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ABSTRACT

World-wide interest in bamboo as a source of biomass in sustainable agriculture and agroforestry
systems has increased rapidly in recent years. But while severd classca propagation techniques are
avallable, shortages of planting materia and depletion of natura resources are both increasing rapidly.
The potential of micropropagation for mass scae propagation has raised high hopes and a lot of
research has been focused on the development of protocols for large and rapid scale propagation. But
despite numerous publications few of the published protocols can be transformed into commercialy
viable propagation systems.

In our company research focus has been directed towards micropropagation of elite selected
genotypes, usng mature or juvenile sdlected genotypes of temperate and tropica bamboos. Currently
we produce over 60 different temperate and tropical bamboos commercidly, dl from sdected
genotypes.  Axillary branching is the preferred in vitro method for mass scae production of bamboos,
and is highly efficient for large and even mass scae propageation, ensuring clond fiddity and true-to-type
propagetion.

In the plant production system of the company specid emphasis is placed on the optimisation of
the process and of the added vaue of micropropagation. Added vaues are especidly found in the
selection procedures for dite plants and the use of micropropagated bamboos ether as planting or
propagation materid in optimised quaity bamboo production systems. Forward integration and product
mix are o very important. The influence of micropropagation on bamboo availability and prices is
discussed, both for ornamenta bamboos and for tropical bamboos used in agroforestry. Other tissue
culture techniques such as in vitro flowering of mature bamboos, cryopreservation and somatic
embryogeness are dso under investigation in our laboratory.

INTRODUCTION

In the subfamily Bambusoidese (Poaceae) we find both woody and herbaceous bamboos but
only woody bamboos have economic potential. Historicaly woody bamboos have been used for
different gpplications but rather recently interest from paper and wood industries has increased, both for
tropical and temperate woody bamboos. Temperate bamboos of the Northern hemisphere are used for
agroforestry, mainly in China, and as ornamentd plants in Europe and the U.S, dthough some
preliminary trids to use bamboo as source of biomass are ongoing in these regions (it was Thomas



Jefferson who said that the best contribution one could give to a culture, was to add a vauable crop to
its agriculture).

Bamboo is often advocated as an ided renewable resource for biomass, useful for wood and
paper industry. Pogitive arguments thus aso include ecological arguments; indeed in the future forests
and agriculture, water conservation and carbon cycling will become very important criteria However,
the classca economic criteria (profit and added vaue) will remain very important. Moreover, if
bamboo is to be used as source of biomass, it will have to compete with other plants, not to speak
about competitions with industrial powers. This will certainly impose much pressure on bamboo, eg.
regarding sdection of dite genotypes, dlviculturd methods, new agpproaches for harvesting and the
production of qudity biomass. So, the time horizon of mass scae bamboo utilisation may be quite far
beyond what the advocates of bamboo foresee (or hope for) at present.

One of the main problems with bamboo isthat it has been regarded as a resource which is smply
there to take, as has been done for thousands of years by people in rura economies. However, in
industrial economies such practice leads to condderable overexploitation and rapid depletion of
bamboo resources in the vicinity of the paper mills and factors. Up to the point that transportation costs
have become too high for bamboo to be economica (indeed transportation of cuims is alot of air).
Edtimates regarding future use of bamboo dl indicate that there will be an huge shortage for bamboo
planting materia in medium and long term  (Subramanlam, 1994; Nadgauda, 1997).  To cope with this
forecasted shortage some large or mass scale bamboo planting has been planned/ carried out, such a
Green Sarn in Thailand and the projected reforestation in India Severa pilot plantations or larger scde
plantings are planned or carried out throughout the world. It is clear that bamboo propagation and
dlviculture are the pivotd upgream technologies in the whole process. If something fails there, it will
have consequences down the line (in the worst case interest in bamboo may fade instead of increase).

The whole downstream process of bamboo production and transformation consists of many
different steps. Each of these stepsisimportant, and asin any successful industrid enterprise or chain of
processes, optimisation in each step aswell as integration of steps and feedback isimportant. Because,
as a generd rule, it will be the consumer who has to be satisfied. And the whole production scheme
should be aming a the market. At the production side propagation is crucia for mass scae utilisation
of bamboo.

For bamboo different propagation techniques are avalable, such as seed propagation, clump
divison, rhizome and culm cuttings (Banik, 1994). But these methods suffer from serious drawbacks
when one taks about large or mass scae propagation. Mogt of the classicd techniques for clona
propagation are useful for the production on smaller scale (up to 10 000 plants per year), dthough some
techniques such as macroproliferation (Adaresh Kumar, 1991) can go higher. Much will depend of
course on the availability of mother plants. Large scale propagation (between 10 000 and 500 000
plants per year) requires highly efficient techniques. For mass scale propagation (> 500 000 plants per
year) dasscd techniques are largdly insufficient and inefficient, and tissue culture is the only viable
method.

Indeed, the order of magnitude of the demand for bamboo planting materids indicates that
micropropagetion will inevitably be necessary for mass scale propagation (Subramanlam, 1994; Gidlis,
1995). Classcd techniques done can never solve this problem. It isaso important to point out that the



tota world production of al tissue cultured plants in 1995, was estimated at 600 million (Debergh,
pers.comm.), or lessthan the tota projected needs for bamboo planting materid.

MICROPROPAGATION OF BAMBOO

A historical note. By now a large number of papers on micropropagation (the use of TC for
propagation only) of bamboos have been published, originad papers as well as reviews and some in
which tissue culture is described in amore generd aspect. Main centre of research has been Asa. The
first paper on successful tissue culture is with Alexander and Rao (1968) who described embryoculture.
In the eighties there was a consderable increase with propagation of seedlings in tissue culture (Nadgir
et d., 1984), the induction of somatic embryogenesis in bamboo seeds of tropica species (Rao et d.,
1985), clond propagation of Guadua angustifolia (Manzur, 1988) and other species (Prutpongse and
Gavinlertvatana, 1992), and the induction of organogenesis (caulogenesis) in mature bamboos (Huang et
al., 1989).

Many researches have focussed on somatic embryogeness of seedlings of tropica bamboos,
eventudly culminating in the INBAR publication “Propagation of Bamboo and Rattan through Tissue
Culture’ (1991). Mgor Research focussed adso on the clond propagation of dite genotypes, either
juvenile and adult. The number of papers about this subject however is much less, and thisis solely due
to lack of success. Indeed, technicdly the propagation of adult plants via axillary branching is much
more difficult than with seedlings of tropica bamboos. An inventory (BIC, 1994) shows that at a
certain point a least 21 labs in South-east Asawere involved in bamboo tissue culture, mainly in India
(reviews on tissue culture of bamboo can be found in INBAR, 1991; Saxena and Dhawan, 1994;
Zamora, 1994; Nadgauda et d., 1997).

A critical note. Micropropagation via tissue culture attracted a lot of attention since it was believed
that this method could solve most or a least many problems in propagatiion of bamboo. This
biotechnologicd dream was strengthened by a large number of publications. However, the trandation
and transformation of these expectations into commercidly viable propagation systems has been beset
with a number of problems (which isin part normal in technologica processes). Main problems were
ether technological, or related to marketing. The published research dl lacked crucia parts. They
were ether not very efficient, or not applicable on other bamboas, or both.

The use of gtarting materid (seeds or adult plants) and the choice of the propagation method are
crucid. The two mgor advantages of using seedlings is thet it is a new generation, and that the
technology is easer. But the disadvantages are very consderable (1) insufficient or no knowledge of
genetic background, (2) restricted availability of seeds for most gpecies and rapid loss of germination
capacity, and (3) comparison of in vitro to in vivo performance has not been thoroughly evaluated.
When using adult bamboos main problems are: (1) endogenous contamination, (2) hyperhydricity and
ingability of multiplication rates, and (3) many problems with rooting aso in bamboos thet root readily in
nature. Rooting percentages for adult bamboos ranged from very low percentagesto 73% for adult
Dendrocalamus longispathus (Saxena and Bhojwani, 1993). Rooting percentages of 77% were
obtained for adult Dendrocalamus giganteus in 3 or 4 weeks only (Ramanayake and Y akandawala,
1997). But, while 77% of success is good on 500 plantsin alaboratory trid, it means aloss of 33 000
when you transplant 100 000 plants.



Initid trids for commercidisation were st up in some commercia companies in different parts of
the world. An unknown number of commercid laboratories succeeded in propagating one or more
genotypes of bamboo. Some of the origindly produced bamboos were of bad qudity, due to
insufficient identification of the mother plants or due to the chase for short term profit.

In this way tissue culture gets bad press, while it is very important to show positive results, for
market penetration; time to market is far away and feedback times are considerable (in fact 30 years or
longer for flowering observation). It is not easy to convince foresters to invest, even with data which
seem very convincing. But TC has to adgpt to the market and not vice versa (or at least not in the first
ingance). Micropropagation isatool, not an aim.

A personal note. Our view of these problems was that we had to develop a universa system for dl
bamboos that was highly efficient for the propagation of selected genotypes, a the same time ensuring
genetic sability. In short tissue culture as Best Available Technique. This technology had aso to be
integrated in the plant production scheme in the company. With regard to commercidisation our
drategy should combine the production of high qudity plants with product mix and market
diversfication (both temperate and tropica species) and forward integration in the downstream process
of bamboo propagation and transformation.

SELECTION OF ELITE GENOTYPES

Because of the peculiar flowering habits in bamboo it has been amost impossible to breed for
superior traits in woody bamboos. Bamboos are naturd polyploids and alot of variability occurswithin
seedling or natural populations (at infraspecific leve in generd), in tropica as well as in temperate
bamboos (Banik, 1995). In seedling populations variability between genets occurs at the genetic and
the phenotypic level. The various characteristics and properties are quite variable, and in generd,
overdl characteristics are unfavourable for biomass production. Selection in existing populations to
improve overdl quaity or yidds is possble. Clond forestry based on one o more dite selected
genotypes, propagated via clond propagation, dlows a condderable "genetic' improvement (in this
sense genetic refersto better yields, quality etc.).

Population enhancement of bamboo is rdatively easy in first gpproach: selecting the plus clones
(eg. top 20 %) and usng mass propagation for upscding these plus clones will result in more
homogeneous populations, with higher yields. The sdection and subsequent vegetative propageation of
superior clones dlows to improve bamboo germplasm considerably, compared to natura populations.
Simple sdlection procedures such as this can aso be done for seedling populations. It is important to
sdlect clones in such a way that a broad genetic bads is maintained, snce many tropical bamboo are
natural monocarps (Gielis and Oprins, 1998).

Among the large number of species of woody bamboos, the economicaly most promising species
can generdly be used for a variety of purposes. Sdlection criteria depend on biological characters of
the bamboo, ether macro- and micromorphologica and anatomicdl, directly relaed to ultimate
transformation, or related to biomass production.  Selection procedures should be refined for two main
reasons. Firg isthat the qudity requirements imposed by industry (or some internationa standards) will
get more severe, especidly when bamboo is used as subgtitute for (and in direct competition with)



existing wood based biomass transformation.  Secondly, refining the sdlection procedures,
incorporating morphologicd, physico-chemicd, anatomica characters, as well as molecular markers,
will dso dlow to speed up sdection through early assessment of seedlings considerably.

Molecular markers have been proposed as tools for identification of bamboos (fingerprinting),
assessment of variation, and identification of characters or traits. We apply AFLP™, which is
consdered to be one of the most senditive and most reproduci ble methods among different laboratories.
The advantage of AFLP patterns is tha the same fingerprint can be used for identification, taxonomy,
the study of naturd variability and early assessment. It was shown that differences in DNA isolation
procedures can serioudly affect AFLP patterns (Gidlis et a., 1997b). But DNA based markers are till
in their infancy. In genera they represent data not necessarily connected to phenotypic characters or
loci in the drict sense, covering only a limited part of the genome. Therefore incongruences between
morphologica and molecular data can be expected and any result should be interpreted only with a
maximum of precaution (Gielis et d., 1997a; Gidis et d., 1997b). But despite these difficulties
molecular markers can be very helpful in the detection of useful characters and traits, or in the detection
of elite genotypes using multivariate analys's, in careful combination with phenotypic markers.

In any case the selection of dite genotypesis at the basis of clond forestry and at the same time
the propagation of salected genotypes is one of the major advantages of micropropagetion. In a very
short period of time (e.g. | year) 100 000 or even 1 000 000 copies can be made from one single elite
clone.

GENETIC STABILITY IN MICROPROPAGATION

In tissue culture 3 basic methods exist for the propagation of plants (i.e. micropropagation): (1)
axillary branching, which miniaturises the naturd process of branching, (2) organogeness, the
neoformation of organs or shoots, and (3) somatic embryogenesis, the regeneration of embryos from
somatic cdls.  In bamboo dl these three methods have been investigated, but in bamboo both
organogenesis and SE involve an intervening calusphase.

Tissue culture has been associated with molecular aberrations in generd (including aso
chromosomal defects), and phenotypic aoerrations may show up only some years later. To avoid such
problems one should be very cautious using such techniques, especidly when methodologies are used
which are prone to higher chances of such genetic aberrations. Even when using axillary branching, the
hifi technique in tissue culture, caution must be taken. The bulbous internodes of Bambusa ventricosa
were logt after tissue culture (Huang and Huang, 1995) and variegated leaves gppear very often during
tissue culture in many species.

For large or mass scae production, efficiency of the propagation methods is important, but
perhaps even more important is the genetic sability. The evauation of clond gability is very difficult
and time consuming in bamboos and since feedback times are very long in bamboos to monitor the
genetic Sability, ensuring genetic dability is very important.  The molecular tools to test for genetic
dability are in generd very rough approximations. Use of molecular markers may reved some



differences but to detect asingle gene mutation is very difficult and time consuming. Use of other tools
such as flow cytometry to check ploidy level do not provide any information at the molecular level. So
molecular tools to detect variation are not a watertight system. Therefor the best strategy seems to be
the mogt prudent: use axillary branching as method for clond multiplication.

From this perspective it is surprising that most of the efforts in bamboo have concentrated on the
use of seeds and somatic embryogeness for mass scale propagation (INBAR, 1991). For tropica
bamboos like Dendrocalamus giganteus, D. strictus and Bambusa bambos, seeds are readily
avalable in India  Certainly the ease of somatic embryogeness in these species has attracted most
atention, but somatic embryogenesisis a process with the higher chance for aberration at the molecular
level. In fact, very few (if any) plants are micropropagated commercialy via somatic embryogenes's,
especidly because of clond fiddity (Cervelli and Senaraina, 1995). Only in bamboo, few people seem
to care about this.

In most plants produced on large scae, axillary branching is used since this methodology has a
lesser risk of aberration. All shoots originate from preformed buds, and no necformation of organs is
involved, aso not in nodule cultures of pseudospikeets (Gidis, 1998). We have sdected axillary
branching as our method of choice for propagation of bamboo.

AXILLARY BRANCHING: A UNIVERSAL TECHNIQUE FOR BAMBOO

From the beginning we had been confronted with the lack of good darting materia. While for
some tropicad bamboos seeds were available for tissue culture studies, this was not so in temperate
bamboos, where only adult material could be used. The development of an gppropriate technology was
thus technicdly far more difficult, especidly if we wanted to develop a universal protocol. But once we
had found how to do it, the technology worked with al bamboos. At present the remaining bottle necks
for axillary branching, have been solved. Basic research has dlowed to identify the endogenous factors
involved in senescence and browning of explants, in hyperhydricity and variahility of multiplication in
generd, and in inhibition of rooting of in vitro bamboos (Gidis, unpublished results).

In our laboratory commercialy feasible micropropageation for large scale propagation is practised
for species and varieties of Arundinaria, Chimonobambusa, Fargesia, Phyllostachys, Pleioblastus,
Sasa, Sasaella, Semiarundinaria, Shibataea and Yushania (temperate bamboos) and Bambusa,
Dendrocalamus, Dinochloa,, Oxythenanthera and Thyrsostachys (tropicd taxa). In fact with our
technology it will probably be possible to propagate any bamboo (Gidlis and Oprins, 1998). In total we
propagate over 60 different species and cultivars of bamboo, with main emphasis on ornamentd
bamboos (Phyllostachys, Fargesia, Semiarundinaria....) and on tropica bamboos for reforestation
and plantation (Bambusa and Dendrocalamus species).

In our greenhouse ex situ conservation of eite plants is combined with stage O conditions
(Debergh and Maene, 1981), which dlows to fadlitate the initiation in tissue culture. In
micropropagetion practise, Stage 1, the initiation stage, involves al subcultures until a congtant and
deble multiplication rate is obtained. |f prepared under proper Stage O conditions for about one month,
the time for Stage | is reduced to less than 4 months for most tropica and temperate species, but for



some it can take up to 8 months. After this period aready more than 1000 plants per species enter the
production line (Stage 11). Multiplication rates vary according to species from 3-10 every 3-4 weeks
depending on the species (in practice multiplication is kept below 6). Within 6 or 7 months from
initiation 100 000 plants can be produced, which corresponds to theoretica caculations (or rather
earlier expectations) of TC technology. One skilled operator can easily transfer between 710 000
plants daly: indeed in handling cdlumps of 35 plantlets each, the trandfer of clumps is much more
efficient. New cultures are initiated a least every 2 years and stay in production for a maximum of
about 20 cycles.

In our laboratory rooting is achieved ether by a separate rooting medium or by administering
liquid medium (Stage I11b; Debergh and Maene, 1981). Theresfter plants are transplanted with 98-
100% success under conditions of 100 % relative humidity. Under those optima weaning conditions,
rooted plantlets of eg. most Phyllostachys and Bambusa's can be potted already 10-14 days after
transplanting in the greenhouse.  Rhizome devdopment is equdly fast. E.g. Pleioblastus auricomus
rhizomes are visble dready 8 weeks after transplanting.

In the classical scheme of tissue culture laboratories, the tissue culture phase terminates at Stage 111,
but in regard to marketing of plants one can aso distinguish subsequent stages. (1) Stage IV, the
transplantation stage with the end product a rooted plantlet in trays, (2) Stage V, the production of
liners, e@ther for production of saleable plants or for use as micromotherplant, and (3) Stage VI, the
production of sdegble plants. This digtinction is important if the complete chain of production is
integrated in a Single company, since this determines the added vaues.

COMMERCIAL MICROPROPAGATION OF WOODY BAMBOOS

A sdected number of private laboratories have succeeded in mass propageting one to many
bamboos, ether from seedlings or from mature plants. Micropropagation is much more efficient when
developed in private companies, when cost-benefit anadyses have to be made and optimal strategies for
a efficient implementation and integration of micropropagation into a complete plant production scheme,
have to be devel oped and adapted when and if necessary.

While in mogt commercia plant production the tissue culture lab is a separate entity, forward
integration is dmost a necessity if a company wants to mass produce bamboos. Forward integration
involves the integration of several steps of plant production in one company, sometimes also beyond the
production part. This can have different gods. (1) to be able to monitor how the micropropagated
plants perform downstream, (2) to get sufficient feedback to improve ether selection or technology, (3)
to increase the added vaue of the plant and/or (4) to improve market penetration by increased know-
how of severd stepsin the downstream process.

Forward integration of bamboo tissue culture can indeed be rewarding. A draightforward
comparison shows this. in Europe plants of Phalaenopsis sdections and clonesare sold at 0.25 $ by a
tissue culture lab.  After hardening and growing, and through digtributors, the ultimate retail price is
between 10 and 20 USS$, so that the price of the tissue culture plant is between 1.25 and 2.5% of the
retail price. In Ficus benjamina the situation is even worse. The TC lab sdlls clumps for about 0.25
USS, but after hardening between 15 and 20 cuttings are taken from this plant, rooted and sold as liners
to growers. Retail prices for certain sizes are around 10 US$. So here, the price of the TC plant makes



up only 0.125-0.25% of the retail price. To generate sufficient turnover for the lab a large number of
plants have to be produced.

In contrad,, if the laboratory is integrated in the company, the Stuation is very different, especiadly
when one operates in smdl nichesin the market. For a Hydrangea plant from tissue culture, whole-sale
prices after 6 months growth range from 2-4 US$ depending on the species. For the company to have
the same turnover as the big laboratories producing Ficus or orchids, only one tenth of the number of
plants have to be produced; indeed the added value is gained on the sdedble plant. At the same time
this strategy can create and protect (Sabilise) market niches. We try to apply the same strategy for
bamboo. Besides increasing the added vaue for the plant producer/seller it dso avoids a downward
spiraling of bamboo pricesin generd, and tissue culture bamboos in particular.

In fact we am at a product mix: tissue culture bamboos used for (1) production of saegble plants
(end of Stage V1), sold only at this stage, (2) production of liners (end of Stage V), (3) hardened
plantlets in trays (end of Stage 1V). We am at producing tissue culture plants which give a digtinct
added value to the company  (hew genotypes, high quantity and qudity ) and use those in the most
profitable way.

With respect to return on investment, the higher added vaue will of course be for saeable plants,
but faster return on investment is obtained for direct sde of tissue cultured plants. In terms of time to
market the earlier sdes can indeed be more profitable.  On the other hand, this dso is practicd:
logidicdly it is quite difficult to grow eg. 2 million TC bamboos per year further to sdeable plants.
Most of the production of tropical bamboos is directly exported to severd tropica countries for

planting.

THE FUTURE ISHERE AND NOW

The development of micropropagation systems for bamboos initidly caused grest excitement.
But new technologies, or developments, often evolve in a typicd way referred to as "double vison
forecadting”. A new technology can generate mass excitement and its short term impact is generaly
overestimated; because of the dow diffusion of the technology, time lags must be taken into account and
short term expectations are not met. How interesting and promising the new technology may be, the
initid excitement will fade and a the same time creates an under expectation of medium and long term
results when the technology ripens. In bamboo tissue culture, problems of technological and of logigtic
nature have dowed down the development. Logidtic factors involve the collection of dite germplasm,
the incorporation of the novel technology in classcad plant production and dl aspects involved with
market penetration.

We have presented the evolution of micropropagation of bamboos, darting from a
biotechnologica dream where tissue culture would provide the solution, to a down-to-earth practica
and commercid redity. The problems to transform research papers into commercid technologies are
numerous and include endogenous contamination, browning, lack of efficiency in rooting and
trangplanting, the choice of a specific propagation method, the choice of gppropriate Sarting materid,
and so on. In this contribution we have outlined the approach we have adopted to develop a
commercidly feasble process. It involves three mgor components. (1) fundamenta research on
bamboo physiology and gendtics, (2) the development of axillary branching into a universa technique



with a high cdlond fidelity and very high efficiency, and (3) forward integration to optimise the added
vaue of micropropagation.

In conclusion, it is now possible to micropropagate dmost any salected bamboo at mass scdein
ashort time frame. The hypothetical numbers of propagation and short time frames proposed in earlier
research papers, have been redlised. The efficiency and time frames given in this paper are red figures
and real productions, not on laboratory scae. Huge numbers of bamboo can be transported from lab
to gte of planting within 48 hours or less anywhere in the world.  The qudlity of young plants derived
from tissue culture is generdly excdlent. The plants are vigorous growers and in many ornamental
bamboos the quality of plants of | year old derived from tissue culture is consderably better than of
those propagated via conventional methods of propagation.

Micropropagated plants are also price competitive with other plants (if one includes quaity and
other long term factors), while for mass propagation of many bamboos, micropropagation is the only
technique. As predicted some years ago (Gidlis, 1995) micropropagation via axillary branching is a
universa technique but above dl, it is the Best Available Technique and will become the standard for
mass scae propagation of bamboos. A comparison with Ficus benjamina seems gppropriate:
nobody in the tropics would even consder propagating a weedy fig tree via tissue culture. It has little
vaue and can be propagated easly viacuttings. Yet, al Ficus plants produced in Europe today (about
50 000 000) derive from tissue culture; micropropagation has replaced propagetion via cuttings
completely.

Micropropagation of bamboo has dso transformed into a medium technology a the same time
the technology matured. So it can be gpplied on large and mass scde. But diffusion of technology will
have to be based on norma market rules, such as maximising profits (profits are higher on ornamentals
than for reforestation), protection of know-how (via patents or black-box), and technology transfer on a
contract bass. Private companies are generdly much more efficient, especidly for production.
Bamboo and its future are too important to leave it only to the scientists.
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