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ABSTRACT

In bryophytes, establishment can occur by a sexual or asexual process, but the production of spores enables
colonization of a wider range of habitats and substrates than can asexual propagules. Successful germination is
critical for establishment in a new environment. This paper addresses germination and sporeling development
in Frullania ericoides, a leafy liverwort species. Fresh spores were inoculated in vitro in different culture strengths
of Knop’s nutrient solution (one-fourth strength, half strength, full strength, one and a half strength and double
strength), in order to evaluate the effects of this solution on spore germination and on the development of external
protonema. On the first assessment, spore germination was observed at all the concentrations. Germination was
endosporic, with cell division and proliferation, resulting in a globular protonema, within the spore wall. Beginning
at the fourth week, the development of tightly concave primordial leaves was observed in all but the double-strength
medium. Throughout the period of study, the treatments with lower concentrations exhibited external protonema
with greater lengths. The double-strength treatment was statistically different from other treatments in at least two
parameters. The results of this study demonstrate the potential of in vitro culture techniques for bryophyte spore
studies and germplasm preservation.
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Intr o d uction that separate these lineages are: gametophyte struct.ure
(leafy or talose), leaves morphology (e.g. shape, size,
trigones, oil bodies, costa, papillae), and sporophyte features
(e.g. parts, sporogenesis, maturation) (Gradstein et al. 2001).

In bryophytes, dispersal, colonization and new plant
in which the gametophyte is the dominant phase (Gradstein  development can proceed through spore production and
et al. 2001; Gradstein & Costa 2003; Goffinet et al. 2009;  germination (sexual reproduction) or through vegetative
Vanderpoorten & Goffinet 2009). This plant group presents  diaspores or fragmentation (asexual reproduction) (Nehira
three monophyletic lineages: mosses, liverworts and  1983; Schofield 1985; Gradstein et al. 2001; Wiklund &

hornworts (Goffinet et al. 2009); and the main differences  Rydin 2004). Once the gametophyte reaches sexual maturity,

Bryophytes are non-lignified cryptogamic plants that
have alife cycle with alternating heteromorphic generations
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and the environmental conditions are favourable, male and
female multicellular gametangia are formed, antheridia and
archegonia respectively. In the presence of water, a motile
antherozoid reaches the egg cell, and from fertilization
and zygote formation (sexual reproduction) begins the
sporophytic phase (Goffinet et al. 2009; Vanderpoorten
& Goffinet 2009). The sporophyte, although perennial,
is responsible for the production of spores, which are
considered the first cell of gametophytic stage (Schofield
1985). This reproduction by producing spores enables the
colonization of new substrates through dispersal mainly
by wind (Zanten & Pécs 1981; Longton & Schuster 1983;
Wiklund & Rydin 2004; Longton 2006; Glime 2007). In order
for establishment in a new environment to be effective, a
successful spore germination processes is fundamental
(Glime 2007).

In bryophytes, spore germination is initiated with
swelling, resulted from water absorption by the spore; and
distension, when the protonema formed ruptures the cell
wall (Nehira 1983; Crandall-Stotler et al. 2009; Glime 2015).
There are two patterns of spore germination: endosporic
and exosporic (Neidhart 1979; Nehira 1983; Glime 2015).
In endosporic germination, the spore protoplast divides
within the spore wall, forming a multicellular structure.
The protonema develops inside the stretched spore wall.
In exosporic pattern, in the early stages of germination,
the swollen protoplast ruptures the spore wall and the
development of a protonema occurs outside (Nehira 1983;
Schofield 1985; Nehira 1987; Goffinet et al. 2009; Glime
2015). The kind of germination process can be related to
the ecological adaptation of plants; endosporic germination
commonly occurs in some epiphytic and saxicolous taxa,
whereas exosporic germination occurs in wet habitat species
(Nehira 1987).

Many studies exist related to the germination of
bryophyte spores, their stages of development and the
factors influencing their success, as water and light
availability, type of substrate, seasonality, among others,
has been developed especially for mosses and liverworts
(Inoue 1960; Vallane 1966; 1971; Udar & Srivastava 1970;
Mogensen 1978; 1983; Olesen & Mogensen 1978; Brown
& Lemmon 1988; Alcade et al. 1996; McLetchie 2001;
Wiklund & Rydin 2004; Zhao et al. 2004; Maciel-Silva et
al. 2009a; b; Alfayate et al. 2013). Vallane (1966; 1971)
studied the germination of spores of Ceratodon purpureus.
Olesen & Mogensen (1978) studied the ultrastructure
and histochemistry on germination of mosses Ceratodon
purpureus, Funaria hygrometrica, Macromitrium sulcatum and
Polytrichum commune, emphasizing the analysis in electron
microscopy. Nehira (1983) described and detailed the types
of development of protonema of mosses and liverworts.
Wiklund & Rydin (2004) studied two mosses species
regarding physiological features to spore establishment,
and Zhao et al. (2004) observed the characteristics of spore
germination in Lindenbergia brachyptera. Maciel-Silva et al.

(2009a; b) studied the effects of water availability and light
spore germination of the mosses Octoblepharum albidum
and Thamniopsis incurva, taxa well represented in Brazilian
bryoflora. For liverworts, the works of Inoue (1960), Fulford
(1956) and Nehira (1966) were notable by the fact that
they were the first report about sporeling development
in this group.

Frullaniaceae (Marchantiophyta) is a family of leafy
liverworts characterized by creeping plants, median to
robust, forming branched tufts, usually epiphytic in habit.
The leaves are incubous, with usually inflated lobes, often
transformed into water sacs, and the stylus is multiform
(Stotler 1970; Yuzawa 1991; Lemos-Michel 2001; Gradstein
& Costa 2003; Uribe & Gradstein 2003; Uribe 2008;
Crandall-Stotler et al. 2009; Hentschel et al. 2009; Konrat
etal. 2012). This family is distributed worldwide, achieving
greater richness and diversity in tropical regions (Gradstein
etal. 2001). Frullaniaceae spores are large and brownish and
some species show precocious and endosporic germination
(Heckman 1970; Crandall-Stotler et al. 2009).

Frullania ericoides stands out by virtue of its wide-
spreading and squarrose leaves on the dorsal surface,
laminate or saccate lobes and rough perianth (Oliveira-
e-Silva & Yano 2000; Lemos-Michel 2001; Gradstein &
Costa 2003; Yano & Peralta 2008). As in many other family
members, this species presents tropical and subtropical
distribution (Berghen 1976). In Brazil, it is found in all
regions of the country (Peralta 2015). It can be found
colonizing living and dead tree trunks and growing on
rock (Yuzawa 1991; Lemos-Michel 2001; Gradstein & Costa
2003; Paiva et al. 2015; Peralta 2015). Berghen (1976) and
Gradstein & Pécs (1989) observed that F. ericoides is easily
found in places where the vegetation has gone through
degradation processes and in urban areas.

Although already exist some studies related to spore
morphology and studies of sporoderm in Frullaniaceae
(Erdtman 1957; Schuster 1966; Heckman 1970; Gupta &
Udar 1986; Zhang & Wu 2006; Wu et al. 2008; Zhao et al.
2011), researches related to spore germination are scarce,
especially those that assess the effect of culture medium
on the development of protonema. Nehira (1983) studied
and described the sporeling development of eight species of
Frullania genus, and report the Frullania-Type development
of protonema in several taxa and families. Bisang (1987),
in turn, studied sporeling morphology and development in
Frullania tamarisci. The nutritive medium of Knop has been
used in several works of bryophytes physiology (Horikawa
& Nehira 1960; Udar & Srivastava 1970; Nehira 1988;
Alcade et al. 1996; Duckett et al. 2004; Chen et al. 2009;
Maciel-Silva et al. 2009a; b; Awasthi et al. 2012; Alfayate et
al. 2013; Sahu & Asthana 2013; Krishnan & Murugan 2014;
among others), including using diluted concentrations.
However, none of these studies evaluate if the dilution
or concentration of nutrients recommended affects the
development of protonema; the attention is directed to
the use of different culture media.
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In view of the wide distribution of the species F. ericoides,
ecological features and the scarcity of palynological and
physiological studies concerning this species; and further
the lack of studies to evaluate different concentrations of
the same culture medium, our work aims to (1) describe
the spore germination morphology, detailing phases of
in vitro protonema development of Frullania ericoides and
(2) evaluate the response of growth on different strength
of culture media, based on a medium already used in the
literature.

Materials and methods

Sample collection and identification

We collected specimens of Frullania ericoides (Nees)
Mont. in the Botanical Garden of the Universidade Federal
de Juiz de Fora (UFJF), Minas Gerais state, Brazil, following
the method for bryophytes (Yano 1989), using a knife to
remove samples of bark of vascular plants (phorophytes)
and storing the material collected in paper bags.

In the Bryophytes Laboratory of the Universidade
Federal de Juiz de Fora, the plants were observed under a
stereoscopic and light microscope with forceps and stiletts,
referring to specialized literature for their identification
(Lemos-Michel 2001; Gradstein & Costa 2003; Uribe &
Gradstein 2003; Uribe 2008). After that, samples were dried
in shade and mature capsules were separated for the study
of germination, placed in Eppendorf tubes. Specimens were
deposited in the collection of Herbarium Leopoldo Krieger
(CESJ), Universidade Federal de Juiz de Fora.

Sterilization

Mature capsules were placed in capped glass vessels
and washed with freshly prepared 1.5 % solution of sodium
hypochlorite and washed in tap water for 3 min. Following
this, the capsules were washed in sterile distilled water
(Duckett et al. 2004). The surface disinfection process was
undertaken in a laminar flow hood (Veco®).

Preparing culture medium

For this study, Knop nutrient solution following the
modifications proposed by Nehira (1988) [0.5g L™ Ca(NO,),.

H,0; 0.175g L™ MgSO,.7H,0; 0.175g L' KH,PO,; 0.06 g
L KCI; one drop of FeCl3 (3 %)] was used in five different
concentrations. To facilitate the preparation to the assay, the
following stock solutions were prepared: A: Ca(NO,),.4H,0
-(7.1957 g/100 mL), 10 mL/L. B: MgSO,.7H,0 - (1.75
g/100 mL), 10 mL/L + KH, PO, - (1.75 g/100 mL), 10 mL/L
+KCl-(0.6 g/100 mL), 10 mL/L. C: FeCl,.6H,0 - (0.39985
g/25 mL), 4 drops/L.

To prepare 100 mL of different media, stock solutions
were added as described in Tab. 1. Media were jellified with
agar at 0.4 g/100 mL (Maciel-Silva et al. 2009a) and pH
was adjusted to 5.6 = 0.1 (George et al. 2008). The culture
medium was autoclaved for 20 min at 120 °C and a pressure
of 1 atm (George 2008).

Inoculation and culture condlitions

Test tubes with 1.5 cm diameter, 10 cm in height and a
capacity of 15 ml were used and to each we added 4 ml of the
different strengths of nutrient solution. For each treatment,
we prepared 25 tubes. For the monitoring experiment, it
was established that one tube of each treatment would be
analysed on each day of observation. The use of test tubes
makes more objective the protocol of material observation;
turn this methodology more efficient and less susceptible
to contamination.

After the material was observed, this tube was discarded
to eliminate the risk of contamination. Duckett et al. (2004)
recommend the use of fresh, recently collected material in
germination studies. After the disinfection procedures, the
capsules were transferred to sterile Petri dishes and taken to
stereoscopic microscopy to be opened with the aid of forceps
sterilized and a scalpel in a longitudinal cut. Then, using
stylets, the spores were gently removed from the inside of
the capsule and inoculated in the culture medium. In each
test tube about ten spores were inoculated. Immediately
after inoculation, the tubes were sealed with aluminium
foil and PVC film.

After the in vitro inoculation, the tubes were kept in a
growing room at 24 + 3 °C, under 40 W fluorescent lamps
cool-white and Gro-Lux (Sylvania, Danvers, MA, USA), at
a 1:1 ratio — with a photon flux density of 45 umoles of
photons m™s™ at 16/8 h photoperiod. Assay tubes were
inspected daily for any symptoms of fungal or bacterial
contamination. The tubes were rotated into growing room
to equalize the possible temperature fluctuations.

Table 1. Preparing of culture media at different concentrations by using the stock solutions.

| Treatments | StockA | StokB____ | StockC___|

One-fourth strengh: Medium 0.25 S
Half strengh: Medium 0.5 S

Full strengh: Medium 1 S

One and a half strength: Medium 1.5 S
Double strength: Medium 2 §

0.25 mL 0.25 mL 1 drop
0.5mL 0.5mL 2 drops
1mL 1mL 4 drops
1.5mL 1.5mL 6 drops
2mL 2mL 8 drops
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Monitoring and analysis of germination stages

The materials in the test tubes were evaluated for seven
weeks. In each week, one tube per treatment was removed
from the growing room. Under stereoscopic microscopy,
the tubes were opened and the spores were removed from
the test tube containing the culture medium using forceps
sterilized and transferred to a microscope slide.

To enable optimal observation of the characteristics
and development of the spores under a light microscope,
preparation was undertaken according to Wodehouse’s
(1935) method, following Luizi-Ponzo & Melhem’s (2006)
modifications (use of gelatine glycerinated with dyes used in
plant anatomy for spore observation). Slides were identified,
dated and included in the collection of the Bryophyte
Laboratory at the Universidade Federal de Juiz de Fora.
Photomicrographs were obtained using a Canon PowerShot
A620 camera coupled to a Zeiss Primo Star 12 V DC light
microscope.

When observing the characteristics presented and the
development of the spores, the diameter and number of cells
of the globular protonema (DGP and NCGP), length and
number of cells of the external protonema (LEP and NCEP)
were analyzed and compared using the ZEN 2012 (Zeiss)
program. The number of cells was obtained through a cell
count on the face towards the viewer. For each parameter
was established a sample of five repetitions. The sample
sizes in each week were 25 measures.

Statistical treatment

The data of diameter and number of cells of the globular
protonema (DGP and NCGP), length and number of cells of
the external protonema (LEP and NCEP) were submitted
to Shapiro-Wilk normality test and to a graphic evaluation.
None of the parameters were normally distributed, showing
p value < 0.05 (DGP: p value= 2.779e-%; NCGP: pvalue=
7.087e™; LEP: pvalue= 9.127e™%; NCEP: p value= 4.908¢"
19). Graphic evaluation using boxplot methods and median
were presented. Thus, a non-parametric test, Kruskal-Wallis
test, was performed to determine if these parameters
were different between treatments. Following, a posteriori
test, Dunnest test, was applied for indentify the different
treatment. The statistical analysis were developed in R ver.
3.3.1 (2016-06-21) (R Core Team 2016).

Results

Germination stages and development

The spores of Frullania ericoides are nonpolar and
subspheroidal, with an intense green colour and a light
brown wall; with average larger diameter of spores ranging
around 40 pm. In the first week of the analysis, there was

development of a globular and multicellular protonema
enclosed in the spore wall that expanded without cracking,
a typical endosporic germination (Fig. 1A-L, 2A-H). It was
possible to observe cell division of the protonema cells. At
certain points, the spore wall ruptured by developing an
elongated chlorophyll cell with a hyaline wall (Figs. 1A-D,
2A-C). We interpreted this as the initial development of
an external protonema. During the second week there was
an increase in diameter of the globular protonema and the
external protonema continued elongating (Fig. 1C, D).

By the third week, the external and unicellular
protonema developed into a multicellular protonema:
flattened appearance, quadrate chlorophyll cells and
inconspicuous walls. Morphologically, there are notable
differences between 0.25 S, 0.5 S,1 S and 1.5 S, whereas
in the 2 S treatment, the development of the external
protonema was little (Figs. 1E, F, 2D, E).

At the third week, it was possible to observe the further
development of the external protonema, which starts to
develop in a fragile stem. In fourth week, primary leaves
were observed along the outer protonema: spread from
the middle region to the apex, alternately, slightly concave,
chlorophyllous, with an entire margin and thick cell walls
(Fig. 1F, G). This occurs in all treatments but in treatment
2 S (Fig. 2D-H). We also observed elongated cells that have
broken the spore wall in new sites (Figs. 1E, H, 2E), but
for unknown reasons did not develop into multicellular
protonema. Possibly they can differentiate into rhizoids.

From the fifth week the external protonema continued
differentiation into stem and leaves (Fig. 1I-L). Until the last
week of observation (week 7), they showed slightly concave
leaves, entire, not divided into segments like lobe and lobule
(Fig. 1L); except for spores undergoing treatment 2 S, which
had a minimum investment in external protonema and great
development of globular protonema (Fig. 2G, H).

Statistical analysis of the effects of in vitro culture

The boxplot graphics allow us to observe the distribution
of data, its asymmetry and outliers (Fig. 3). The data of
each parameter were plotted considering treatments and,
likewise, Kruskal-Wallis test was performed. For diameter of
globular protonema, treatment 25 owns the most dispersed
data, with some outliers and the greater median; in general,
data were symmetric distributed. Kruskal-Wallis test show
ap=0.07252, revealing that these data are not significantly
different (Fig. 3A). In number of cells of globular protonema,
as diameter of globular protonema, treatment 2S has
highlighted by dispersed data and greater median (Fig.
3B). The treatment 0.25S has highlighted too by its outliers
in distribution and the median next to treatment 2S (Fig.
3B). Kruskal-Wallis test show a p = 0.004696, revealing
that the data conducted differently between treatments
and are different. On the other hand, in length of external
protonema and number of cells of external protonema, the
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Figure 1. Photomicrographs of the development of globular protonema and external protonema during weeks of observation. A:
First week, half strength; B,C: First week, full strength; D: Second week, half strength; E: Third weed, one and a half strength; F:
Fourth week, one and a half strength; G: Fourth week, one-fourth strength; H: Fifth week, one-fourth strength; I: Primary leaves,
Sixth week, half strength; J: Primary leaves, Sixth week, one-fourth strength; K: Seventh week, one and a half strength; L: Primary
leaves, Seventh week, full strength. GP: Globular protonema; SW: Spore Wall; EP: External Protonema; PL: Primary Leaves; Arrow:
unicellular external protonema.

most dispersed data was observed in treatment 0.5S and
treatment 0.25S, respectively, and the greater median in
diluted treatments. Number of cells of external protonema
presented the most asymmetric data (Fig. 3C, D). Kruskal-
Wallis test demonstrates a p = 0.002781 for length of
external protonema and p = 0.4043 for number of cells of
external protonema.
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The post hoc revealed that for length of external
protonema and number of cells of external protonema,
the 2S treatment was the statistically different treatment
from the others (p <0.05) (Fig. 2B, C). Regarding number of
cells of globular protonema, differences were found between:
0.25Sand 1 S;and 2 Sin relation to 0.5 S,1 S and 1.5S (p
<0.05) (Fig. 2D).

23

3
) 'y



Juliana da Costa Silva-e-Costa, Andrea Pereira Luizi-Ponzo,
Cristiano Ferrara de Resende and Paulo Henrique Pereira Peixoto

©

Figure 2. Photomicrographs of the development of globular protonema and external protonema of double strength treatment through
the time. A,B: First week; C: Second week; D: Third week; E: Fourth week; F: Fifth week; G: Sixth week; H: Seventh week. SW: Spore
Wall; GP: Globular protonema; EP: External Protonema; Arrow: unicellular external protonema.
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Figure 3. Boxplots representing parameters analyzed by treatments. A: Diameter of globular protonema by treatments; B: Number of
cells of globular protonema by treatments; C: Length of external protonema; D: Number of cells of external protonema by treatments.
Error bars above and below the box indicate the 90 and 10* percentiles, and dark circles represent the outliers. Different letters (a,
b, c) represent statistical differences among treatments (Krukal -Wallis test, Dun test post hoc, p < 0.05).

Discussion

The endosporic germination observed in all treatments
to which the spores were subjected (independent of the
concentration) and the sporeling morphology confirm
the findings of Nehira (1983) and Bisang (1987), who
also studied the genus Frullania. In his work, Nehira
(1983) inoculated Frullania densiloba spores observing a
globular protonema development of about 20 cells which
developed within the spore wall, as in this study. It was
also observed development of rhizoids and young leaves, in
this present study. The time for the development of leaves

Acta Botanica Brasilica- 31(1): 19-28. January-March 2017

was not specified by the author or descriptions of external
protonema. Bisang (1987) studied Frullania tamarisci spores
found the development of a globular protonema twice the
initial spore diameter without breaking the spore wall
and leafy development after three weeks. In our work, the
appearance of primary leaves was later, after four weeks.
These differences may be associated to growing conditions
as well light and temperature of growing chamber in our
studies.

Observing the development of protonema and sporeling
over the weeks, we found thaton 0.255,0.5S5,1Sand1.5S
strength, occurred slight spore development considering of
larger diameter cells and the number of globular protonema
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cells, but there was a boost in the development of the
external protonema, presenting well-developed sporeling
and with appropriate morphology, as well as the presence of
leaves. In the higher medium strength (2 S), the sporeling
achieved higher values for the diameter and number of
cells of the protonema, but not in development of external
protonema and primary leaves.

Treatment 2 S stands out from the other treatments for
the larger development of the globular protonema, but it was
not successful in attaining appropriate development of the
sporeling. According to Basile (1975), the species subjected
to in vitro culture may develop differently in response to
macronutrients which are used in the culture media. Alcade
etal. (1996), in a study of four species of the genus Bartramia
Hedw, found that the same species presented different types
of protonema in response to different nitrogen sources in the
medium and also the temperature and photoperiod to which
it was subjected. Therefore, the 100 % increase in strength of
the medium caused an uncontrolled proliferation of cells in
the treated spores and resulted in an increase in the diameter
of the protonema, but inhibited the development of mature
gametophyte structures compared to lower concentrations;
same results were present here.

Besides having a nutritive effect, solutions of inorganic
salts and sugars, which compose tissue culture media,
influence plant cell growth through their osmotic properties
(George et al. 2008). Inorganic salts, as those used in this
study (Ca(NO,),), can change the water potential of their
solutions. Thereby, the strength of the culture medium has
a direct effect on osmotic potential to which the tissues,
and here, spores are exposed.

Udar & Srivastava (1970) studied the sporeling
development of Preissia quadrata, a thalloid liverwort, using
two different concentration of Knop’s nutrient solution
(half-strength and full-strength), but did not evaluate the
development in response to the strength of the medium,
focusing rather on the description of sporeling development.
In their work, the spores germinated in a period of four to
seven days, depending of the time between collection and
inoculation. In the present study, in first week there were
development and germination. Sahu & Asthana (2013),
studing the moss Anomobryum filiforme var. concinnatum,
used four culture media, including solution knop full
strength and half strength. In general, those spores which
have been subjected to treatment Knop full strength showed
the development of germination characteristics delayed
compared to treatment half strength.

Regarding results of statistics treatments, the parameter
diameter of globular protonema were statistically similar
between treatments media probably because this is a feature
that is lower affected by concentrations of culture media.
The parameter number of cells of globular protonema, in
turn, showed a complex arrangement of statistic differences.
In this case, surprisingly, the weakest strength was more
similar to strongest strength and the half-strength, full

strength and one and a half strength were more similar each
other. For the parameters analyzed in external protonema,
double strength treatment showed the most different
morphology, without satisfactory growth of this phase
of sporeling.

Conclusions

Frullania ericoides spores exhibited endosporic
germination, development, in a first stage, a globular
protonema and then an external protonema. This phases
of sporeling is remarkable for epiphytic bryophytes species,
specially leafy liverworts. After three weeks of experiment,
the external protonema has developed strongly concave
primary leaves, remarkable featuring of this species. The
experiments of in vitro culture performed in our work
demonstrated that the development and establishment
of sporeling (mainly external protonema) in F. ericoides
is suitable in different concentrations of Knop’s solution;
and confirm the potential of tissue culture techniques for
bryophyte spore studies.
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