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Abstract

In vitro morphogenetic ability of plant cells has been demonstrated in diverse species of angiosperms and gymnosperms
but no such report is available in the genus Selaginella till date. We have established an in vitro morphogenic root
culture where indole butyric acid (IBA) induced profuse branched and unbranched roots in Selaginella microphylla. We
observed inter-convertibility of root apical meristem (RAM) to shoot apical meristem (SAM) in presence of IBA and
show that intact roots are also capable of transformation. Friable callus was obtained from roots on prolonged
(~50 weeks) root cultures. By isolating total RNA from each of the developmental stages, we performed cDNA
synthesis followed by random amplification, sequencing, and BLAST analysis of differentially expressed transcripts to
correlate morphological events with the changes on molecular level. The results reveal sequence matches to genes
involved in diverse cellular processes, such as transcription, translation, photosynthesis, replication, secondary
metabolism, stress response, and plant defense suggesting ancient origins of such proteins and the evolutionary

conservation of biological function.
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The shoot apical meristem (SAM) and root apical
meristem (RAM) are intimately involved in control of
plant growth and development. Both RAM and SAM are
comprised of stem cell populations, some of which
undergo differentiation; a small group preserves their
undifferentiated identity during the whole life span. Thus,
the continuum of differentiation, de-differentiation, and
re-differentiation manifests in different parts of a plant in
a restricted manner. In vitro plant cell culture systems
have, however, proved conclusively that almost any cell
can behave like a stem cell, undergo de-differentiation
and re-differentiation through optimization of culture
conditions and even lead to the regeneration of whole
plants (George et al. 2008). This is proof of enormous
developmental plasticity that exists in plant cells
(Lijsebettens and Montagu 2005). Recent advances in
plant genetics and molecular biology have yielded new
insights into the roles of genes controlling cell behavior
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in the two primary meristems and have revealed simila-
rities between the molecules and mechanisms hinting at
their shared evolutionary origin (Stahl and Simon 2010).
The genus Selaginella (spike moss) is an enigma in
the plant kingdom. It has survived virtually unchanged
for hundreds of millions of years (Banks 2009).
Sequencing the genome of Selaginella moellendorffi, the
smallest genome (~110 Mbp) within the plant kingdom
reported so far, has provided a huge thrust in Selaginella
research. New genomic information has the potential to
provide critical information about the evolution of land
plant genes and genomes. Although there has been
progress in identification of key genes that regulate in
vitro organogenesis and embryogenesis, the studies have
focused on only few species (Bao er al. 2009) and
molecular data are mostly unavailable.
When grown in Knop’s medium without any growth
regulator, Selaginella willdenovii undergoes a unique
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transition of RAM to SAM (Wochok and Sussex 1976).
However, no shoot was obtained with plant growth
regulators. Similarly in Selaginella microphylla, an
Indian species with a geographical distribution that is
distinct from S. willdenovii, we have reported in vitro
morphogenic aspects of plant regeneration and a role of
IBA in initiating root culture and subsequently re-
differentiation of SAM from RAM (Jha ef al. 2012). In
the present report, in vitro morphological and molecular
evidences of transition of RAM to SAM in different
developmental stages are presented.

In vitro grown roots on rhizophores were used to
initiate root cultures. Roots were placed in a half strength
Murashige and Skoog (MS) medium with 3 % (m/v)
sucrose and varying concentrations of indole butyric acid
(IBA; 2.0 - 9.8 uM). Other culture conditions were the
same as reported earlier (Jha et al. 2012). The optimum
IBA concentration was 9.8 uM. The growth of roots was
monitored from 3 weeks onwards up to 30 weeks through
sub-culturing at 5 - 6 week intervals.

Total RNA was isolated from in vitro cultures
representative of four different developmental stages of
S. microphylla, namely differentiated root cultures, root
cultures with green swollen RAM and re-differentiated
SAM, developing green shoots, and undifferentiated mass
of cells (callus), with the help of RNeasy plant mini kit
(Qiagen, Hilden, Germany). A DNase digestion was also
performed to obtain highly pure RNA samples. Double
stranded complementary DNAs (cDNAs) were
synthesized with Omniscript reverse transcript poly-
merase chain reaction (RT-PCR) kit and oligo-dT primers
(Fermentas, Burlington, Canada). For RAPD analysis,

fifteen random decamer primers, obtained from Operon
Technologies (Alameda, USA; OPA 1 - 15), were used in
reactions containing 200 pg cDNA, 10x PCR buffer,
2 mM deoxyribonucleotide triphosphates (dNTPs), 2 pM
random primer (5'-GAAACGGGTG-3" and 5'-AGTCAG
CCAC-3") and 3 U of Taq DNA polymerase (Fermentas)
in a total volume of 0.02 cm’. The PCR conditions were
as follows: 94 °C for 5 min, then 35 cycles of 94 °C for
30 s, 38 °C for 30 s, 72 °C for 1 min, and finally an
extension at 72 °C for 7 min. The amplified DNA
products were separated on 2 % (m/v) agarose gel.
Several bands from three developmental stages were
randomly gel eluted and re-amplified under the same
PCR condition as above and sequenced directly.
Sequences were matched with NCBI database with the
help of BLASTn,x and plant genome database separately
(to enhance coverage) keeping default parameters.

Roots in Selaginella are never produced directly on
stems, they are produced on rhizophore and root apical
meristems (RAM) are always bifurcated. However,
within 5 - 8 weeks of in vitro culture on half strength MS
medium with IBA (9.8 uM), we obtained direct induction
of secondary roots on primary root tissues which slowly
transformed into a yellowish white root masses (Fig.
14,B). 1t is noted that in vitro grown roots were not
dependant on rhizophore and manifested with or without
bifurcation of RAM. Our result is an indication that
trait(s) existed in RAM of S microphylla for
development of non-bifurcated normal roots, an
important feature of higher vascular plant. Well-grown
root cultures were maintained in the same hormonal con-
centration and 5 - 10 % of root apices after 8 to 10 weeks

Fig. 1. 4 - 10-week-old root culture of S. microphylla, B - 15-week-old root mass, C - 20-week-old root culture showing numerous
oval and green root apical meristems and re-differentiation of shoot apical meristems, D - differentiation of shoots in 30-week-old
culture, £ - induction of callus in root culture older than 50 weeks, F' - development of white friable callus in root culture older than

50 weeks. Bar = 0.5 cm for all figures.
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of culture in IBA (9.8 uM) showed swelling (oval
shaped) of RAM, and non-green RAM portions gradually
converted to green SAM like structure (Jha et a/ 2012,
Fig. 1C). We consider this was the stage of transition of
RAM to SAM, and confirmation was established when
we documented the differentiation of green shoots with
micro leaves from the green oval zones (Fig. 1D). Our
results reconfirm the ability of inter convertibility of
RAM to SAM as reported by Wochok and Sussex (1976)
in another species of Selaginella. In our studies, no other
growth regulator besides IBA was used and more studies
are required to establish the role of IBA as signal
molecule for redetermination of RAM to SAM in intact
roots as well as callus formation in aged cultures. More
than 50-week-old cultures developed friable callus in the
same medium (Fig. 1E,F). Callus production has not been
reported before in any species of Selaginella. Therefore,
callus masses were also used for molecular analysis.

Fig. 2. The c-DNA RAPD profile from different developmental
stages of in vitro grown S. microphylla using two primers
(5'-GAAACGGGTG-3" and 5'-AGTCAGCCAC-3"). 4, B:
lanes 1 - root culture (see Fig. 14), lanes 2 - root cultures with
green swollen RAM and re-differentiated SAM (see Fig. 1C),
lanes 3 - tiny green shoots (see Fig. 1D), lanes M and M'
correspond to lambda DNA HindIIl digest and 100 bp DNA
ladder, respectively. C: lanes 1 and 2 - undifferentiated mass of
cells (see Fig. 1F), lane M - corresponds to lambda DNA
HindIII digest.

The cDNA-RAPD technique in conjunction with
DNA sequencing permits rapid identification of
functional genes in a cost effective manner (Chen et al.
2005, Nimbhalkar et al. 2006, Agarwal et al. 2008). The
cDNA-RAPD profile generated in our studies with
15 random primers produced several amplicons; 23 bands
from four developmental stages were randomly gel eluted
and re-amplified under the same PCR conditions followed
by direct sequencing. This demonstrates that the identi-
fication of functionally important genes that governed
developmental decisions was possible in S. microphylla
(Fig. 2).

The identification of RNA polymerase [-subunit
expect value (E) = 8 x 10> among transcripts expressed
in differentiated green oval-shaped apices simulating
SAM, and also in shoots indicates a pivotal role for
transcription control in the specific developmental stages

RAM TO SAM TRANSITION IN SELAGINELLA

and not detected in non green roots and callus.
Furthermore, a sequence match with elongation factor
TF-IIS (E = 3.9) reveals a role for transcript elongation
factors that facilitated RNA polymerase-mediated
transcription bypassing blocks to mRNA synthesis
(Mortensen et al. 2011). A decrease in TF-IIS expression
is known to reduce seed dormancy in Arabidopsis
(Grasser et al. 2009), an intriguing observation in light of
the fact that in vitro cultures of Selaginella are very slow
growing. The evolutionary significance of the
WRKYGQK peptide sequence containing WRKY family
(E = 0.5) of transcription factors which co-ordinate
activation and repression of multiple developmental
processes (Rushton et al. 2010) is suggested, as their
potential role is combating abiotic stress (Chen et al.
2011) encountered in vitro. A sequence match with
cysteine-histidine rich domain containing protein
(E = 1.8) further suggests that it might be similar to zinc-
finger containing transcriptional co-activators such as
CBP (Newton et al. 2000, Kalkhoven et al. 2002). The
Selaginella root culture model described in this study
could thus prove useful in discerning evolution of the
transcription machinery in land plants.

Retrotransposon-like sequences (hypothetical protein,
E =0.73; FAS53, E = 0.27) were identified in our screen.
The insecticidal toxin protein (E = 0.89) and cold shock
protein (E = 0.19) are representative of other sequences
identified in the functional categories of plant defense
and stress responses. A sequence match with metazoan
target of rapamycin (TOR) serine-threonine kinase
(E = 2.5) points to the existence of evolutionarily
conserved signal transducing pathways in Selaginella that
are related to growth and autophagy in plants (Liu and
Bassham 2010, Dobrenel et al. 2011).

We also inferred sequence similarity to enzymes such
as o-1,4-fucosyltransferase (E = 1.1), a component of
biochemical pathways mediating shoot tissue differen-
tiation. The ribosomal S8 protein gene clusters with other
ribosomal genes in the chloroplast genomes of maize and
tobacco (Tanaka et al. 1986, Markmann-Mulisch and
Subramanian 1988). Obtaining a good match to the
ribosomal S8 sequence (E = 6 x 10™7) in white roots of
Selaginella cultures was therefore unexpected and the
finding indicates a significant role for translation control
in the process of differentiation. A very significant
sequence match to a chlorophyll-binding protein of
photosystem II, CP47 (E = 3 x 107%), was revealed
among Selaginella transcripts expressed in differentiated
green oval shaped apex simulating shoot apical
meristems. This suggests that the assembly of inner
antenna light-harvesting proteins of oxygenic photo-
synthesis (Bricker et al. 2001, Zhang et al. 2007, Bochm
et al. 2011) is also evolutionarily conserved and perhaps
recapitulated in vitro by the Selaginella cultures.

Sequencing cDNA fragments from the callus stage of
S. microphylla revealed totally different molecular
identity. We obtained sequence similarity with Mob1-like
proteins (E = 5 x 10™'®) and phenylalanine ammonia lyase
(PAL, E = 2 x 10™*), the former ones are known to be
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involved in cell proliferation and are localized in the cell
division plane during cytokinesis (Citterio et al. 20006),
whereas PAL is reported to be active in early seedling
development in vascular tissues of roots and leaves but
not in the root tip or shoot apical meristems in
Arabidopsis (Ohl et al. 1990).

There are several reports describing in vitro molecular
developmental biology of the model plant 4. thaliana
(Che et al. 2006) but few reports, if any, on the group of
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