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Abstract

Previous studies of Eurasian tundra reindeer (Rangifer tarandus tarandus) in
Norway indicate that their rumen microbiota play a key role in degrading lichen
secondary metabolites. We investigated the presence of usnic acid and atranorin
in faecal samples from Svalbard reindeer (R. tarandus platyrhynchus). Samples
were collected in Bolterdalen valley together with vegetation samples from the
study site. The mesic tundra in this area was dominated by vascular plants (59 %
of vegetation cover). Bryophytes (16%) and lichens (25%) were also present.
Qualitative and quantitative analyses of usnic acid and atranorin in lichen and
faeces samples were performed using high-performance liquid chromatogra-
phy. Contents of atranorin averaged 12.49 + 0.41 mg g in the thalli of Stereo-
caulon alpinum, while the average level of usnic acid was lowest in Cladonia mitis
(12.75 = 2.86 mg g') and highest in Flavocetraria cucullata (34.87 + 0.47 mg g™').
Atranorin and usnic acid were detected in the faecal samples, averaging 0.41 +
0.53 and 0.74 + 1.11 (mean + SD) mg g~' dry matter, respectively. The presence
of lichen secondary compounds in faeces from Svalbard reindeer shows that
lichens are indeed included in their diet, although probably in small amounts
because of depleted pastures. Contrary to previous findings in reindeer on
mainland Norway, atranorin and usnic acid are not completely degraded or
absorbed in Svalbard reindeer. To elucidate the mechanisms behind detoxifi-
cation of lichen secondary compounds in reindeer, more research is needed on
their respective rumen microbiomes and digestive enzymes.
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Introduction

Lichens are associations between fungi and algae or
cyanobacteria and are hence chemically and structurally
very different from vascular plants. Lichens synthesize
and accumulate a large variety of secondary metabolites
(Orange et al. 2001) that serve diverse functions, includ-
ing defence against herbivory and microbes. Perhaps the
most studied of these secondary compounds are usnic acid
and atranorin (Cocchietto et al. 2002; Honda et al. 2010;
White et al. 2014). Atranorin (3-hydroxy-4-methoxy-
carbonyl-2,5-dimethylphenyl; C H ,0,) is a B-orcinol

derivative biosynthesized through the acetyl-polymalo-
nyl pathway (Studzinska-Sroka et al. 2017). Usnic acid
(2,6-diacetyl-7,9-dihydroxy-8,9b-dimethyl-1,3(2H,9b-
H)-dibenzo-furandione; C H,0.) is a yellow pigment,
which occurs in two enantiomeric forms (Ingo6lfsdottir
2002). Both substances are insoluble in water. Solubility
is weak in methyl and ethyl alcohol, but both compounds
dissolve very well in acetone and chloroform (Stark et al.
1950; Podterob 2008). The process of usnic acid hydroly-
sis is not known, whereas the atranorin hydrolysis takes
place after application of water acidified to pH 2 with HCI
and heated for one day at 60°C (Bourgeois et al. 1999).
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Incomplete degradation of lichen usnic acid and atranorin

Total degradation of the usnic acid is known to occur
under extreme conditions after the use of strong bases or
acids and long-term heating at high temperature (Shoji
1962). Absorbing and protecting the lichen from UV radi-
ation, atranorin and usnic acid are completely resistant
to UV radiation (BeGora & Fahlset 2000, 2001). There
are no studies so far on the microbial degradation process
of these substances in nature, apart from in the diges-
tive system of ruminants (Palo 1993; Sundset et al. 2008;
Barboza et al. 2010; Sundset et al. 2010; Glad et al. 2014;
Sundset et al. 2015). Laboratory studies have shown that
the bacteria Pseudomonas sp. (Kutney, Leman et al. 1977),
the mould fungus Mucor globosus (Kutney et al. 1984) and
the soil fungus Mortierella isabellina (Kutney, Baarschers
et al. 1977) can take part in the decomposition of usnic
acid derivatives.

Data regarding usnic acid degradation or absorption
are limited, although the liver toxic effect in humans is
well known. Many in vitro studies have described the
mechanism of usnic acid toxicity as the uncoupling of
oxidative phosphorylation in liver mitochondria (Aratdjo
et al. 2015), but information on usnic acid pharmacoki-
netics in the living organism is scarce. Some experiments
on rabbits indicate that mean terminal half-life of usnic
acid level in plasma was 18.9 + 2.9 hours after oral admin-
istration (Krishna & Venkataramana 1992). No informa-
tion exists on the in vivo metabolism of usnic acid; only
some in vitro studies on human liver fraction suggest the
presence of oxidized metabolites and two glucuronide
conjugates after incubation (Foti et al. 2008). Recent
results on human, rat and mouse microsomes in vitro
indicated that usnic acid was converted into two reactive
metabolites, which formed adducts with glutathione, and
suggested a possible structure of the metabolites (Piska
et al. 2018). Further experiments are needed to explain
the metabolic fate of usnic acid in the living organism.

Both atranorin and usnic acid are known for their
antiviral, antimicrobial and antiprotozoal properties and
their importance in chemical ecology by demonstrating
lichen—-microbe, lichen—plant and lichen—-animal interac-
tions (Ingdlfsdottir 2002). Lichens are the only organisms
able to synthesize usnic acid (Ingdlfsdottir 2002), while
atranorin can also be found in two bryophytes, the tropi-
cal species Frullania trichodes (Ragasa et al. 2016) and the
Eurasian range species Homalia trichomanoides (Wang et al.
2005), and some tropical trees (de Carvalho et al. 2000;
Nasser et al. 2009). None of the above species is present
in Svalbard. In the Arctic, the only known sources of both
compounds are terricolous and fruticose lichens (Table 1).

Atranorin is antibacterial, but its toxicity has not been
shown in animal models so far (De Melo et al. 2011),
while usnic acid can be toxic to both animals and humans
(Dailey et al. 2008) and even lethal in high doses, as
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shown for sheep (Durazo et al. 2004). Still lichens may
contribute more than 50% of the winter diet of reindeer
in Subarctic and Arctic areas where lichens are an abun-
dant part of the vegetation (Borch-Iohnsen et al. 1996;
Svihus & Holand 2000; Storeheier et al. 2002; Denryter
etal. 2017). It is not fully understood how reindeer cope
with such high intakes of lichen secondary compounds.
There may be several answers to this, but studies so far
have indicated that usnic acid and other phenolic sec-
ondary compounds are detoxified through microbial
degradation in the rumen (Sundset et al. 2009). In addi-
tion, endogenous enzymes in the intestine and/or the
liver of the animal may also contribute to detoxification.
However, if not degraded or only partly degraded, and
not absorbed, the secondary compounds will appear in
the faeces. In general, lichens are low in proteins but
contain large amounts of polysaccharides and are eas-
ily digested by reindeer, as long as the rumen microflora
has had time to adapt to the substrate (Storeheier et al.
2002). The bacterial and archaeal profiles in the rumen
and cecum of Eurasian tundra reindeer (Rangifer tarandus
tarandus) in Norway change significantly in response to
a pure lichen diet compared to a concentrate reindeer
feed (Salgado-Flores et al. 2016). The ability of reindeer
to utilize lichens as a source of energy and nutrients
indicates that the rumen microflora must have adapted
both resistance to and even enzymes to degrade usnic
acid and other secondary phenolic compounds in the
lichens (Sundset et al. 2015). This hypothesis is sup-
ported by studies indicating that the rumen microbiota
in reindeer play a key role in detoxifying usnic acid (Palo
1993; Sundset et al. 2008; Sundset et al. 2010; Glad et al.
2014). Furthermore, Sundset et al. (2010) demonstrated
the complete degradation of usnic acid in the rumen
of lichen-fed reindeer in Norway, documenting a very
efficient rumen microbial degradation of this lichen

Table 1 Macrolichens in the study area showing presence (+) of the sec-
ondary metabolites (atranorin and usnic acid) (Olech et al. 2011; Wegrzyn
etal. 2013; Wegrzyn et al. 2016; Ziaja et al. 2016).

Species of macrolichens Atranorin  Usnic acid
Cladonia amaurocraea (Florke) Schaer. +
Cladonia gracilis (L.) Willd. +

Cladonia macroceras (Delise) Hav.

Cladonia mitis Sandst. +
Cladonia pleurota (Flérke) Schaer. +
Cladonia rangiferina (L.) Weber ex Wigg. +

Cladonia uncialis (L.) Wigg. +
Flavocetraria cucullata (Bellardi)

Karnefelt & Thell *
Flavocetraria nivalis (L.) Karnefelt & Thell +
Stereocaulon alpinum Laur. +
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secondary compound in these animals, with no usnic
acid appearing in their liver or faeces.

Despite their ingestion, lichens are not essential to
the survival of reindeer as not all populations of reindeer
have access to lichens as part of their natural diet. On
the Svalbard tundra, the presence of fruticose lichens has
decreased with the increase in the number of reindeer
(Wegener et al. 1992; Wegener & Odasz-Albrigtsen 1998).
Comparative studies of the conservation of tundra plant
communities in Serkapp Land and Kaffigyra, both on the
island of Spitsbergen, showed that Svalbard reindeer eat
mainly Flavocetraria nivalis, F. cucullata and Cladonia mitis.
Svalbard reindeer do not feed on Cetrariella delisei, which
means that its contribution in tundra plant communities
in Svalbard increases significantly (Wegrzyn et al. 2013;
Wegrzyn & Wietrzyk 2015; Ziaja et al. 2016, Wegrzyn
et al. 2016).

The Svalbard reindeer (R. tarandus platyrhynchus) is the
most northerly herbivorous mammal in the world. They
have been isolated and resident at the archipelago of Sval-
bard (74-81°N) for thousands of years (Van der Knaap
1986; Tyler 1986; Reimers 2012) and are adapted to aus-
tere nutritional conditions (Hakala et al. 1986; Tyler 1986;
Solberg et al. 2001; Bjorkvoll et al. 2009; Hansen et al.
2010). During the short Arctic summer, Svalbard rein-
deer feed on a lush tundra vegetation of vascular plants,
including grasses, herbs, sedges and deciduous shrubs in
the lowland plains and valleys, to accumulate fat for the
winter (Reimers 1982; Tyler 1986; Staaland et al. 1993;
Henriksen et al. 1997; Sermo et al. 1999; Lindner 2003;
Bjorkvoll et al. 2009). These body reserves are usually
exhausted in early winter and for the rest of the win-
ter the reindeer rely on pastures along mountain slopes,
plateaus and ridges where less snow accumulates (Tyler
1986; Bjarkvoll et al. 2009). The winter diet consists of
bryophytes and fibrous vascular plants (Sermo et al.
1999; Bjorkvoll et al. 2009). Optimal utilization of these
poor-quality, fibrous forages is crucial for survival through
the long, cold winter. Svalbard reindeer have adapted a
unique rumen microbiome that is unusually effective in
degrading cellulose and plant biomass (Orpin et al. 1985;
Sundset et al. 2007; Sundset et al. 2009; Pope et al. 2012).

The aim of this study was to investigate whether Sval-
bard reindeer are capable of degrading lichen secondary
compounds such as usnic acid and atranorin. Do Svalbard
reindeer seek and eat terricolous and fruticose lichens—
the only sources of these two substances in Svalbard—
despite their low coverage, and are they able to degrade
these lichen secondary compounds—or do they appear in
their faeces?

This research was carried out in three stages: (1) the
quantitative proportion of fruticose lichens in the tundra
ecosystem grazed by reindeer in the Borteldalen valley in
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Svalbard was determined by using phytosociological meth-
ods (Braun-Blanquet 1964); (2) fruticose lichens occurring
in the research area were collected and analysed to deter-
mine their concentration of atranorin and usnic acid; and
(3) reindeer faeces samples occurring in the research area
on the transect were collected and analysed to determine
their concentration of atranorin and usnic acid.

Our hypothesis is that the relatively low abundance of
lichens in Svalbard has reduced the capacity of Svalbard
reindeer to metabolize atranorin and usnic acid compared
to populations with access to abundant lichens in their
environments. Therefore, we will detect atranorin and
usnic acid in the faeces of reindeer in our study.

Material and methods

Fieldwork

The fieldwork was conducted in Bolterdalen in July and
August 2015. This valley (78°08'28.6”, N 16°00°13.8") is
located in central Spitsbergen about 10 km east of Long-
yearbyen. Twenty-eight sampling sites were designated
along the transect running through the valley (Fig. 1). The
sample sites were located on the eastern hillside at heights
ranging between 150 and 250 m a.s.l. At each sampling site
(10 m x 10 m), all reindeer faecal material was collected
and divided into three separate samples for chemical anal-
yses. Along the transect, in the selected sites of faeces col-
lection, 1 m? plots were designated to map the vegetation
of the study area. Plot sites were selected in accordance
with the phytosociological methodology (Braun-Blanquet
1964), with the objective of capturing the species diversity
of the habitat. Within plots, the species of vascular plants,
bryophytes and lichens and their percentage cover were
obtained. Ten plots were analysed. Vegetation data were
calculated according to the Braun-Blanquet scale (Braun-
Blanquet 1964). Fruticose lichens were collected from the
plots to determine usnic acid and atranorin contents in the
lichen thallus. The small amounts of lichens in the study
area (which were heavily grazed by reindeer) made it diffi-
cult to collect all studied lichen species in all sampling sites.
Altogether, seven samples of the fruticose lichen were col-
lected: three individual samples of C. mitis, one sample of
F cucullata, one sample of F. nivalis (containing usnic acid)
and three samples of Stereocaulon alpinum (containing atra-
norin). The lichen specimens of each species were divided
into three separate samples for chemical analyses. All
samples were air-dried and packed in sealed plastic bags.

Chemical analyses

The quantity of atranorin and usnic acid in the faecal and
lichen samples was examined according to the method
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Fig. 1 Map of study area showng the location of Adventdalen (A) and Bolterdalen (B) (© Norwegian Polar Institute 2016).

described by Manojlovic et al. (2010), with a minor mod-
ification. The modification to the method was that the
mobile phase proportion was changed from 80:20 to
85:15, which gave better peak separation in the chroma-
tograms. The analysis was performed by using a Dionex
high-performance liquid chromatography (HPLC) system
with a C-18 column (5 pm, 250 mm x 4.6 mm) and a C-18
precolumn (5 pm, 10 mm x 4 mm) at 25°C. The mobile
phase featured water with 1% 0.IN H,PO, (v/v) (A) and
methanol (B), A:B 15:85. The sample injection volume
was 20 pl and the flow rate was 1.0 ml/min. The task was
performed with a photodiode array detector set at 250 nm.

To prepare stock standard solutions for the calibration
curve, 5 mg of standard atranorin (Chromadex) and (+)-
usnic acid (Sigma-Aldrich) was dissolved in 5 ml chlo-
roform. The appropriate volumes were transferred to
volumetric flasks and diluted with the same solvent to
give working standard solutions of the concentrations:
1, 0.5, 0.25, 0.125 and 0.0625 mg ml™. Each concentra-
tion was analysed in triplicate in the conditions described
above to obtain a calibration curve.

Samples of the reindeer faeces and lichen material,
previously dried at room temperature for seven days,
were ground in a mortar. From each sample, an amount
of 100 mg was used for extraction with HPLC grade
chloroform (10 ml) in a water bath (90°C) under reflux
for one hour. The extracts were transferred to a 10-ml
volumetric flask. Volumes of 1.5 ml were filtered through
a 0.45-pm micropore membrane into HPLC vials for
analysis. Atranorin and usnic acid were identified by
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comparing retention times with that of the reference
compounds and the amounts were quantified by integrat-
ing peak area with the reference to the standard curve.

Statistical analyses

The Braun-Blanquet method (Braun-Blanquet 1964)
was used to characterize vegetation in the Bolterdalen
valley. This method involves making a series of 1-m?
phytosociological plots (divided into 100 squares, each
10 cm x 10 cm), within which the species numbers and
percentage cover of species of vascular plants, bryophytes
and lichens are obtained. One square corresponds to 1%
cover of each taxon (Table 2). The synthetic table of veg-
etation in Bolterdalen valley was created based on data
from plots. For each species the stability value was deter-
mined, which is the ratio within which species were pres-
ent in all plots. It was calculated to specify the percentage
of sampling sites in which the species were recorded.

Results

Study area vegetation

Table 2 shows the list of recorded species with the degree
of coverage and stability of each taxon. Vegetation was
represented by mesic tundra dominated by vascular plants
(59% of vegetation cover), mainly dwarf shrubs such as
Dryas octopetala, Cassiope tetragona and Salix polaris. Bryo-
phytes (16% of vegetation cover) and lichens (25% of
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Table 2 Synthetic table of vegetation showing the species coverage according to the Braun-Blanquet scale: ris 0.1%; + is 0.5%; 1 is < 5%; 2 is 5-25%; 3 is
25-50%; 4 is 50-75%; 5 is 75—-100% and stability of each taxon (percentage of sampling sites in which species were recorded): | is 0-20%; Il is 20-40%; Il is
40-60%; IV is 60—-80%; V is 80—100% (Braun-Blanquet 1964). For lichens, the morphological form of thallus is indicated: C is crustose, Fr is fruticose, Fo is
foliose and S is squamulose.

Species Plot numbers

1 2 3 4 5 6 7 8 9 10 Stability

Vascular plants
Dryas octopetala
Salix polaris
Bistorta vivipara
Poa alpina var. vivipara
Cassiope tetragona
Luzula confusa
Cerastium arcticum

+ =+ o+ =W
+ o+ + =+ WN
+ + o+ =
-+ =N =W
- S S NN WW

=+ 2NN W

N N Iy

+ =+ N W

S = N - W
- = 4+ 4+

+ o+

Cerastium regelii
Cochlearia groenlandica r r r I
Oxyria digyna
Draba alpina r 1 + Il
Saxifraga caespitosa +
Saxifraga cernua

Saxifraga hieracifolia + +
Draba lactea

+

w
+
+

+

+
+

Festuca rubra + +

Pedicularis dasyantha +

Saxifraga oppositifolia +
Bryophytes

Sanionia uncinata 1

Aulacomnium turgidum

Ditrichum flexicaule

+
+

~ 4
o oA
- +
- +

+

Dicranum scoparium
Tritomaria quinquedentata
Scorpidium scorpioides
Hygrohypnum alpestre
Timmia norvegica r
Dicranum laevidens r
Lophozia badensis
Racomitrium lanuginosum
Syntrichia ruralis
Bartramia ithyphylla
Ptilidium ciliare + 1
Racomitrium ericoides + r
Barbilophozia kunzeana +
Blepharostoma trichophyllum +

Lichens
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1
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Stereocaulon alpinum Fr
Collema ceraniscum C
Ochrolechia frigida
Protopannaria pezizoides C
Cladonia pyxidata Fr
Cladonia macroceras Fr r
Cetrariella delisei Fr r + +

—
N
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(Continued)
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Species Plot numbers
1 2 3 4 5 6 7 8 9 10 Stability
Peltigera venosa Fo 3 1 2 + + + + \%
Peltigera didactyla Fo 2 + + + 1 1 1 \Y
Cladonia mitis Fr + + + + + Il
Psoroma hypnorum C + + + r + 11
Peltigera leucophlebia Fo + + 1 Il
Cladonia coccifera SIFr r + + Il
Flavocetraria cucullata Fo + + + Il
Flavocetraria nivalis Fo + + I
Caloplaca tiroliensis C r r I
Caloplaca ammiospila C r r I
Solorina crocea Fo r r I
Biatora subduplex C r + |
Lecidea ementiens C r I
Arthrorhaphis alpina C + I
Polyblastia shaereriana C + |
Rinodina turfacea C r I

vegetation cover) comprised less of the vegetation cover
than vascular plants (Table 2).

Among the lichens, the crustose and foliose species
were dominant. Foliose species such as Peltigera venosa and
crustose species such as Collema ceraniscum and Ochrolechia
frigida were the main components of biological soil crusts.
Fruticose lichens, for example, F nivalis, F. cucullata and
C. mitis, occurred rarely. S. alpinum, C. delisei and C. mac-
roceras were the only fruticose species present in all plots
(Table 2). Of the above-mentioned species, S. alpinum had
the highest percentage cover.

Determination of usnic acid and atranorin
contents in lichens

Four lichen species were studied for secondary compounds
(Table 3). Stereocaulon alpinum was chosen as the main
source of atranorin because of its relatively high occur-
rence in the study area (Table 2). The mean content of
atranorin in thalli of S. alpinum was 12.49 mg g (Table 3).
Of the three lichen species containing usnic acid, the high-
est mean content (34.87 mg g') was detected in F. cucullata
(Table 3), an intermediate content was detected in F. nivalis
(24.23 mg g') and the lowest content was found in the
thalli of C. mitis (12.75 mg g!; Table 3).

Detection of usnic acid and atranorin in
reindeer faeces

Both lichen secondary metabolites, usnic acid and atra-
norin, were detected in the majority of the reindeer
faeces samples collected (Table 4). Atranorin was detected
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Table 3 Average content of usnic acid and atranorin (mg g'), with SD, in
lichen samples collected in the study area.

Species n Average SD
Usnic acid

Cladonia mitis 9 12.75 2.86
Flavocetraria cucullata 3 34.87 0.47
Flavocetraria nivalis 3 24.23 0.85
Atranorin

Stereocaulon alpinum 9 12.49 0.405

in 21 (75%) of the samples (n = 28), while usnic acid was
detected in 19 samples (68%). Five samples contained
neither atranorin nor usnic acid (Table 4). In addition
to these latter samples, atranorin was absent from a fur-
ther five samples and usnic acid was absent from a fur-
ther two samples. Atranorin content varied between 0.05
and 1.81 mg g”!, and usnic acid varied between 0.04 and
4.17 mg g™'. The mean content of usnic acid (0.74 mg g™')
calculated for 28 samples was almost double that of the
mean atranorin levels (0.41 mg g™').

Discussion

This study demonstrates that both usnic acid and atra-
norin are excreted in the faeces of free-ranging Svalbard
reindeer (Table 4). This is consistent with our hypothe-
sis that the studied lichen substances are not completely
degraded in the digestive tract of Svalbard reindeer.
Previous studies of usnic acid digestion conducted on
Eurasian tundra reindeer in Norway in controlled feeding
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Table 4 The average content of usnic acid and atranorin (mg g'), with
SD, in reindeer faeces at different sampling sites (see Fig. 1).

Sampling N Atranorin Usnic acid
sites

Average SD Average SD
1 3 1.8 0.014 0.112 0.008
2 3 1.22 0.049 0.337 0.02
3 3 1.22 0.062 0.225 0.027
4 3 0.335 0.015 1.25 0.078
5 3 0 0 0.3 0.046
6 3 0.065 0.007 1.15 0.074
7 3 0.55 0.019 0 0
8 3 0.157 0.022 3.8 0.158
9 3 0.08 0.007 1.52 0.391
10 3 0 0 4.02 0.211
11 3 1.07 0.05 2.25 0.205
12 3 0.07 0.009 0.08 0.01
13 3 0.685 0 1.46 0.072
14 3 1.05 0.017 0.077 0
15 3 0 0 0.063 0.02
16 3 0.245 0.008 1.28 0.085
17 3 1.58 0.02 0.109 0.022
18 3 0.334 0.01 0.353 0.039
19 3 0.116 0.005 0.09 0.01
20 3 0 0 0 0
21 3 0 0 0 0
22 3 0 0 0 0
23 3 0 0 0 0
24 3 0 0 0 0
25 3 0.067 0.015 1.98 0.266
26 3 0 0 0.057 0.015
27 3 0.545 0.014 0.073 0.015
28 3 0.269 0.026 0 0

experiments, in which the animals were fed a pure lichen
diet, showed that usnic acid was completely degraded in
the rumen, while perlatolic acid was still appearing in
their faeces (Sundset et al. 2010). Joo et al. (2014) cre-
ated a length-heterogeneity database based on potential
food sources and faecal samples from free-ranging Sval-
bard reindeer on summer pasture to investigate their for-
age preferences. Using length—heterogeneity polymerase
chain reaction on faecal samples, they found that lichens
(Stereocaulon sp. and Ochrolechia sp.) contributed to 20%
of the “peak area” in 2012 and 7% in the 2011 samples,
while plants such as Salix polaris and Saxifraga oppositi-
folia contributed the most. The incomplete degradation
of atranorin and usnic acid by Svalbard reindeer shown
here demonstrates that Svalbard reindeer are indeed eat-
ing lichens, which contain these secondary metabolites,
although their intake must be low on account of the scar-
city of lichens on their feeding grounds. This is confirmed
by our phytosociological survey (Table 2), which shows
that lichens were only a small part of plant communities,
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most likely because of the heavy grazing pressure in
the area by reindeer (Wegener et al. 1992; Wegener &
Odasz-Albrigtsen 1998; Wegrzyn et al. 2013; Wegrzyn
et al. 2016). The results obtained for the pasture coverage
of fruticose lichens containing usnic acid and atranorine
in tundra communities give incomplete knowledge about
the actual amount of lichen consumed by the reindeer.
Information on the biomass intake of each plant would
be better; however, in the field conditions, when exam-
ining free-living animals, the biomass parameter of each
of the fractions (lichens, bryophytes and vascular plants)
remains to be determined. While data on rumen contents
(Bjorkvoll et al. 2009) may offer some insights, it must be
noted that these results do not allow a reasonable estima-
tion of biomass intake of plant fractions as plant degrada-
tion is not uniform across species.

Our study (Table 3) furthermore demonstrates that
usnic acid (24.23 mg g') concentration in F nivalis sam-
pled in the study area is lower than those reported from
Kongsfjorden in north-western Spitsbergen. Bjerke et al.
(2004) found the average content of usnic acid in the F niv-
alis thallus, where it was 60.3 mg g'. Comparing different
areas, Bjerke et al. (2005) also found somewhat variable
usnic acid concentrations: 53 mg g in Kangerlussuaq
(western Greenland), 52.8 mg g in Tromse (northern
Norway), 52.4 mg g in Punta Arenas (southern Chile)
and 51.1 mg g in Ny-Alesund (Svalbard). These results
are also high in relation to our results from Bolterdalen,
Svalbard. The variability in the concentration of usnic acid
in the thallus is correlated with climatic factors (Bjerke
2004), with the coldest regions having the highest levels.
Additional, positive correlations with altitude were found
in one lichen study (Bjerke et al. 2004), but these were
probably related to lower temperatures at higher altitudes.
Such an explanation of the differences in the content of
usnic acid in other studies agrees with the amounts that
have been obtained in the thalli from the Bolterdalen val-
ley, which is located in the warmest region of Spitsbergen.

The lichen diet used in the Sundset et al. study (2010)
was dominated by C. stellaris and contained 9.1 mg g™ in
dry matter. The usnic acid values obtained for C. mitis,
F. nivalis and F. cucullata in the current study are much
higher (Table 3). The concentration of atranorin in
Stereocaulon sp. from boreal woodland and tundra in
Alaska (Falk et al. 2008) was only around 4.84 mg g,
which is much lower compared to our Svalbard samples.
It is striking that secondary metabolites were recorded in
the faeces of our Svalbard reindeer despite the low cover-
age of lichens in the tundra.

We hypothesize that the low lichen input in Svalbard
reindeer creates low exposure of the rumen microflora to
these antibiotic secondary compounds, which means less
evolutionary pressure for the microbiome to adapt coping

(page number not for citation purpose)



Incomplete degradation of lichen usnic acid and atranorin

mechanisms such as resistance and utilization and detox-
ification of these dietary antinutrients. This may result in
reduced degradation of secondary metabolites by the gut
microbes (or endogenous enzymes, if present) and might
explain the excretion of undigested or absorbed second-
ary compounds with the faeces. This mechanism would
also account for the lack of secondary metabolites in the
faeces of reindeer in mainland Norway fed with a pure
lichen diet in the Sundset et al. study (2010).

The absence of atranorin and/or usnic acid in some of
the samples (Table 4) may be due to several factors, includ-
ing lichen avoidance by reindeer and different stages of
usnic acid degradation in the rumen of certain reindeer
connected with different accessibility to lichen secondary
compounds by microbial community or seasonal changes
in diet selection. The faecal samples were not collected fresh
straight after defecation. However, secondary lichen com-
pounds are only dissolved in aromatic solvents like acetone,
toluene and benzene. Rain and snow have not dissolved or
washed out these metabolites from the faecal material and
have not lowered their concentration in our samples.

Storeheier et al. (2002) reported the medium range of
digestibility of different lichen species in ruminal inoculum
in vitro to be between 41 and 78%, while Sundset et al.
(2010) reported the digestibility of lichens eaten by rein-
deer to amount to approximately 74%. This indicates that
the total digestion of lichens may also influence the digest-
ibility of secondary metabolites inside the lichen thalli. This
may be associated with the accessibility of lichen second-
ary compounds deposited in lichen thalli to degradation
by rumen microbiota. In the study conducted by Sundset
et al. (2010), a diet of mainly C. stellaris was used to feed
the reindeer. This lichen species does not have a typical
cortex layer and usnic acid is deposited outside loose med-
ullary fungal hyphae (Smith et al. 2009). The access to
the usnic acid for the rumen microbes may consequently
be quicker with C. stellaris compared to species from the
Flavocetraria genus, in which usnic acid is mainly depos-
ited in a cortex composed of dense conglutinated hyphae
(Kdrnefelt et al. 1994; Wegrzyn et al. 2013), which might
make it less digestible. Previous studies have shown that
the rumen microbiome of the Svalbard reindeer is unique
and different from that of the Norwegian reindeer (Orpin
etal. 1985; Sundset et al. 2007; Pope et al. 2012). The geo-
graphical isolation of Svalbard’s reindeer population might
explain the loss of symbiotic rumen microorganisms and
the reason for not allowing full degradation of usnic acid as
observed in the mainland reindeer population. Our results
indicate differences in secondary compound degradation
between Norwegian (Sundset et al. 2010) and Svalbard
reindeer. Finding the explanation to this phenomenon
requires further research into their respective microbiomes
and digestive enzymes.
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