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ABSTRACT

Silybum marianum (L.) Gaertn. (milk thistle) is plant species that has been utilized principally for medicinal
purposes for more than 2000 years. Recently it was proposed for biomass production in marginal environ-
ments, but vegetative biomass compositional analyses had not been available so far. The study of plant mor-
phology and biomass composition was conducted on three different S. marianum accessions grown under
open field conditions. The results indicate that plant morphological traits show major differences between
accessions: this suggests that the available natural variability can be further utilized in order to develop
improved S. marianum cultivars. Biomass compositional analysis shows that extractives, ash, lignin and
cellulose content are comparable to other herbaceous bioenergy crops and that these traits display only lim-
ited variability in the studied accessions. Hemicellulose fraction is composed only by xylans and its content
appears averagely lower in comparison to other herbaceous biomasses. Interestingly, in S. marianum biomass
total nitrogen content is lower if compared to other herbaceous species. The possible involvement of this
specific biomass trait in S. marianum nitrogen utilization efficiency has to be further investigated.
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INTRODUCTION

Silybum marianum (L.) Gaertn. (Asteraceae,
common name: milk thistle) is an annual or biannu-
al species native to southern Europe, Asia Minor and
northern Africa [Morazzoni and Bombardelli 1995].
The species has been utilized mainly for medicinal
purposes for more than 2000 years due to the medici-
nal properties of the bioactive flavonolignans (referred
to as silymarin) contained in the fruit [Morazzoni and
Bombardelli 1995]. At present, S. marianum is still
grown as a medicinal plant in Europe and Asia [Estaji
et al. 2011, 2016, Andrzejewska et al. 2015] and it is
between the most marketed officinal species in differ-
ent countries [ISMEA report 2013, Smith et al. 2016].
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From an agronomic perspective, the species is
characterized by significant fruit and vegetative bio-
mass yield under both Mediterranean and semiar-
id conditions [Sulas et al. 2008, Andrzejewska et al.
2011, Ledda et al. 2013, Afshar et al. 2015, Domin-
guez et al. 2017a], also the possible utilization of the
different feedstock obtainable from this species has
recently been reviewed [Andrzejewska et al. 2015].

In S. marianum, areal biomass productivity can
greatly vary depending on applied growing conditions.
Dominguez et al. [2017a] reported a 1.4 Mg ha™! pro-
ductivity in a heavy metals contaminated site during
an extremely dry growing season. Nevertheless, under
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these limiting growth conditions, S. marianum showed
the higher biomass productivity in comparison to the
other tested specie. Afshar et al. [2015] studied S. mar-
ianum biomass productivity under different irrigations
regimes and reported a productivity of 6.8-8 Mg ha™:
they concluded that this species might be considered for
biomass production in semiarid regions. Under more
favourable agronomic conditions, a vegetative biomass
productivity ranging between 13.7 and 20 Mg ha™! was
described [Sulas et al. 2008, Ledda et al. 2013].

In the next future, the diversification of available
bioenergy crops will likely represent a prime aspect to
allow the increase of world bioenergy production there-
by minimizing the competition with food and feed pro-
ductions [Somerville et al. 2010]. Due to its adaptability
to marginal environments, S. marianum lignocellulosic
biomass was tested for biogas and bioenergy production
with interesting results [Kalamaras and Kotsopoulos
2014, Dominguez et al. 2017a, b].

Despite the increasing interest in S. marianum as
a multipurpose crop suitable for lignocellulose pro-
duction, a detailed biomass compositional analysis of
this species is still not available.

In the present study, the plant morphology and the
compositional analysis of the vegetative biomass ob-
tained from three different S. marianum accessions
will be described. This in order to provide valuable
information about this novel bioenergy crop and to in-
form about the naturally occurring variability present
within the species for biomass traits.

MATERIALS AND METHODS

Plant material. The milk thistle accessions G15
and G20 were collected in Germany and obtained
from the Institute for Agrobotany (Nébih, Tapioszele,
Hungary; FAO code HUNO0O03). Accession G23 was
a wild genotype sampled in locality Pelago (Flo-
rence, Italy).

Plants were sown under open field condition at
Budrio (Bologna, Italy) experimental farm at the be-
ginning of October 2014. The three accessions were
sown following a randomized complete block design
with three repetitions. Each repetition was composed
of a 2 m single row of 10 plants (along the row dis-
tance 20 cm; between row distance 3 m). Plants were
fertilized with 50 kg ha' of nitrogen (applied as
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urea) in February at vegetative stage — BBCH growth
stage 39 [Martinelli et al. 2015].

Morphologic measurements and areal biomass har-
vest were performed at the end of the growth cycle
(BBCH growth stage 89; June 2015) on three cen-
tral plants of each plot. The measurements were per-
formed as follows: plant height refers to the maximum
plant height; central head height refers to the height
of central head, and this is usually shorter than flow-
er heads on side branches; lower branch height refers
to the distance from the ground of the insertion point
of the lower second order branch on the main stem,;
number of side branches refers to the total number of
second order side branches; main stem diameter was
measured 2 cm above ground level; heads number re-
fers to the total number of flower heads on a single
plant; fruit harvest index was calculated as the fraction
of fruit dry mass over total areal dry biomass. As for
biomass sampling, defoliated dry stems were sampled
and stored at room temperature before analyses.

Biomass analysis. The compositional analysis of
vegetative biomass was performed according to the
method proposed by the National Renewable Energy
Laboratory (NREL) [Sluiter et al. 2010] with some
modifications [Martinelli 2019]. In particular, Klason
lignin and structural carbohydrates determination was
downscaled according to Ibafiez and Bauer [2014]
for 50 mg samples and extractives determination was
modified as proposed by Kuchelmeister and Bauer
[2015]. After biomass acid hydrolysis with sulphuric
acid, HPLC determination of soluble sugars was per-
formed according to Sluiter et al. [2010] exception
made for the utilization of a Low-Temperature Evapo-
rative Light-Scattering Detector (LT-ELSD; Sedex 85,
Sedere, Alfortville, France) for sugars quantification.
In order to avoid the interference of the sulphuric acid
with the LT-ELSD detector, sample desulphatation was
carried out before the analyses according to Wathelet
et al. [2004]. Briefly, 0.6 cm® DEAE Sephadex A-25
resin was loaded into a microcolumn (8 mm internal
diameter). The resin was equilibrated at pH 5.6 with
30 cm?® of 25 mmol acetate buffer. Thereafter, 0.2 cm? of
hydrolyzate was loaded. The desulphated sample was
recovered by adding 1 cm® of deionized water to the
microcolumn for two consecutive times (sample dilu-
tion into the column 1/10). Just before HPLC analysis,
raffinose was added to the sample as internal standard
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in order to control LT-ELSD signal stability between
subsequent analyses. Total C, N and H determinations
were performed with a Truspec CHN Analyzer (Leco,
Saint Joseph, Michigan. U.S.) on completely dry plant
material. Protein content was calculated multiplying
total nitrogen content by 6.25 [Merrill and Watt 1973].
Soluble lignin content was measured at 240 nm uti-
lizing an absorptivity of 25 dm® g' cm™ [Sluiter et
al. 2010]. The entire biomass analytical procedure was
further validated utilizing wheat straw analytical stan-
dard (National Institute of Standards and Technology.
U.S., prod. n°® 8494).

Calorimetric analysis. Gross calorific value (GCV)
was measured with the aid of a C 2000 basic calo-
rimeter (IKA-Werke, Germany) using the isoperibolic
25°C method according to manufacturer instructions.
As a reference substrate for instrument calibration,
benzoic acid tablets were utilized. Measurements were
performed using 0.5 g of dry S. marianum biomass
contained in C 12 combustion bags (IKA-Werke, Ger-
many) with known GCV.

Statistical analysis. Analysis of variance was per-
formed using SPSS 17.0 software (IBM, USA) and

Tukey’s HSD post hoc test was performed in order to
identify significant differences between accessions.
The coefficient of variation (CV) was calculated as the
standard deviation divided by the mean.

RESULTS

Plant morphology. Statistically significant differ-
ences were recorded for all the observed morpholog-
ical traits except for main stem diameter and heads
number (Tab. 1). The average main stem diameter was
36.25 mm and heads number per plant was 21.19 un-
der the applied growing conditions. Plant height mea-
surements highlighted that accession G15 and G20
showed taller plants if compared to accession G23.
On the contrary, central head and lower branch height
was higher in accession G20 if compared with acces-
sions G20 and G15. In S. marianum, the average plant
height, central head height and lower branch height
were 228.17, 186.89 and 87.33 cm, respectively. Ac-
cession G15 showed a higher number of side branches
when compared with accession G23. On average 8.61
side branches per plant were measured. Fruit harvest

Table 1. Plant morphology of three different Silybum marianum accessions

S marianum Plant Central head Lower branch ~ Main stem N° side Heads Fruit harvest

éccessions height height height diameter branches number index
(cm) (cm) (cm) (mm) (n® plant’l) (n° plant’l) (g g’l)

Accession G15  238.83 a* 179.33 b 82.50b 40.11 950 a 22.44 0.14b
+SD  +10.10 +15.01 +4.44 +4.32 +0.71 +5.21 +0.03
Accession G20 244.17 a 203.50 a 100.83 a 35.28 8.67 ab 19.22 021 a
+SD +9.75 +6.06 +8.81 +4.01 +0.76 +4.35 +0.01

Accession G23  201.50 b 177.83 b 78.67b 33.36 7.67b 21.89 0.19 ab
+SD +7.57 +4.07 +1.61 +4.19 +0.29 +2.22 +0.02

P value <0.01 <0.05 <0.01 ns <0.05 ns <0.05

Average

S. marianum 228.17 186.89 87.33 36.25 8.61 21.19 0.18
+SD  £23.25 +14.41 +11.85 +3.48 +0.92 +1.72 +0.03

CV  10.19% 7.71% 13.57% 9.59% 10.66% 8.13% 18.93%

SD — standard deviation; CV — coefficient of variation; ns — not significant; * letters indicate statistically significant differences between

accessions (p < 0.05, n=3)
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index highlights the proportion of areal biomass allo-
cated to fruit production. Interestingly, fruit harvest
index ranged between 0.21 and 0.14 showing the
higher value in accession G20 and the lower one in
accession G15 (Tab. 1).

The observed CV ranged between 7.71 and 18.93%
for the different traits. The higher CVs were ob-
served for fruit harvest index and branch height; on
the contrary, the less variable trait was the central
head height (Tab. 1).

Biomass composition. In S. marianum, the bio-
mass compositional analysis highlighted an average
content of 140.0 £15.1, 66.2 +5.6, 20.6 +4.1 g kg
DW (£SD) for extractives, ash and protein, respective-
ly. Insoluble lignin averagely represents 175.1 £7.9 g
kg DW of total S. marianum biomass and the aver-
age soluble lignin content was 37.8 +1.3 g kg' DW
(£SD). On average, glucose units represent the 334.8
+4.4 g kg' DW (£SD) of the total biomass. Xylose is
the only sugar present in hemicellulose fraction rep-

resenting the 120.4 4.9 g kg™! DW (£SD) of the total
S. marianum biomass.

As for the differences between accessions, statis-
tically significant differences were measured for ex-
tractives, proteins, soluble lignin and insoluble lignin
(Fig. 1). Accession G15 showed the higher extractives
content and, together with accession G23, the high-
er protein content. Accession G23 also presents the
lower extractives and higher insoluble lignin content.
On the contrary, accession G20 showed the lower
insoluble lignin content that is counterbalanced by
a higher soluble lignin content (Fig. 1).

Elemental analysis indicates that S. marianum bio-
mass contains 3.3, 462.8 and 54.8 g kg! DW of nitro-
gen, carbon and hydrogen, respectively (Tab. 2). Sig-
nificant differences between accessions were observed
for all the analysed elements.

As for biomass compositional traits variability,
nitrogen and extractives showed the higher CV with
201.2 and 108.2 g kg™! DW, respectively. On the con-

400
ns
350 +
]
300 +
= 250 -
a
T
o |
_‘:o 200 5 ab |, a
ab ]
150 + % b ns
100 -
ns
50 A b aab
a b a
Extractives Ash Protein  Insoluble  Soluble Glucose Xylose
lignin lignin
Oacc. G15 Oacc. G20 M acc. G23

Fig. 1. Silybum marianum biomass compositional analyses of three different accessions (light grey, accession G15; white,
accession G20; dark grey, accession G23). All the results are presented as g kg ' of total biomass dry weight. When visible
error bars represent standard deviation (n = 3). For each analysed trait, letters indicate statistically significant differences
between accessions (p < 0.05) according to Tukey’s HSD test; ns — not significant
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Table 2. Elemental analyses and gross calorific value of biomass from three Silybum marianum accessions

S. marianum Total nitrogen Total carbon Total hydrogen Gross calorific value
accessions (gkg ' DW) (gkg ' DW) (gkg ' DW) (kI g' DW)
Accession G15 3.6 a" 4578 b 539b 17.83

+SD +0.6 +4.8 +0.4 +0.10
Accession G20 25b 467.7 a 553 a 17.96
+SD +0.1 +3.1 +0.4 +0.22
Accession G23 37a 463.0 ab 55.1a 18.24
+SD +0.2 +2.6 +0.3 +0.25

P value <0.01 <0.05 <0.01 ns

Average

S. marianum 33 462.8 54.8 18.01
+SD +0.7 +4.9 +0.7 +0.21
(0% 20.12% 1.07% 1.29% 1.17%

SD — standard deviation; CV — coefficient of variation; ns — not significant;  letters indicate statistically significant differences between

accessions (p < 0.05, n = 3)

trary, the most stable trait was total carbon content that
shows a CV of only 10.7 g kg™! DW.

GCV presents no differences between accessions
and is 18.01 kJ g! DW on average for S. marianum
biomass (Tab. 2).

DISCUSSION

Accessions G15, G20 and G23 were previously
evaluated for a wide set of fruit phenotypic traits and
were shown to belong to different phylogenetic groups
[Martinelli et al. 2016]. Therefore, these three S. mari-
anum accessions have been selected in order to initial-
ly explore the natural variability present in this species
also for biomass traits.

Regarding morphology, the observed dissimilar-
ities indicate major differences in plant architecture
between the three accessions. In specific, the observed
variation in agronomically important traits, such as
harvest index, lower branch insertion height and plant
height, is of interest for the design S. marianum ideo-
types suitable either for biomass or fruit production
and more adaptable to crop mechanization procedures.

https://czasopisma.up.lublin.pl/index.php/asphc

As for previously reported morphometric measure-
ments of S. marianum plants, Ledda et al. [2013] re-
ported comparable average results for plant height,
number of side branches/stalks, and number of heads
in a Sardinian ecotype. On the contrary, Ram et al.
[2005] and Shokrpour et al. [2011] detected signifi-
cantly lower values indicating a wide phenotypic vari-
ability related to both plant genotype and environmen-
tal conditions.

The knowledge of biomass structure is important
information in order to evaluate its possible utiliza-
tion for biofuel and chemicals production [Sorek et al.
2014, Williams et al. 2017]. Ultimate and proximate
analysis of S. marianum biomass was previously per-
formed [Sulas et al. 2008, Ledda et al. 2013, Domin-
guez et al. 2017b], but at present biomass composi-
tional analysis according to NREL analytical proce-
dure is not available for S. marianum.

In agreement with Martinelli [2019], S. marianum
stem biomass is mainly composed of cellulose which
represents ca 33.5% of total biomass. This data is com-
parable to the average cellulose content of biomasses
originating from herbaceous crops like corn stover,
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switchgrass, sugar cane bagasse and from the phylo-
genetically related species Cynara cardunculus [Wil-
liams et al. 2017, Gominho et al. 2018]. Hemicellulose
content is apparently lower in S. marianum than in
other herbaceous crops [Williams et al. 2017, Gomin-
ho et al. 2018]. In specific, C. cardunculus stalks were
described to have a xylose content ranging between
12.1 and 27% with an average of 16.8% [Gominho
et al. 2018]. This comparatively low hemicellulose
content might be of interest in biomass fermentation
processes because not all the organisms commercial-
ly utilized for this process are able to utilize pentose
sugars [Sorek et al. 2014]. S. marianum ash content
is similar to corn stover, Sorghum and mixed grasses
but higher that Miscanthus and sugar cane bagasse
[Williams et al. 2017]. Biomass ash content can
significantly change as a consequence of fertiliza-
tion strategy and due to possible soil contamination
during harvest procedures. In a previous report, Led-
da et al. [2013] reported an ash content of 9.6% for
S. marianum stems therefore showing a higher con-
tent in comparison to the here reported S. marianum
average (6.62%).

Despite the significant differences highlighted be-
tween the analysed S. marianum genotypes, the ob-
served low CVs suggest only limited possibility for
genetic improvement of biomass compositional traits
based on conventional breeding. The most variable
trait is protein/nitrogen content that therefore rep-
resents an aspect that could possibly be taken into
consideration for further genetic improvement of this
species [Estaji et al. 2016]. As for the biomass nitro-
gen content, Ledda et al. [2013] described stem nitro-
gen content of 0.5%, with a value apparently lower
than the other tested species. On the contrary, Domin-
guez et al. [2017b] described a 1.32% nitrogen con-
tent taking into consideration both stems and leaves.
The here reported 0.33% average N content for
S. marianum biomass is lower that the data report-
ed for other herbaceous species and similar to Mis-
canthus biomass N content [Williams et al. 2017].
Also C. cardunculus displays higher stem N content
with values ranging between 0.7 and 1.5% (aver-
age content 0.98%) [Gominho et al. 2018]. The here
observed comparatively low biomass S. marianum
N concentration together with the previously de-
scribed significant total biomass productivity [Sulas
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et al. 2008, Andrzejewska et al. 2011, Ledda et al.
2013, Afshar et al. 2015, Dominguez et al. 2017a]
might result in comparatively high nitrogen utiliza-
tion efficiency in this species with a possible positive
impact on biomass productivity under minimal nutri-
ent inputs [Jakubowski et al. 2017].

Silybum marianum biomass displays a lignin con-
tent similar to other herbaceous bioenergy crops. Nev-
ertheless, a slightly higher insoluble lignin content
was observed in comparison to C. cardunculus stalks,
this means a content ranging between 13.3 and 17.1%
with an average of 15.35% [Gominho et al. 2018].

The here reported average GCV of 18.01 kJ g DW!
is higher than previously reported results which de-
scribed values ranging between 14.8 and 16.2 kJ g DW!
for total biomass and of 16.7 kJ g DW! for stems only
[Sulas et al. 2008, Ledda et al. 2013, Dominguez et
al. 2017a]. Biomass GCV is positively correlated with
total C content [Toscano and Foppa Pedretti 2009].
Therefore, the comparatively high GCV is probably
related to the reported total C biomass content that
is higher if compared to previously published results
[Ledda et al. 2013].

CONCLUSIONS

Plants morphological traits highlight major differ-
ences between accessions indicating that the observed
differences might be exploited in order to design
S. marianum ideotypes that are both more suited
for fruit or vegetative biomass production and more
adaptable to mechanization.

Biomass compositional analysis shows that ex-
tractives, ash, lignin and cellulose content are compa-
rable to average values reported for other herbaceous
bioenergy crops and that these traits display only lim-
ited variability between the studied accessions. As for
hemicellulose fraction, this is composed only by xy-
lans and its content appears lower in comparison to
other herbaceous biomasses.

Interestingly, S. marianum biomass N concentra-
tion is comparatively low and shows variability be-
tween the studied accessions highlighting possibil-
ity for the further genetic improvement of this trait.
The possible contribution of this specific biomass trait
to the overall S. marianum nitrogen utilization effi-
ciency has to be further investigated.
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