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Abstract. This study provides the results of the developmental biology of the highly rare
and endangered moss species Bruchia vogesiaca (recorded in less than 30 localities in the
Northern Hemisphere, mainly western, central, and southwestern Europe). The aim of
the study was to achieve the fully developed gametophyte and to propagate it for the
purpose of conservation, reintroduction, and introduction to potential habitats free from
xenic contamination. These gametophytes will be used for the study of genetics and
genomics of this species. The micropropagation of B. vogesiaca was successfully applied
on BCD medium supplemented with 0.1 mM BA and on BCD supplemented with 0.3 mM
IBA and 0.3 mM BA for numerous gametophore production. The highest production of
secondary protonema was achieved on MS/2 S/2 medium enriched with 0.1 or 0.3 mM
IBA and 0.3 mM BA. Rather successfully applied micropropagation of this threatened
moss species enables better knowledge of its biology and is of great value for its
conservation biology and developmental research. Chemical names used: indole-3-
butyric acid (IBA), N6-benzyladenine (BA), Murashige and Skoog medium (MS).

Culturing plant tissues and organs under
axenic conditions was first established and
profitably used in bryophytes (mosses, liver-
worts, and hornworts), especially mosses (Lal,

1984; Servettaz, 1913). Since then, compara-
tively little work has been carried out using
bryophytes. Just a few mosses have been used to
investigate the plant growth regulators influence
on their development in vitro [e.g., Funaria
hygrometrica Hedw. and Physcomitrella
patens (Hedw.) Bruch & Schimp., both from
Funariales (Bijelović et al., 2004)]. Von
Schwartzenberg (2009) reported bryophytes
as interesting model systems in plant growth
regulation research not only because they
have simple organ structure, but also because
they respond to many plant growth regula-
tors. Not all tested bryophyte species react
the same way to exogenously applied stimuli
(i.e., growth regulators; Sabovljević et al., 2003;
Vujičić et al., 2012). Mosses provide excel-
lent and very convenient material for in vitro
culture and they are very good experimental

models for studies on basic molecular, cytolog-
ical, and developmental plant biology (Duckett
et al., 2004; Gonzales et al., 2006). However,
axenic cultures of bryophytes are rather hard to
establish and maintain (Sabovljević et al.,
2003), especially those with unknown biology
(Rowntree et al., 2011).

The moss Bruchia vogesiaca Schwägr.
(Bruchiaceae) is recorded in the Northern
Hemisphere (western Europe, North America,
and China) in less than 30 localities (Weddeling
et al., 2005). The distribution is rather frag-
mented and concentrated in the hilly belt of
central, western, and southwestern Europe (like
in southwest France; up to the alpine zone in
more Atlantic situations, like in Portugal). Out
of Europe, it has been collected few times in the
United States: New York and New Hampshire
(Rushing, 1986) and only once in China: Fujian
(Cao and Gao, 1988) and none of these has
been recently confirmed. B. vogesiaca is ex-
tremely rare in Europe. It is listed in national
red lists and red data books as well as in the
European level as an endangered species
(European Committee for Conservation of
Bryophytes, 1995) and it is reported in the
annex II of the European Habitat directive.
In Germany and Austria, it is considered as
extinct (Grims and Köckinger, 1999; Ludwig
et al., 1996), as vulnerable in Iberian Peninsula
(Sérgio et al., 2006), and as endangered in
France (Deperiers, 2000). Recently, it was
newly recorded in England (Holyoak,
2007). Also, natural hybrids of female Bruchia
vogesiaca 3 male Trematodon ambiguus
(Hedw.) Hornschuch, another species of the
bruchiaceae, were recorded in France (Frahm
and Ho, 2010).

Bruchia vogesiaca inhabits the open wet
edges of oligo-mesotrophic fens and moors as
a shuttle species. Although the plants produce
some sporophytes, the spores are rather too
large for long-distance dispersal and proba-
bly water-dependent for spreading. Hugonnot
et al. (2011) reported the difference in repro-
ductive effort, i.e., less sporophyte production
in some French populations, as a consequence
of habitat destruction and pollution. All these
are reasons for its high threat and rarity. Sites
with such ecology become rarer everyday and
active measures for protection are needed as
proposed by Hugonnot et al. (2011) and
Weddeling et al. (2005).

Bryophytes are often overlooked in con-
servation initiatives as diminutive, although
some ex situ bryophyte collections exist
(Rowntree, 2006; Rowntree et al., 2011). This
is rather the result of their lower economical
interest as well as the difficulty of establish-
ing and maintaining stable in vitro cultures
(Duckett et al., 2004; Sabovljević et al., 2003).
Hence, protonemata can remain in early stages
of development if specific exogenous physical
and/or chemical factors are not involved. Such
an inducing factor is not always easily to define,
and if known, it is not easy to adjust the in-
tensity and duration of its application (e.g.,
Bijelović et al., 2004; Sabovljević et al., 2005).

The aim of this study was to establish the
in vitro culture of B. vogesiaca to examine its
development under in vitro conditions, the
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ways for micropropagation of the species in
ex situ conditions, i.e., large-scale production
of viable gametophyte plants before attempts
of reintroduction to nature, and introduction
to potential natural and seminatural habitats.
The other purpose of in vitro culture estab-
lishment is to use this plant for chemical
analysis and further developmental studies,
because clean moss material and especially
of rare species is the starting point for its
chemical content examination and pharma-
ceutical potential as well as genomic research
(e.g., Bogdanović et al., 2011; Pejin et al., 2011,
2012; Sabovljević et al., 2010a, 2010b, 2011).

Material and Methods

Plant material. Taking into account that
B. vogesiaca is a very rare and endangered
species in Europe, plant material used for
establishing the in vitro cultures was derived
from herbarium vouchers. The material used
was originally collected by M. Sabovljević in
Department Haut-Saone in Vosge Mts. (France)
on 10 June 2004 and deposited in the BEOU
bryophyte collection under accession num-
bers 4137, 4337, and 4338.

Establishment of gametophyte culture
in vitro. In vitro cultures were initiated from
sporophytes. The sporophytes (seven different
out of three patches from the type locality)
were cleaned and washed in running tap water
followed by additional washes in double-
distilled water in a sterile area. They were
then surface-disinfested with 10% sodium hy-
pochlorite (commercial bleach) for 3 min and
finally rinsed three times in sterile distilled
water. Sterilized capsules were opened and the
spores were spread on the growth medium.
Half-strength MS medium (Murashige and
Skoog, 1962) containing basal mineral salts
and vitamins, 100 mg�L–1 myo-inositol, sucrose
(15.0 g�L–1), and solidified with 7.0 g�L–1 agar
(Torlak purified, Belgrade) was used as a basal
medium for the establishment of B. vogesiaca
in in vitro culture. The pH of the media was
adjusted to 5.8 before being autoclaved at
121 �C for 25 min. The plants obtained on pri-
mary protonema were used as start material for
experimental treatments.

Optimization of micropropagation protocol.
To study the effects of sucrose, basal me-
dium, and growth regulators (auxin IBA and
cytokinin BA) on the morphogenesis in terms
of shoot induction and its multiplication and
protonemal development, the following treat-
ments were used: 1) half-strength MS medium
without sucrose; 2) half-strength MS medium
supplemented with 15.0 g�L–1 sucrose; and 3)
BCD medium supplemented with 15.0 g�L–1

sucrose (see Sabovljević et al., 2009 for the
medium details). For shoot induction, different
concentrations (0.01, 0.03, 0.1, and 0.3 mM) of
IBA and/or BA were used. Cultures were
grown at 25 ± 2 �C under a 16/8-h light/dark
photoperiod at 47 mmol�m–2�s–1 photosynthetic
photon flux density (provided by cool-white
fluorescent tubes).

Data observations and statistical analysis.
Per treatment 10 shoot explants (5 mm high)
were cultured in 90-mm petri dishes. Four

replicates of each treatment were conducted to
account for the variance among culture plates.
This experimental design was repeated twice.
The performance of the explants in the differ-
ent assayed culture media and growth regula-
tors were evaluated by measuring the secondary
protonemal development, new bud production,
and the multiplication index. The multiplica-
tion index represents the number of newly
grown shoots originating from newly in-
duced buds on secondary protonema, which
are derived from one starting shoot explant.
All measurements were conducted on a light

microscope Leica DMLS and a stereomicro-
scope Leica MZ75 (Leica Microsystems).

Data were analyzed through a factorial
three-way analyses of variance followed by
the separation of mean values by Fisher’s
least significant difference test. Statistics
were considered significant at P # 0.05.

Results and Discussion

Secondary protonema did not develop in
any of the assayed growing media without
the supplement of growth regulators. Growth

Fig. 1. Influence of different media types (BCD, MS/2, MS/2 S/2) and plant growth regulators (IBA and/or
BA) on the size of Bruchia vogesiaca secondary protonema (mm) after 6 weeks culture. (A) BCD
medium; (B) MS/2 medium; (C) MS/2 S/2 medium. Different letters above bars indicate significant
differences among treatment according to least significant difference (LSD) test (LSD0.05 = 11.74, P #
0.05). MS = Murashige and Skoog; IBA = indole-3-butyric acid; BA = N6-benzyladenine.
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diameter of secondary protonema ranged from
a minimum of 0.53 mm to a maximum of
6.37 mm in average in MS/2 medium with
0.1 mM IBA and MS/2 S/2 enriched with
0.3 mM of both IBA and BA growing media,
respectively (Fig. 1B–C). The increase in IBA
concentration in BCD medium up to 0.3 mM,
in the absence of BA, resulted in the stimula-
tion of secondary protonema growth. Similar
results were obtained when the concentration
of BA was increased in the absence of IBA in
the BCD medium (Fig. 1A). These trends
were not followed in MS/2 and MS/2 S/2
growing media, where a clear growth pat-
tern could not be defined. Some regularity in
protonemal size increase can be noticed
in both MS/2 and MS/2 S/2 tested growth
media with the highest concentration of IBA
(0.3 mM) combined with the BA increase
(Fig. 1B–C).

The growth of secondary protonema was
more positively affected by the simultaneous
addition of IBA and BA in all assayed growing
media (Fig. 1). The growth of secondary pro-
tonema was comparatively larger in media
containing sucrose and supplemented with
different concentration combinations of IBA
and BA. Thus, in MS/2 S/2, the highest sec-
ondary protonema growth (6.37 mm in aver-
age) was obtained when supplemented with
0.3 mM each of IBA and BA followed by the
supplement of this medium with 0.1 mM IBA
and 0.3 mM BA (6.19 mm on average), both
statistically supported. Similarly, good sec-
ondary protonema development was achieved
on BCD medium supplemented with 0.01 mM
IBA and 0.3 mM BA (6.17 mm on average) and
on MS/2 supplemented each with 0.3 mM
IBA and BA (5.77 mm on average). Secondary
protonema achieved the lower growth on
sucrose-free MS/2 growing medium irrespec-
tive of the supplementation with growth reg-
ulators compared with the other two growing
media, which contained sucrose (15 g�L–1)
besides growth regulators. Exogenous supply
of sucrose is obviously critical for protonema
growth but is not essential for bud formation
and development. The application of 0.3 mM
IBA and BA overcomes the growth inhibition
on media lacking sucrose.

Bud development on secondary proto-
nema of B. vogesiaca was achieved on BCD
growing medium supplemented with both IBA
and BA, whereas on MS/2 growing medium,
the buds developed either with this medium
being supplemented with IBA or BA (Fig. 2).
Bud development was totally unsuccessful on
MS/2 S/2 growing medium, irrespective of its
supplementation with different concentrations
of IBA, BA, or a combination of both growth
regulators (data not presented). Numerous
buds (135.67 buds on average) were devel-
oped on BCD growing medium supplemented
with 0.1 mM BA and in this same medium
supplemented with 0.3 mM of IBA and BA
(132.83 on average) with non-significant dif-
ferences between them. Leafy gametophores
successfully developed into fully gametophyte
plants on these BCD growing media, whereas
on the other assayed growing media, gameto-
phyte development was less abundant.

Plants grown on the MS/2 medium had
significantly lower index of multiplication.
The highest multiplication index was obtained
when B. vogesiaca was grown on MS/2 me-
dium supplemented with only 0.3 mM BA
(Fig. 2B). Interestingly, when MS/2 was sup-
plemented with sucrose, no bud production was
observed, irrespective of the supplementation
of MS/2 S/2 with IBA, BA, or a combination
of both growth regulators.

Auxins (such as IBA) and cytokinins (such
as BA) are known to have basic functions in
the regulation of normal bryophyte develop-
ment. Previous investigations indicate that
the hormonal status of mosses includes the
sequential interaction of auxin and cytokinin as
a main component (Bijelović et al., 2004; Bopp
and Bhatla, 1985; Cove and Ashton, 1984). To
date, the known effects of auxins on moss
development include the inhibition of proto-
nema growth, stimulation of rhizoid production,
transformation of buds into filaments, torsion
of young stems, the complete suppression of
leaves on gametophores, and callus induction
(Bopp, 1955). In B. vogesiaca in vitro culture,
the increase in IBA concentration in BCD
and MS/2 S/2 medium increases protonema
growth. The pattern of changes when BA is

applied together with IBA is different. On
BCD media containing BA in concentrations
higher than 0.01 mM, the increase of IBA
concentration decreases the growth of pro-
tonema. On MS/2 S/2 and MS/2 media when
BA and IBA were applied together, protonema
was largest when IBA was applied in the
highest concentration (0.3 mM), irrespective
on BA concentration.

On the other hand, bud production, the
number of buds, and their position along the
caulonema and cell division in protonema are
determined by cytokinins. Although the ef-
fects of exogenously applied auxins and cyto-
kinins on moss development were discovered
many years ago, results are very scattered and
related to limited number of bryophyte species
(namely Physcomitrella patens and Funaria
hygrometrica). Because bryophytes are a very
diverse group of plants, different bryophyte
species are expected to show different re-
sponses to growth regulators and consequently,
they should not be omitted from research on
plant growth regulator performance and their
influence on the morphogenesis of bryophyte
organs.

To understand better the role of plant
growth regulators, it is important to know

Fig. 2. Influence of different media types (BCD, MS/2) and plant growth regulators (IBA and/or BA) on in
vitro multiplication of Bruchia vogesiaca after 6 weeks culture. (A) BCD medium; (B) MS/2 medium.
Different letters above bars indicate significant differences among treatment according to least
significant difference (LSD) test (LSD0.05 = 11.74, P # 0.05). MS = Murashige and Skoog; IBA = indole-
3-butyric acid; BA = N6-benzyladenine.
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more about their synthesis, metabolism, and
transport. For this purpose, defective mutants
have been introduced into bryophyte research.
The defective mutants with a low degree of
auxin production have been demonstrated to
be relatively insensitive to exogenously sup-
plied cytokinins (Schumaker and Dietrich,
1998). It can be concluded that sensitivity to
cytokinins for bud production should be de-
pendent on the presence of auxins, which
should be present at higher concentrations
(Cove and Ashton, 1984; Schumaker and
Dietrich, 1998). However, as shown in this
study, B. vogesiaca did not match the expected
pattern. Our study highlights that species-
specific research would be required to estab-
lish in vitro cultures successfully, because
generally established rules may not apply to
all the diversity of bryophytes.

The micropropagation of B. vogesiaca
was successfully accomplished on BCD me-
dium supplemented with 0.1 mM BA and on
treatment with 0.3 mM of both BA and IBA
when gametophore production is taken into
account (Fig. 2A). On MS/2 S/2 medium
supplemented with IBA (0.1 or 0.3 mM) and
0.3 mM BA, the highest growth of secondary
protonema was achieved. The protonemal and
gametophore development were better achieved
at conditions differing from those reported
from other bryophyte species (e.g., Vujičić
et al., 2012). Besides, this study shows that
exogenous sucrose availability is essential
for in vitro bryophyte development, at least at
some stages of development of B. vogesiaca.
However the mechanisms of such sucrose
involvement still need to be clarified. This
was previously demonstrated in two other
unrelated moss species, Bryum argenteum
and Atrichum undulatum (Sabovljević et al.,
2005).
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