.5 2160 44

Fig. 2   Boxplot chart (created with JMP® pro 15.0) showing 
the distribution of the sum of echinatine-NO and rinderine-NO 
next to the ΣPA concentrations (ng/g)

Page 11 of 20    250



Environ Monit Assess (2022) 194: 250	

1 3
Vol:. (1234567890)

but mostly corresponding pollen was present when 
LC–MS/MS data indicated its presence. Based 
on this approach, 12 of the bee pollen samples 
with high PA content were assigned to group 4 
(Fig.  4). Furthermore, most of these samples also 
featured lycopsamine-NO at around 10% of the 

concentration of rinderine-NO (Fig.  S4a). For this 
reason, two samples also exceeded lycopsamine-NO 
levels of 1000 ng/g bee pollen ΣPA (Fig. 2).

As discussed above, most highly contaminated 
samples showed an E/R ratio close to 1 (Fig.  4). 
However, sample #12 formed an exception because 

Table 3   PA grouped to 
their botanical origin

* Eupatorium sp. pollen 
is determined within the 
group of Solidago-/Bidens-
type pollen

Group Pyrrolizidine alkaloid Necine base Esterification

Group 1 (Senecio-type) Jacobine Retronecine Cyclic
Retrorsine Retronecine Cyclic
Seneciphylline Retronecine Cyclic
Senecivernine Retronecine Cyclic
Senecionine Retronecine Cyclic
Erucifoline Retronecine Cyclic
Integerrimine Retronecine Cyclic

Group 2 (Echium-type) Echimidine Retronecine Di
Lycopsamine Retronecine Mono
Intermedine Retronecine Mono

Group 3 (Borago-type) Lycopsamine Retronecine Mono
Intermedine Retronecine Mono

Group 4 (Eupatorium-type)* Lycopsamine Retronecine Mono
Intermedine Retronecine Mono
Echinatine with rinderine Heliotridine Mono

Fig. 3   LC–MS/MS 
chromatogram (excerpt) 
showing the elution order 
of diastereomeric PA and 
PANO. Overlay of a pol-
len matrix sample spiked 
with PA calibration mix 
containing 42 PA(NO) and 
a standard solution contain-
ing rinderine, indicine, and 
their N-oxides
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it was richer in echinatine-NO (E/R ~ 4) and did not 
feature Echium sp. pollen. Instead, the Senecio-type 
PA (including senecivernine-NO and retrorsine-NO) 
were detected at much higher abundance and con-
tributed the most with 2880  ng/g bee pollen to the 
considerably high load of PA (ΣPA 3390  ng/g bee 
pollen). However, pollen of Senecio sp. could not be 
detected either in this sample (Table  4). Also, both 
PA did not play any noticeable role in other pollen 
samples (Table  S4). Furthermore, one sample (#41) 
showed an E/R ratio close to 1 but also high abun-
dance of Senecio-type PA (including senecionine-NO 
and seneciphylline-NO) with 1530  ng/g bee pollen 
(Table  S4). In this sample, Senecio sp. pollen was 
counted once. Also sample #29 showed 50% content 
of Senecio-type PA, but only one Senecio sp. pollen 
was counted (Table  4). In further six samples (#47, 
#30, #43, #45, #15, #14), Senecio sp. pollen were 
counted, but the Senecio-type PA content was com-
parably low (< 13%) as compared to ΣPA (Table 4).

Accordingly, no connection could be made 
between frequency of pollen counts and concentra-
tions of individual PA or ΣPA in the samples. As 
already discussed, the percentage of pollen from 
known PA-producing plants was only 3% in the 
samples (Fig. S2) while PA concentrations could be 
extremely high. Therefore, in agreement with the 
literature (Kast et  al., 2019), palynological analysis 
was not suited to identify samples with high PA load. 
However, the high ΣPA levels in several samples 
were alarming. For this reason, a risk assessment was 
performed.

LC–MS/MS characteristics

The analyte spectrum (42 PA and PANO, see “Mate-
rials and methods”) comprised a number of isobaric 
substances not only showing the same nominal mass 
but also exhibiting high structural similarities and 
thus sometimes even identical or at least very similar 

Fig. 4   Point chart showing 
the ratio between echinatine 
(-NO) and rinderine-NO 
(E/R) with concentrations 
(ng/g) at the top and pol-
len counts of Solidago-/
Bidens-/Eupatorium-type 
pollen at the bottom
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MS/MS fragmentation patterns (Wuilloud et  al., 
2004). Therefore, chromatographic separation was 
granted special attention during method develop-
ment to minimize possible co-elutions which bear 
the risk of erroneous peak identification. The use of 
a preferably long separation column in combination 
with a small particle size and a slow gradient elution 
profile (see “Materials and methods”) enabled chro-
matographic separation or at least partial separation 
of problematic compound groups such as the dias-
tereomeric PA intermedine, lycopsamine, echinatine, 
rinderine, and indicine, as well as their N-oxides 
(Fig.  3). Because of potential interferences with 
lycopsamine and intermedine-NO, indicine(-NO) 
was not routinely included in the calibration stand-
ards. Likewise, echinatine was chosen over rinder-
ine to be included in the calibration set as both PA 
were only partially resolved. In contrast, the method 
allowed both rinderine-NO and echinatine-NO to be 
quantitated simultaneously. Thus, samples contain-
ing rinderine had their rinderine levels determined as 
echinatine.

The presented LC–MS/MS method has to be 
understood as a target analysis technique. Therefore, 
individual PA(NO) that were not included in the cali-
bration set may go undetected by this method. This 
especially applies to PA that were not yet commer-
cially available as standards, unless they happen to 
be isobaric to analytes that were already part of the 
target method. To overcome this issue, non-target 
analysis, e.g., employing high-resolution mass spec-
trometry (LC-HRMS), could be performed if the 
corresponding more expensive instrumentation was 
on hand. In non-target mode, detection is not limited 
to a certain set of reference standards and therefore 
potentially covers all PA, regardless of their avail-
ability. However, an important advantage of target 
analysis using LC–MS/MS is its outstanding sensitiv-
ity, which is often superior to the sensitivity achieved 
with LC-HRMS systems. As the safe determination 
even of low PA(NO) levels was considered crucial 
for the intended purpose, minor drawbacks of the tar-
get analysis technique were thus deemed acceptable. 
Furthermore, regarding the separation problem of 
diastereomeric analytes, even HRMS would not have 
presented an improvement as interfering compounds 
are typically isobaric and thus pose the same problem 
regardless of the mass spectrometric resolving power.

Palynological composition

Eighty-nine genera from 43 different plant families 
were identified by means of palynological inspection 
(Table  S1), but only 3% (537 out of 17,100) of the 
inspected bee pollen grains could be traced back to 
PA-producing plants (Table  4; Fig.  S2). Altogether, 
33 samples (60%) contained pollen grains from 
known PA producers.

Pollen from Echium sp. were only present in seven 
of the present samples in this study (0.3% of all 
inspected pollen grains; Fig. S2). In addition, pollen 
of Senecio sp. were detected in 14 samples (1%) and 
Borago sp. in five samples (0.1%) (Fig. S2; Table S2). 
The highest share (1.7%) of PA-producing plants 
originated from Solidago-type and Bidens-type pollen 
(containing Eupatorium sp.) (23 samples) (Table S2).

Result comparison to previous studies

The results of palynological analysis in this study 
showed a clear dominance of Eupatorium sp. pollen in 
the samples from the end of July (Fig. S2) while a sim-
ilar study from Switzerland reported a clear dominance 
of Echium sp. among PA producers in pollen collected 
in June and a dominance of Eupatorium sp. from mid-
July to August (Kast et al., 2018). The detected Eupa-
torium sp. pollen and the collection time by the end of 
July can be compared between the samples from Ger-
many and Switzerland (Kast et al., 2018).

Predominance of PANO over free bases (96% 
vs. 4%; Table  S3) agreed with other studies of PA-
contaminated plant pollen (Bodi et al., 2014; Boppré 
et  al., 2005; Dübecke et  al., 2011). Also, the maxi-
mum ΣPA concentration of 48,400  ng/g bee pollen 
(#47) was only slightly higher than the top concen-
tration reported before in commercial pollen samples 
(38,000 ng ΣPA/g bee pollen, Dübecke et al. (2011)). 
However, the detection frequency of PA (91% posi-
tive findings) in the present samples was higher 
compared to 30–60% positive findings in previous 
commercial bee pollen investigations. This could be 
partly due to a higher number of screened PA than 
in other studies (Dübecke et al., 2011; Kempf et al., 
2010) as well as slightly lower LOD values obtained 
in the present study. Typical LOD of individual PA 
in other studies were 1–10 ng/g bee pollen (Dübecke 
et  al., 2011; Kast et  al., 2018; Kempf et  al., 2010) 
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compared to ~0.1–3.5 ng/g bee pollen in the present 
study.

Kast et  al. (2018) analyzed one daily bee pollen 
sample on most of the weeks throughout the summers 
of 2012–2014 in Switzerland (one daily sample per 
week between April and September and flower heads 
from the neighborhood). This time series also indi-
cated highest ΣPA concentrations in “Eupatorium-
type PA” pollen samples collected at the end of July 
and the beginning of August (Kast et al., 2018). How-
ever, there was one remarkable difference between 
the results of Kast et al. (2018) and the present study. 
Although ΣPA concentrations were comparable 
between both studies, the PA pattern of Eupatorium-
type pollen reported by Kast et al. (2018) was domi-
nated by intermedine-NO and lycopsamine-NO. By 
contrast, both PANO were low concentrated in our 
samples which in turn were dominated by echinatine-
NO and rinderine-NO (Table  4). Although all four 
PANO are known to occur in pollen of Eupatorium 
sp. plants (Roeder, 1995), the strikingly different 
PA patterns in the two studies from closely related 
regions were surprising. Since all four compounds 
were quantified in our samples by means of authentic 
reference standards (see “Materials and methods”), 
erroneous peak assignments could be excluded in 
our study. Compared to that, only a few PANO and 
none of the four crucial PANO were available to Kast 
et  al. (2018) as reference standards. At this point, it 
is important to note that LC–MS/MS separation of 
intermedine-NO, rinderine-NO, echinatine-NO, and 
lycopsamine-NO was reported to be challenging 
(Colegate et al., 2012). Given the fact that rinderine-
NO and echinatine-NO were not available as refer-
ence standards and a very short column (50 × 2.1 mm) 
was used by Kast et  al. (2018), we concluded that  
the colleagues actually quantified these two PANO 
but wrongly labeled them as intermedine-NO and 
lycopsamine-NO although co-elutions of stereoiso-
mers were discussed by the authors. Accordingly, a 
better resolution by LC–MS/MS and, most impor-
tantly, the availability of more reference standards in 
the present study enabled us to solve this discrepancy. 
Under this prerequisite, the highest concentrations 
of Eupatorium-type PA of 12,600  ng/g bee pollen 
reported by Kast et al. (2018) was on a similar level 
as top concentrations of 24,000  ng/g echinatine-NO 
of our samples.

Risk assessment

To assess carcinogenic effects of PA, EFSA has estab-
lished a reference point (EFSA, 2017), which results 
(by application of an MOE of 10,000) in a maximum 
recommended daily intake of 24  ng PA per kg BW 
and day for humans (BfR, 2020). Exposures below 
this dose are considered unlikely to cause deleterious 
effects. Typically, 5–10 g bee pollen (1–2 teaspoons) 
are consumed as food supplement per day. A general 
mean body weight of 75 kg and a daily intake of 10 g 
bee pollen result in a maximum recommended daily 
intake of 1800 ng ΣPA. Hence, all samples with ΣPA 
concentrations > 180  ng/g bee pollen exceeded the 
current dietary recommendations for adults. Accord-
ingly, only 33 of the 57 bee pollen samples (58%) 
showed ΣPA concentrations below the target value. 
Namely, five samples featured no PA measurable con-
centration, 16 samples featured ΣPA levels between 
0.5 and 10 ng/g, and 12 samples featured between 10 
and 160 ng/g pollen. Two bee pollen samples of the 
latter group would already exceed the maximum rec-
ommended daily intake for children (10–11 years) due 
to the lower BW of 40 kg, resulting in a safe ΣPA level 
of only 100 ng/g bee pollen (Fig. 5) (GBE, 2017). By 
contrast, 24 samples (42%) exceeded the ΣPA target 
value of 180 ng/g pollen with eight samples between 
170 and 1000 ng/g bee pollen. Remarkably, 13 sam-
ples were contaminated with 1000–10,000 ng ΣPA/g 
bee pollen and three samples even with > 10,000  ng 
ΣPA/g bee pollen which strongly exceeded the maxi-
mum recommended daily intake according to BfR 
based on a normal portion size (Fig.  5). This share 
was about twice as high as reported for commercial 
bee pollen samples from Switzerland, where one-
third of commercial samples featured PA with seven 
samples exceeding the BfR recommendations with up 
to 1.185 ng/g ΣPA (Kast et al., 2018). However, the 
samples in our study were collected within 14 days in 
July, i.e., during the most prominent flowering period 
of PA-producing plants. In comparison, commercial 
samples are frequently pools of pollen harvested dur-
ing several months, which may have a diluting effect 
on the PA pollen load. Hence, our study presents a 
worst-case scenario. However, this approach also 
made it possible to determine less abundant PA in the 
samples which might have been overlooked in other 
periods of the year. Moreover, 21% of the samples of 
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the present study showed 10 to 270 times higher ΣPA 
concentrations than recommended (BfR, 2020). Also, 
preliminary relative potency factors (REPs) are used 
to assess the risk of PA exposure, the toxic effects, 
and the potencies of various congeners. For open-
chain and cyclic diesters with 7S configuration (e.g., 
lasiocarpine), REP values of 1.0 were calculated, 
and for monoesters with 7S configuration (e.g., echi-
natine) values of 0.3, while open-chain diesters with 
7R configuration assigned values of 0.1 (e.g., echimi-
dine) and 7R monoesters 0.01 (e.g., intermedine) 
(Merz & Schrenk, 2016). The values of the N-oxides 
are related to the corresponding PA. Results of this 
study showed especially high values of echinatine-
NO, rinderine-NO, and lycopsamine-NO where the 
REP values are comparably low. PA with high REP 
values could only be detected occasionally in high 

concentrations. In summary, the consumption of 
highly PA-contaminated bee pollen on a regular basis 
may pose an increased risk of cancer or liver disease 
and is therefore discouraged. In general, PA exposure 
should be kept as low as possible, especially since the 
total exposure toward PA may be influenced by addi-
tional PA sources in human nutrition such as herbal 
teas, spices, or honey.

Conclusions

Ninety-one percent of the 57 bee pollen samples from 
different locations in Baden-Wuerttemberg featured 
PA with maximum ΣPA concentrations of 48,400 ng 
ΣPA/g bee pollen. The vast majority (96%) origi-
nated from PANO. Echinatine-NO and rinderine-NO 
showed highest concentrations of up to 23,900  ng/g 
bee pollen and were the most frequently detected 
PA in the samples collected at the end of July. About 
every third sample (20 out of 57 samples) exhibited 
ΣPA levels above the future legal maximum level of 
500 ng/g pollen. In total, 24 pollen samples exceeded 
the BfR recommendation of 180 ng/g PA. Palynologi-
cal analysis was found to be inappropriate to identify 
samples with high PA contamination.

The results of our study clearly demonstrate that 
almost half of the analyzed pollen samples from 
Southern Germany in July contained concentrations 
above the BfR recommendations. The occurrence of 
such high ΣPA concentrations could probably be min-
imized by stopping collecting bee pollen at the end of 
June (Kast et  al., 2018). Furthermore, beekeepers in 
Southern Germany should avoid as much as possible 
the presence of Eupatorium sp. in the neighborhood 
around their hives. Bee pollen samples from Swit-
zerland indicated no risk of contamination by pol-
len from Eupatorium sp. in months before July (Kast 
et al., 2018). Yet, further studies have to be conducted 
to check if this scenario can be assumed for Southern 
Germany as well. Also, commercial pollen samples 
from Germany should be examined for PA as they 
could consist pollen sampled in different months. At 
this point, bee pollen samples collected in July and 
before in Southern Germany should not be marketed 
or consumed without previous examination by means 
of LC–MS/MS analysis. The method applied in this 
study is suggested for application in order to establish 
a more robust assessment of PA content.

Fig. 5   Point chart showing the ΣPA concentrations (ng/g) 
with a potential risk according to the BfR recommendations

Page 17 of 20    250



Environ Monit Assess (2022) 194: 250	

1 3
Vol:. (1234567890)

Acknowledgements  The authors thank the volunteer bee-
keepers for collecting the pollen samples. Also, the authors are 
thankful for critical reading of the manuscript by PD. Dr. Peter 
Rosenkranz.

Author contribution  Carolin Friedle: conceptualization, meth-
odology, resources, data curation, formal analysis, visualization, 
writing – original draft, writing – review and editing; Thomas 
Kapp: methodology, data curation, analysis, writing – review and 
editing; Klaus Wallner: conceptualization, data curation, funding 
acquisition, supervision, writing – review and editing; Raghdan 
Alkattea: data curation, formal analysis, writing – review and 
editing; Walter Vetter: conceptualization, data curation, supervi-
sion, writing – review and editing.

Funding  Open Access funding enabled and organized by 
Projekt DEAL. This study was supported by the Ministry of 
Rural Areas and Consumer Protection Baden-Wuerttemberg.

Availability of data and materials  The authors confirm the 
data generated or analyzed during this study are included in 
this published article and its supplementary files. All datasets 
are also available from the corresponding author on reasonable 
request.

Declarations 

Ethics approval  The authors confirm that ethical standards 
were addressed.

Consent to participate  The authors confirm the volunteer’s 
declaration of consent.

Consent for publication  The authors confirm the volunteer’s 
consent for publication. The map generated by the State Office for 
Geoinformation and Rural Development Baden-Wuerttemberg 
and the Environmental Information System (UIS) of the LUBW 
State Institute for Environment Baden-Wuerttemberg have been 
given permission to publish by mentioning them as basic data.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 

intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Avni, D., Hendriksma, H. P., Dag, A., Uni, Z., & Shafir, S. 
(2014). Nutritional aspects of honey bee-collected pol-
len and constraints on colony development in the eastern 
Mediterranean. Journal of Insect Physiology, 69, 65–73. 
https://​doi.​org/​10.​1016/j.​jinsp​hys.​2014.​07.​001

Barth, O. M., Freitas, A., & Alemeida-Muradian, L. B. (2012). 
4. Palynological analysis of Brazilian stingless bee pot-
honey: Stingless bees process honey and pollen on ceru-
men pots. EN Vit P & Roubik DW, 1–8.

Beug, H. J. (2015). Leitfaden der Pollenbestimmung für Mit-
teleuropa und angrenzende Gebiete (2nd ed.). Dr. Friedrich 
Pfeil.

BfR. (2013). Pyrrolizidine alkaloids in herbal teas and teas - 
BfR opinion 018/2013 of July 5, 2013: Pyrrolizidinalka-
loide in Kräutertees und Tees - Stellungnahme 018/2013 
des BfR vom 5. Juli 2013.

BfR. (2014). Bestimmung von Pyrrolizidinalkaloiden (PA) in 
Pflanzenmaterial mittels SPE-LC-MS/MS: Methoden-
beschreibung: Determination of pyrrolizidine alkaloids 
(PA) in plant material using SPE-LC-MS/MS: Method 
Description.

BfR. (2020). Updated risk assessment on the content of 
1,2-unsaturated pyrrolizidine alkaloids (PA) in food: 
BfR Opinion No. 026/2020 of June 17, 2020: Updated 
risk assessment on the content of 1,2-unsaturated pyr-
rolizidine alkaloids (PA) in food: BfR Opinion No. 
026/2020 of June 17, 2020 Aktualisierte Risikobew-
ertung zu Gehalten an 1,2-ungesättigten Pyrrolizidi-
nalkaloiden (PA) in Lebensmitteln: Stellungnahme Nr. 
026/2020 des BfR vom 17. Juni 2020. https://​www.​
bfr.​bund.​de/​cm/​343/​aktua​lisie​rte-​risik​obewe​rtung-​zu-​
gehal​ten-​an-1-​2-​unges​aetti​gten-​pyrro​lizid​inalk​aloid​en-​
pa-​in-​leben​smitt​eln.​pdf. Accessed 22 Jan 2021.

Bodi, D., Ronczka, S., Gottschalk, C., Behr, N., Skibba, A., 
Wagner, M., et al. (2014). Determination of pyrrolizidine 
alkaloids in tea, herbal drugs and honey. Food Additives 
& Contaminants. Part A, Chemistry, Analysis, Control, 
Exposure & Risk Assessment, 31, 1886–1895. https://​doi.​
org/​10.​1080/​19440​049.​2014.​964337

Böhme, F., Bischoff, G., Zebitz, C. P. W., Rosenkranz, P., & 
Wallner, K. (2018). Pesticide residue survey of pollen loads 
collected by honeybees (Apis mellifera) in daily intervals at 
three agricultural sites in South Germany. PLoS One, 13, 
e0199995. https://​doi.​org/​10.​1371/​journ​al.​pone.​01999​95

Boppré, M., Colegate, S. M., & Edgar, J. A. (2005). Pyr-
rolizidine alkaloids of Echium vulgare honey found in 
pure pollen. Journal of Agricultural and Food Chemistry, 
53, 594–600. https://​doi.​org/​10.​1021/​jf048​4531

Carpes, S. T., de Alencar, S. M., Cabral, I., Oldoni, T., Mourão, 
G. B., Haminiuk, C., et  al. (2013). Polyphenols and 
palynological origin of bee pollen of Apis mellifera L. 

250   Page 18 of 20

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jinsphys.2014.07.001
https://www.bfr.bund.de/cm/343/aktualisierte-risikobewertung-zu-gehalten-an-1-2-ungesaettigten-pyrrolizidinalkaloiden-pa-in-lebensmitteln.pdf
https://www.bfr.bund.de/cm/343/aktualisierte-risikobewertung-zu-gehalten-an-1-2-ungesaettigten-pyrrolizidinalkaloiden-pa-in-lebensmitteln.pdf
https://www.bfr.bund.de/cm/343/aktualisierte-risikobewertung-zu-gehalten-an-1-2-ungesaettigten-pyrrolizidinalkaloiden-pa-in-lebensmitteln.pdf
https://www.bfr.bund.de/cm/343/aktualisierte-risikobewertung-zu-gehalten-an-1-2-ungesaettigten-pyrrolizidinalkaloiden-pa-in-lebensmitteln.pdf
https://doi.org/10.1080/19440049.2014.964337
https://doi.org/10.1080/19440049.2014.964337
https://doi.org/10.1371/journal.pone.0199995
https://doi.org/10.1021/jf0484531


Environ Monit Assess (2022) 194: 250

1 3
Vol.: (0123456789)

from Brazil. Characterization of polyphenols of bee pol-
len. CyTA - Journal of Food, 11, 150–161. https://​doi.​org/​
10.​1080/​19476​337.​2012.​711776

Colegate, S. M., Stegelmeier, B. L., & Edgar, J. A. (2012). 
Dietary exposure of livestock and humans to hepatotoxic 
natural products. In J. Fink-Gremmels (Ed.), Animal feed 
contamination: Effects on livestock and food safety (pp. 
352–382, Woodhead Publishing series in food science, 
technology and nutrition, no. 215). Cambridge, UK, Phil-
adelphia: Woodhead Publishing Limited.

DIN 32654. (2008). Chemical analysis - Decision limit, detection 
limit and determination limit under repeatability conditions - 
Terms, methods, evaluation. Beug Verlag, Berlin. https://​doi.​
org/​10.​31030/​14654​13

Drummond, F. A., Ballman, E. S., Eitzer, B. D., Du Clos, B., & 
Dill, J. (2018). Exposure of honey bee (Apis mellifera L.) 
colonies to pesticides in pollen, A statewide assessment in 
Maine. Environmental Entomology, 47, 378–387. https://​
doi.​org/​10.​1093/​ee/​nvy023

Dübecke, A., Beckh, G., & Lüllmann, C. (2011). Pyrrolizidine 
alkaloids in honey and bee pollen. Food Additives & Con-
taminants. Part A, Chemistry, Analysis, Control, Exposure 
& Risk Assessment, 28, 348–358. https://​doi.​org/​10.​1080/​
19440​049.​2010.​541594

Edgar, J. A., Colegate, S. M., Boppré, M., & Molyneux, R. J. 
(2011). Pyrrolizidine alkaloids in food: A spectrum of 
potential health consequences. Food Additives & Contami-
nants. Part A, Chemistry, Analysis, Control, Exposure & 
Risk Assessment, 28, 308–324. https://​doi.​org/​10.​1080/​
19440​049.​2010.​547520

EFSA. (2011). Scientific opinion on pyrrolizidine alkaloids in 
food and feed. EFSA Journal. https://​doi.​org/​10.​2903/j.​
efsa.​2011.​2406

EFSA. (2017). Risks for human health related to the presence 
of pyrrolizidine alkaloids in honey, tea, herbal infusions 
and food supplements. EFSA Journal. European Food 
Safety Authority, 15, e04908. https://​doi.​org/​10.​2903/j.​
efsa.​2017.​4908

European Commission. (2020). COMMISSION REGULATION 
(EU) 2020/2040 of 11 December 2020 amending Regula-
tion (EC) No 1881/2006 as regards maximum levels of pyr-
rolizidine alkaloids in certain foodstuffs.

Feás, X., Vázquez-Tato, M. P., Estevinho, L., Seijas, J. A., & 
Iglesias, A. (2012). Organic bee pollen: Botanical ori-
gin, nutritional value, bioactive compounds, antioxidant 
activity and microbiological quality. Molecules (Basel, 
Switzerland), 17, 8359–8377. https://​doi.​org/​10.​3390/​ 
molec​ules1​70783​59

Federal Institute for Pharmaceuticals and Medical Products. 
(2016). Announcement to check the content of pyrrolizidine 
alkaloids to ensure the quality and safety of medicinal prod-
ucts that contain herbal substances or herbal preparations 
or homeopathic preparations made from herbal raw mate-
rials as active ingredients: Bekanntmachung zur Prüfung 
des Gehalts an Pyrrolizidinalkaloiden zur Sicherstellung 
der Qualität und Unbedenklichkeit von Arzneimitteln, die 
pflanzliche Stoffe bzw. pflanzliche Zubereitungen oder 
homöopathische Zubereitungen aus pflanzlichen Aus-
gangsstoffen als Wirkstoffe enthalten.

Food and Drug Administration. (2001). Safety alerts & adviso-
ries - FDA advises dietary supplement manufacturers to 

remove comfrey products from the market. Center for Food 
Safety and Applied Nutrition. https://​www.​fda.​gov/​food/​
guida​nce-​docum​ents-​regul​atory-​infor​mation-​topic-​food-​
and-​dieta​ry-​suppl​ements/​dieta​ry-​suppl​ements-​guida​nce-​
docum​ents-​regul​atory-​infor​mation. Accessed 11 Mar 2021.

Friedle, C., Wallner, K., Rosenkranz, P., Martens, D., & 
Vetter, W. (2021). Pesticide residues in daily bee pol-
len samples (April–July) from an intensive agricul-
tural region in Southern Germany. Environmental Sci-
ence and Pollution Research. https://​doi.​org/​10.​1007/​
s11356-​020-​12318-2

GBE. (2017). Average body size of the population (height in m, 
weight in kg). Structural characteristics: Years, Germany, 
age, gender: Durchschnittliche Körpermaße der Bevölkerung 
(Größe in m, Gewicht in kg). Gliederungsmerkmale: Jahre, 
Deutschland, Alter, Geschlecht. https://​www.​gbe-​bund.​de/​gbe/​
pkg_​isgbe5.​prc_​menu_​olap?p_​uid=​gast&p_​aid=​54890​293 
&p_​sprac​he=​D&p_​help=​3&p_​indnr=​223&p_​indsp=​&p_​
ityp=​H&p_​fid=. Accessed 14 Apr 2021.

Gottschalk, C., Huckauf, A., Dübecke, A., Kaltner, F.,  
Zimmermann, M., Rahaus, I., et al. (2018). Uncertainties 
in the determination of pyrrolizidine alkaloid levels in 
naturally contaminated honeys and comparison of results 
obtained by different analytical approaches. Food Addi-
tives & Contaminants. Part A, Chemistry, Analysis, Con-
trol, Exposure & Risk Assessment, 35, 1366–1383. https://​
doi.​org/​10.​1080/​19440​049.​2018.​14689​29

Hartmann, T., & Toppel, G. (1987). Senecionine n-oxide, the pri-
mary product of pyrrolizidine alkaloid biosynthesis in root 
cultures of Senecio vulgaris. Phytochemistry, 26, 1639–1643. 
https://​doi.​org/​10.​1016/​S0031-​9422(00)​82261-X

Kakar, F., Akbarian, Z., Leslie, T., Mustafa, M. L., Watson, J., 
van Egmond, H. P., et  al. (2010). An outbreak of hepatic 
veno-occlusive disease in Western Afghanistan associ-
ated with exposure to wheat flour contaminated with pyr-
rolizidine alkaloids. Journal of Toxicology, 2010, 313280. 
https://​doi.​org/​10.​1155/​2010/​313280

Kaltner, F., Rychlik, M., Gareis, M., & Gottschalk, C. (2020). 
Occurrence and risk assessment of pyrrolizidine alka-
loids in spices and culinary herbs from various geo-
graphical origins. Toxins, 12, 155. https://​doi.​org/​10.​3390/ 
​toxin​s1203​0155

Kast, C., Kilchenmann, V., Reinhard, H., Bieri, K., & Zoller, 
O. (2019). Pyrrolizidine alkaloids: The botanical ori-
gin of pollen collected during the flowering period of 
Echium vulgare and the stability of pyrrolizidine alka-
loids in bee bread. Molecules (Basel, Switzerland). 
https://​doi.​org/​10.​3390/​molec​ules2​41222​14

Kast, C., Kilchenmann, V., Reinhard, H., Droz, B., Lucchetti, 
M. A., Dübecke, A., et  al. (2018). Chemical fingerprint-
ing identifies Echium vulgare, Eupatorium cannabinum 
and Senecio spp. as plant species mainly responsible for 
pyrrolizidine alkaloids in bee-collected pollen. Food Addi-
tives & Contaminants. Part A, Chemistry, Analysis, Con-
trol, Exposure & Risk Assessment, 35, 316–327. https://​
doi.​org/​10.​1080/​19440​049.​2017.​13784​43

Kempf, M., Heil, S., Hasslauer, I., Schmidt, L., von der Ohe, 
K., Theuring, C., et al. (2010). Pyrrolizidine alkaloids in 
pollen and pollen products. Molecular Nutrition & Food 
Research, 54, 292–300. https://​doi.​org/​10.​1002/​mnfr.​
20090​0289

Page 19 of 20    250

https://doi.org/10.1080/19476337.2012.711776
https://doi.org/10.1080/19476337.2012.711776
https://doi.org/10.31030/1465413
https://doi.org/10.31030/1465413
https://doi.org/10.1093/ee/nvy023
https://doi.org/10.1093/ee/nvy023
https://doi.org/10.1080/19440049.2010.541594
https://doi.org/10.1080/19440049.2010.541594
https://doi.org/10.1080/19440049.2010.547520
https://doi.org/10.1080/19440049.2010.547520
https://doi.org/10.2903/j.efsa.2011.2406
https://doi.org/10.2903/j.efsa.2011.2406
https://doi.org/10.2903/j.efsa.2017.4908
https://doi.org/10.2903/j.efsa.2017.4908
https://doi.org/10.3390/molecules17078359
https://doi.org/10.3390/molecules17078359
https://www.fda.gov/food/guidance-documents-regulatory-information-topic-food-and-dietary-supplements/dietary-supplements-guidance-documents-regulatory-information
https://www.fda.gov/food/guidance-documents-regulatory-information-topic-food-and-dietary-supplements/dietary-supplements-guidance-documents-regulatory-information
https://www.fda.gov/food/guidance-documents-regulatory-information-topic-food-and-dietary-supplements/dietary-supplements-guidance-documents-regulatory-information
https://www.fda.gov/food/guidance-documents-regulatory-information-topic-food-and-dietary-supplements/dietary-supplements-guidance-documents-regulatory-information
https://doi.org/10.1007/s11356-020-12318-2
https://doi.org/10.1007/s11356-020-12318-2
https://www.gbe-bund.de/gbe/pkg_isgbe5.prc_menu_olap?p_uid=gast&p_aid=54890293&p_sprache=D&p_help=3&p_indnr=223&p_indsp=&p_ityp=H&p_fid=
https://www.gbe-bund.de/gbe/pkg_isgbe5.prc_menu_olap?p_uid=gast&p_aid=54890293&p_sprache=D&p_help=3&p_indnr=223&p_indsp=&p_ityp=H&p_fid=
https://www.gbe-bund.de/gbe/pkg_isgbe5.prc_menu_olap?p_uid=gast&p_aid=54890293&p_sprache=D&p_help=3&p_indnr=223&p_indsp=&p_ityp=H&p_fid=
https://www.gbe-bund.de/gbe/pkg_isgbe5.prc_menu_olap?p_uid=gast&p_aid=54890293&p_sprache=D&p_help=3&p_indnr=223&p_indsp=&p_ityp=H&p_fid=
https://doi.org/10.1080/19440049.2018.1468929
https://doi.org/10.1080/19440049.2018.1468929
https://doi.org/10.1016/S0031-9422(00)82261-X
https://doi.org/10.1155/2010/313280
https://doi.org/10.3390/toxins12030155
https://doi.org/10.3390/toxins12030155
https://doi.org/10.3390/molecules24122214
https://doi.org/10.1080/19440049.2017.1378443
https://doi.org/10.1080/19440049.2017.1378443
https://doi.org/10.1002/mnfr.200900289
https://doi.org/10.1002/mnfr.200900289


Environ Monit Assess (2022) 194: 250	

1 3
Vol:. (1234567890)

Kempf, M., Wittig, M., Schönfeld, K., Cramer, L., Schreier, 
P., & Beuerle, T. (2011). Pyrrolizidine alkaloids in food: 
Downstream contamination in the food chain caused by 
honey and pollen. Food Additives & Contaminants. Part 
A, Chemistry, Analysis, Control, Exposure & Risk Assess-
ment, 28, 325–331. https://​doi.​org/​10.​1080/​19440​049.​
2010.​521771

Mărgăoan, R., Mărghitaş, L. A., Dezmirean, D. S., Dulf, F. V., 
Bunea, A., Socaci, S. A., et al. (2014). Predominant and 
secondary pollen botanical origins influence the carot-
enoid and fatty acid profile in fresh honeybee-collected 
pollen. Journal of Agricultural and Food Chemistry, 62, 
6306–6316. https://​doi.​org/​10.​1021/​jf502​0318

Martinello, M., Cristofoli, C., Gallina, A., & Mutinelli, F. 
(2014). Easy and rapid method for the quantitative deter-
mination of pyrrolizidine alkaloids in honey by ultra per-
formance liquid chromatography-mass spectrometry: An 
evaluation in commercial honey. Food Control, 37, 146–
152. https://​doi.​org/​10.​1016/j.​foodc​ont.​2013.​09.​037

Merz, K. -H., & Schrenk, D. (2016). Interim relative potency 
factors for the toxicological risk assessment of pyr-
rolizidine alkaloids in food and herbal medicines. Toxicol-
ogy Letters, 263, 44–57. https://​doi.​org/​10.​1016/j.​toxlet.​
2016.​05.​002

Morais, M., Moreira, L., Feás, X., & Estevinho, L. M. (2011). 
Honeybee-collected pollen from five Portuguese Natural 
Parks: Palynological origin, phenolic content, antioxidant 
properties and antimicrobial activity. Food and Chemi-
cal Toxicology : An International Journal Published for 
the British Industrial Biological Research Association, 49, 
1096–1101. https://​doi.​org/​10.​1016/j.​fct.​2011.​01.​020

Orantes-Bermejo, F. J., Serra Bonvehí, J., Gómez-Pajuelo, A., 
Megías, M., & Torres, C. (2013). Pyrrolizidine alkaloids: 

Their occurrence in Spanish honey collected from purple 
viper’s bugloss (Echium spp.). Food Additives & Contam-
inants. Part A Chemistry, Analysis, Control, Exposure & 
Risk Assessment, 30, 1799–1806. https://​doi.​org/​10.​1080/​
19440​049.​2013.​817686

Roeder, E. (1995). Medicinal plants in Europe containing pyr-
rolizidine alkaloids. Die Pharmazie, 50(2), 83–98.

Smith, L. W., & Culvenor, C. C. J. (1981). Plant sources of 
hepatotoxic pyrrolizidine alkaloids. Journal of Natural 
Products, 44(2), 129–152.

Taha, E. -K. A., Al-Kahtani, S., & Taha, R. (2019). Protein 
content and amino acids composition of bee-pollens 
from major floral sources in Al-Ahsa, eastern Saudi Ara-
bia. Saudi Journal of Biological Sciences, 26, 232–237. 
https://​doi.​org/​10.​1016/j.​sjbs.​2017.​06.​003

Traynor, K. S., Pettis, J. S., Tarpy, D. R., Mullin, C. A., Frazier, 
J. L., Frazier, M., et  al. (2016). In-hive pesticide expo-
some: Assessing risks to migratory honey bees from in-
hive pesticide contamination in the Eastern United States. 
Scientific Reports, 6, 33207. https://​doi.​org/​10.​1038/​ 
srep3​3207

Wuilloud, J. C. A., Gratze, S. R., Gamble, B. M., & Wolnik, 
K. A. (2004). Simultaneous analysis of hepatotoxic 
pyrrolizidine alkaloids and N-oxides in comfrey root 
by LC-ion trap mass spectrometry. The Analyst, 129, 
150–156. https://​doi.​org/​10.​1039/​b3110​30c

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

250   Page 20 of 20

https://doi.org/10.1080/19440049.2010.521771
https://doi.org/10.1080/19440049.2010.521771
https://doi.org/10.1021/jf5020318
https://doi.org/10.1016/j.foodcont.2013.09.037
https://doi.org/10.1016/j.toxlet.2016.05.002
https://doi.org/10.1016/j.toxlet.2016.05.002
https://doi.org/10.1016/j.fct.2011.01.020
https://doi.org/10.1080/19440049.2013.817686
https://doi.org/10.1080/19440049.2013.817686
https://doi.org/10.1016/j.sjbs.2017.06.003
https://doi.org/10.1038/srep33207
https://doi.org/10.1038/srep33207
https://doi.org/10.1039/b311030c

	High abundance of pyrrolizidine alkaloids in bee pollen collected in July 2019 from Southern Germany
	Abstract 
	Introduction
	Materials and methods
	Chemical reagents
	Sample collection
	Sample preparation
	LC–MSMS analysis of pyrrolizidine alkaloids
	Palynological analysis

	Results and discussion
	Pyrrolizidine alkaloids detected by LC–MSMS
	LC–MSMS characteristics
	Palynological composition
	Result comparison to previous studies
	Risk assessment

	Conclusions
	Acknowledgements 
	References


