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Abstract

Background: Cassava (Manihot esculenta Crantz) is a crop that is high in carbohydrates in the roots
and in protein in the leaves, important for both human consumption and animal feed, and also has a
significant industrial use for its starches. In this study we evaluated the genetic variability with
molecular markers in different stages in micropropagated plants from somatic embryos of Venezuelan
native clone 56. Results: Three markers were used: ISTR, AFLP and SSR, finding that ISTR showed
the highest polymorphism among individuals tested. With AFLP a high similarity between the evaluated
individuals was observed and with SSR total monomorphism was seen. Using cluster analysis it was
found that individuals from an embryo labeled as fasciated at the beginning of the somatic
embryogenesis process were grouped as independent of the other plants when analyzed at the
acclimatization stage. The differences found with the different markers used are discussed. In field
trials, micropropagated plants had a yield between 4 and 5 times the average yield of cassava in
Venezuela. Conclusion: Despite variability in terms of DNA markers, somatic embryogenesis is
suitable for mass propagation of highly performing cassava clones.
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INTRODUCTION

Cassava (Manihot esculenta Crantz) is a tropical plant species, very efficient in terms of carbohydrate
production, drought resistant and able to produce in poor soils. Its high productivity makes it an
important source of calories in food and animal feed, as well as a raw material for industry. However,
the productivity of this crop may be low because it is normally propagated vegetatively by cuttings and
replanting plant material that has been used previously, which is old and often infested with viruses and
bacteria. This creates the need to obtain whole plants by an alternate route to the traditional one,
making it important to have in vitro plant propagation systems. There are two modes of in vitro
propagation, microcutting cultures using apical or axillary meristems and somatic embryogenesis (SE)
in which plant tissue is subjected to a dedifferentiation process by producing a callus, then inducing
production of embryos and allowing the development of plants from them. The SE process has the
additional advantage that it can be potentially automated allowing production of large numbers of
plants at a reasonable cost.

Several protocols have been developed that allow the induction of somatic embryos from cultivation of
immature leaves and the subsequent production of cassava plants (Taylor et al. 2005), a process that
is highly dependent on the genotype of the plant that donor the explant. Although these regeneration
systems provide efficient propagation procedures, they should also ensure the genetic stability of the
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individuals obtained with respect to source material. Both aspects should be taken into account in the
use of modern biotechnology in improving cassava cultivars.

It has been assumed that species that are vegetatively propagated and generated by asexual
reproduction are clones genetically identical to the plant that gave rise to them, an assertion that has
never been proven (Raven et al. 2005). But now it is known that regardless of the type of propagation,
sexual or asexual, there is always variation and that asexual reproduction also introduces variability,
both in vivo in agaves (Infante et al. 2003; Infante et al. 2006) and during in vitro cultivation (Gonzalez
et al. 2003; Sanchez-Teyer et al. 2003), due to the high rate of variation in somatic tissues, which is
transmitted to the offspring during asexual reproduction. However, this variability may lie in noncoding
or highly repeated regions of the genome, therefore they may not have a visible phenotypic effect.

To study the genetic differences in cassava propagated through somatic embryogenesis, we used
three different molecular markers: i) ISTR (Inverse Sequence-Tagged Repeat), a molecular marker
technology based on PCR which uses the universal presence of reverse transcriptase sequences of
copia-like elements in genomes. Specific primer pairs are used to produce PCR fragments of a
particular length that serve as markers (Demey et al. 2004); ii) AFLP (Amplified Fragments Length
Polymorphism) markers based on selective amplification of genomic restriction fragments by PCR (Vos
et al. 1995); iii) SSR, microsatellites specific to cassava (Mba et al. 2001).

In this work we evaluated plants obtained through somatic embryogenesis using molecular markers in
the in vitro development stage and in nurseries during their acclimation, as well as their performance
after one cycle of field planting.

MATERIALS AND METHODS
Plant Material

Clone 56 was used, a native of Venezuela, belonging to the Germplasm Bank of the Instituto de
Estudios Avanzados. As a control, we used a mature plant planted in Dividive (Aristides Bastidas
municipality, Yaracuy state, Venezuela). Samples were taken from plants in vitro and acclimated plants
in greenhouse phase. They were identified as follows: 56c¢: field plant; 56V: plants in vitro propagated
by microcutting; EN1-6: plants obtained from a normal somatic embryo which has been multiplied in
vitro by microcuttings; EF1-6: plants obtained from a fasciated somatic embryo which has been
multiplied in vitro by microcuttings; S21-6: acclimated plants issued from the normal embryo; F21-6:
acclimated plants issued from the fasciated embryo; and S01-4: acclimated plants propagated by
microcuttings. All individuals evaluated were the same but analyzed at different stage of development.

Somatic embryogenesis

Somatic embryogenesis was induced according to the protocol proposed by Taylor et al. (2005).
Immature unilobed leaves were sectioned with a scalpel and placed on semi-solid MS medium
enriched with 50 mM Picloram for 20 days. The calli produced were transferred to GD medium
(Gresshoff and Doy, 1974) with 50 mM Picloram and received 3 subcultures of 4 weeks each. In the
second change to GD medium, friable embryogenic calluses (FEC) were selected and transferred to
MS medium without hormones until the appearance of SE. Later these embryos were separated and
placed in 4E medium for growth. Microcutting propagated plants (SO), and those issued from a normal
embryo (EN) or from a fasciated embryo (EF) were acclimatized in the greenhouse.

DNA extraction

Young leaves were used from all the samples described above, following the protocol of Keb-Llanes et
al. (2002). DNA was stored at -20°C until analysis. Total genomic DNA was quantified in a PerkinElmer
Lambda ® 35 UV / Vis spectrophotometer. The DNA quality was verified by electrophoresis in 1%
agarose gel with 0.5 X TBE buffer.
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ISTR

A modification of the procedure described by Demey et al. (2004) was used for development of ISTRs.
The amplifications were carried out using 25 ng DNA, 0.3 pM of each primer (ISTRF x ISTRB), 1x PCR
buffer, 3 mM MgCl,, 1.25 U Taq polymerase and 0.25 mM dNTPs in a 20 pl final volume. The
amplification program consisted of an initial denaturation step of 95°C for 3 min, followed by 40 cycles
of 95°C for 30 sec, 45°C for 1 min, 72°C for 2 min, then 72°C for 10 min and a final cycle of 4°C. This
procedure was used with 4 combinations of primers: F1 x B1, F10 x B6, F10 x B1 and F9 x B6 (Table
1).

Table 1. Primers used: ISTR F, Primers forward, ISTR B, primers backward. SSR Cassava Microsatellites.

ISTR F1 5'-GGACTCCACCAAGAATACC-3
ISTR F9 5-TTACCTCCTCCATCTCGTAG-3'
ISTR F10 5-TAAGCAAGCATCTCGGAG-3’
ISTR B1 5'-ATCAGGAAGGTCTGTAAAGC-3'
ISTR B6 5-GGTTCCACTTGGTCCTTAG-3’

SSR FOWARD REVERSE
SSRY12 5-AACTGTCAAACCATTCTACTT GC-3 5'-GCCAGCAAGGTTTGCTACAT-3'
SSRY21 5'-CCTGCCACAATATTGAAATGG-3’ 5-CAACAATTGGACTAAGCAGCA-3
SSRY47 5'-GGAGCACCTTTTGCTGAGTT-3’ 5'-TTGGAACAAAGCAGCATCAC-3'
SSRY51 5-AGGTTGGATGCTTGAAGGAA-3’ 5-GGATGCAGGAGTGCTCAACT-3
SSRY64 5'-CGACAAGTCGTATATGTAGTATTCACG-3' 5'-GCAGAGGTGGCTAACGAGAC-3’
SSRY69 5'-CGATCTCAGTCGATACCCAAG-3 5-CACTCCGTTGCAGGCATTA-3'
SSRY82 5-TGTGACAATTTTCAGATAGCTTCA-3 5'-CACCATCGGCATTAAACTTTG-3’
SSRY116 5-CGTTTTCCTGTTAAATCTTGCAT-3 5-TAGAGCAGCTGCAAAGCAAA-3’
SSRY129 5-CTTTTTGCCAGTCTTCCTGC-3' 5-AATGGATCATGTTCAATGTCTTC-3’
SSRY130 5-GGTCCCTGATAGTTGATAATGGAT-3' 5-CTTTTTGCCAGTCTTCCTGC-3
SSRY133 5-AGCATGTCATTGCACCAAAC-3’ 5'-CGACTGCATCAGAACAATGC-3’
SSRY142 5-CTTTTTGCCAGTCTTCCTGC-3' 5-AATGGATCATGTTCAATGTCTTC-3'
SSRY189 5-TGGGCTGTTCGTGATCCTTA-3’ 5'-CATGAGTTTAAAAATTATCACATCCG-3
AFLP

This technique was developed following the protocol of Infante et al. (2003) with modifications. From
the extracted DNA, 100 ng were taken for some samples and 250 ng for others, digestion was carried
out with 5U of ECO RI and 5U of MSE | and 1U of T4 DNA ligase was used for ligation and it was left
at room temperature overnight. Thereafter the protocol was followed strictly. The primer combinations
were: EAAC+MCAA, EAAC+MCAC, EAAC+MCAG, EAAC+MCTA, EACG+MCAA, EACG+MCAC,
EACG+MCAG, EACG+MCTA.

SSR

The primers used were: SSR 12, 21, 47, 51, 64, 69, 82, 116, 129, 130, 133, 142 and 189 (Table 1).
The thermal cycles consisted of an initial denaturation step of 5 min at 94°C, followed by 30 cycles of
94°C x 30 sec, 55°C x 1 min and 72°C x 2 min and a final extension of 5 min at 72°C, following the
protocol of Mba et al. (2001). The amplification products in all cases were separated by 4%
polyacrylamide gel electrophoresis (1X TBE), where the samples were loaded concentrated either by
vacuum aspiration in a SpeedVac ® system for 20 min or by evaporation by continuous heating for 10
min at 96°C until reaching a volume of 4 ul, and then it was added an equal volume of loading buffer
(98% formamide, 10 mM EDTA pH 8, 0.5% bromophenol blue and 0.5% xylene cyanol). The gel was
stained with silver salts, using a kit from Promega Corporation (Madison, WI, USA), following the
manufacturer’s instructions.
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Statistical analysis

To estimate the similarity between plants from different types of propagation, we used a matrix of 1/0
(presence/absence) obtained from polyacrylamide gels. The Dice coefficient was calculated. Then a
cluster analysis was performed by the UPGMA method (Unweight Pair-Group Method with Arithmetic
Mean) using the NTSYSpc program. The results were plotted in a dendrogram. The tree topology was
assessed by bootstraping 200 times with 25% resampling using the programs Freetree and Treview X.

Field trial

To test performance in the field, 210 plants, 140 from each type issued from SE and 70 from
microcutting propagation, were planted in a commercial field in San Carlos (Cojedes state, Venezuela).
After one year in the field, plants were harvested. To measure yield, roots from 20 plants from each
type, taken at random, were used. Results were extrapolated in Kg fresh roots/h assuming a density of
plantation of 10,000 plants/ha.

RESULTS

The SE of cassava clone 56 was obtained from unilobed leaves of an in vitro microcuttings placed on
semi-solid MS medium enriched with 50 mM Picloram. After 15 days, the leaf tissue was transformed
into a light green-yellow and translucent cell mass. After transferring them to GD medium, they formed
friable embryogenic structures (FEC) within 8 weeks, which have a creamy yellowish colour. On the
average, 8 structures developed from each leaf. Embryos were obtained from FEC when they were
transferred to hormone-free MS medium. In clone 56, seven embryos were obtained from one FEC of
which five were separated. Germinated embryos were classified: one of them as normal by having a
slender stem and well-formed leaf lobes and a second one as fasciated, having a thicker than normal
stem and fused leaves (Figure 1b and Figure 1c). Plants obtained from two types of embryos were in
vitro propagated by the microcutting method then acclimatized to the greenhouse. Morphologically,
plants deriving from the two types of embryos were similar in the greenhouse. No abnormalities in
either the aerial part or the roots were observed in the plants obtained from the embryo considered as
fasciated at the beginning of the process (Figure 1d and Figure 1e).

ISTR

The four tested combinations generated 248 bands, of which 232 were polymorphic, representing
93.5% of polymorphic loci. The minimum (0.45) and maximum (0.85) values of the coefficient of
genetic similarity show the existence of genetic variability among cassava individuals from the two
types of in vitro propagation (microcutting and SE). In the dendrogram presented in Figure 2, the
formation of two groups and two unique individuals (S23, S26) was observed. Group | was made up of
individuals 56c, 56v, S01, S02, S21, S22, EN1, EN2, EN3, EN5, EN4, EN6, S03, S04, EF1, EF3, EF2,
EF4, EF6, EF5, F21, S24 , S25 and F22, and group Il consisted of F23, F24, F26 and F25. The first
group included plants issued from the two methods of propagation analysed in vitro as well as in the
greenhouse. The second group included only plants analysed in the greenhouse and deriving from the
fasciated embryos. The 2 individuals which were not pooled (S23 and S26) were field plants originated
from the normal embryo.

AFLP

The eight primer combinations produced a total of 191 bands with 48 polymorphic bands, accounting
for 25.1%. The number of bands per individual and per combination of primers ranged between 19 (E +
AAC x CTA) and 61 (E + AAC x M + CAA). The minimum similarity coefficient found was 0.89 between
individuals 56C and F22 and the maximum was 0.99 among individuals EN2 and S03. The cluster
analysis shows the formation of two homogeneous groups, according to the dendrogram in Figure 3.
The first group includes plants from the two methods of in vitro propagation, both in greenhouse and in
vitro conditions, composed of individuals 56V, EN1 to EN6, S21 to S26, S01 to S04 and EF1 to EF6.
Group 2 includes only plants from fasciated embryos analysed in acclimatization stage, composed of
individuals F21 to F26.
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SSR

None of the 13 primers that were evaluated (SSRY 12, 21, 47.51, 64, 69, 82, 116, 129, 130, 133, 142
and 189) showed polymorphism, i.e. that for the region of the genome studied by the above mentioned
primers (Figure 4).

Field trial

Once acclimated, plants were planted in the field in farm conditions. The yield was 43,000 Kg fresh
roots/ha for the plants issued from microcuttings (56C), 40,700 Kg/ha for the ones issued from the
normal embryo (56N) and 57,600 Kg/ha for the ones from the fasciated somatic embryo (56F) (Figure
5). This performance contrasts with the average yield of cassava in Venezuela which is 12,000 Kg/ha
(Marin, 2002), and in Latin American (13,196 Kg/ha) (http://www.infoagro.com/hortalizas/yuca.htm).

DISCUSSION

In this study, the production of somatic embryos in cassava was induced using Picloram, since in
earlier work by Capote et al. (2000), it was demonstrated in Allium cepa cytology studies that 2,4-D
induced triploidy while with Picloram the plant cells retained their diploid state. It was carried out, due to
the interest in mass production of plants for this crop, to guarantee the quality of the propagated
material distributed to the farmers. However, the cassava embryos showed two different morphologies
in the early stages of development, normal and fasciated. To analyze these discrepancies and to
compare it with the method of clonal propagation by microcuttings and with the mother plant of this
cultivar, three types of markers were used: ISTR, AFLP and SSR. The results showed that the levels of
variability are different according the type of marker used, being higher with the ISTR than with AFLP
and monomorphic with SSR. This is explained by the nature of each marker. ISTR are based on Copia-
like elements (retrotransposons) found in the genomes of plants. With advances in DNA sequencing on
a large scale, it has been shown that retrotransposons are not a rare component of the genome but
constitute an important fraction of the genetic material of many eukaryotes. For example, they occupy
45% of the genome of Cacao Criollo (Theobroma cacao) (Argout et al. 2011). The AFLP are based on
restriction enzymes. The differences between the ISTR and AFLP are explained by the fact that each
type of marker studies a different region of the genome, as demonstrated in agaves (Infante et al.
2006). While there is no evidence about the preferences of insertion of retrotransposons in plants, they
mostly are located in heterochromatic repetitive regions of the genome (Dasilva et al. 2002; Argout et
al. 2011), while AFLP are located in euchromatic regions. However, despite the different levels of
variability, both markers were able to group the individuals studied in a similar way, as seen in the
dendrograms generated by each of them. Particularly, they show that plants issued from the fasciated
embryo were separated from other individuals when analysed at the acclimatization stage. Tissue cells
during SE go through a callus phase which increases the likelihood of changes and decreases genetic
stability (Smykal et al. 2007). Among other reasons, that can be due to the activation of mobile
elements, which causes insertions, deletions and rearrangements in the genome, leading to changes in
it. The activity of transposons is associated with the patterns of methylation/demethylation of DNA. For
their part, SSR are markers that have high levels of inter and intraspecific variability. Therefore, they
are useful for genotyping, individual identification, pedigree and paternity analysis. The results obtained
with different markers show that although there is variability found with AFLP and ISTR, the individuals
are the same during the process, because SSR patterns are conserved.

The evaluation of patterns of markers in different stages of plant development shows that the profiles
are changing during development and that genetic variability is introduced in all stages of the process.
These observations indicate that somatic embryogenesis is a process that generates changes in the
DNA per se, as it is also the case for microcutting and stem cutting methods. These changes have
been related to alterations in the concentrations of auxins, cytokinins, the extent of the in vitro culture,
as well as the stress itself that this system causes, given the conditions to which plants are subjected.
When these alterations in the genome cause changes in the phenotype it is called somaclonal
variation. However, all these changes in morphology in vitro can be reversed when the plants are
carried to the field (Sanchez-Teyer et al. 2003; Sharma et al. 2007; Venkatachalam et al. 2007). In this
work, a phenotype called fasciated, found in the early stages of the SE process, reverted to normal
phenotype in the greenhouse stage, giving rise to normal plants.
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The plants obtained showed a better performance in the field in the first planting season, reaching a
productivity per plant between 4 and 5 times higher than the average yield of cassava in Venezuela
(Figure 5), the most productive plants being the ones from the fasciated embryo (56F), with a yield 4.7
times higher than the average cassava yield in Venezuela. Even they showed 41% higher yield per
hectare than the plants obtained from the normal somatic embryos (56N).

What is then the mechanism that preserves the morphology of cells and ultimately the plant’'s shape in
a process that generates so much variability? The relationship between genotype and phenotype is a
complex problem (Dowell et al. 2010). Classically, development has been seen as a pre-programmed
and deterministic process. However, studying the biology of systems of initiation of flower development
in A. thaliana, Espinosa-Soto et al. (2004) find that it exists a limited number of possibilities for flower
forms, which is determined by the regulatory dynamics of the genetic network, finding differences in
network architecture in Arabidopsis and Petunia hybrida. In other study, Traas and Moneger (2010)
find that minor changes in the rules of interaction do not alter significantly the simulation results in
various angiosperms, thus the regulatory network is very robust. The consequence is that all flowers in
general have the same organs and a certain geometric similarity. These results indicate that gene
expression patterns have some possible states. Then, not everything is possible. Even if we assume a
random expression of the genes involved in cell morphology or body shape, the disturbances present
in a highly nonlinear system make it to converge towards 10 predefined fixed attractors, each with an
array of gene expression that characterizes the inflorescence cells, sepals, petals, estaminoids and
flower carpel primordial cells (Alvarez-Buylla et al. 2008). It is then possible that such a self-regulation
system corrects the morphological differences initially observed in the fasciated phenotype in our
study. The variability detected with our markers did not have an effect on the phenotype in the
greenhouse and in the field. Similarly, Venkatachalam et al. (2007) reported field reversal of
malformations found in vitro. This allows us to assert that SE did not generate important changes.
Therefore, this propagation method is a process suitable for mass propagation of high performance
cassava clones.
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Figures

Fig. 1 Different stages in the development of cassava plants (Clone 56) through somatic embryogenesis. (a)
Embryogenic friable calli on GD medium, (b) Somatic embryos on MS medium without hormones, (c) Normal (left)
and Fasciated (right) germinated embryos, (d) Acclimation in Canadian peat, () Seven month old plants in pots, (f)
Eleven month old plants in the field.
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Fig. 2 Dendrogram generated using ISTR. Mother plant from the field (56c), in vitropropagated plant by
microcutting method (56v), stem cuttings with 30 days in a greenhouse (S01 to S04), in vitro plants obtained from a
normal somatic embryo (Enl to En6), greenhouse plants obtained from a normal somatic embryo (30 days in
greenhouse) (S21 to S6) in vitro plants obtained from a fasciated somatic embryo (Efl to 6), greenhouse plants
obtained from a fasciated somatic embryo after 30 days in a greenhouse (F21 to F6).
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Fig. 3 Dendrogram generated using AFLP. Mother plant from the field (56c), in vitro propagated plant by
microcutting method (56v), stem cuttings with 30 days in a greenhouse (SO1 to S04), in vitro plants obtained from a
normal somatic embryo (Enl to En6), greenhouse plants obtained from a normal somatic embryo (30 days in
greenhouse) (S21 to S6) in vitro plants obtained from a fasciated somatic embryo (Efl to 6), greenhouse plants
obtained from a fasciated somatic embryo after 30 days in a greenhouse (F21 to F6).

Fig. 4 SSR gels in 6% polyacrylamide. (a) -SSRY 133; (b) -SSRY 82; (c) -SSRY 21; (d) -SSRY 142.
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Fig. 5 Yield in Kg/ha after the first harvest for plants issued from a normal somatic embryo (56 N), for plants
issued from an abnormal somatic embryo (56 F), for plants propagated by microcuttings (56 V).
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