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A comparative evaluation of the application of somatic
embryogenesis, rooting of cuttings, and organogenesis of
conifers

J-M. Bonga

Abstract: Vegetative propagation of conifers has found large-scale industrial application via somatic embryogenesis (SE),
rooting of cuttings, and organogenesis. Genetic gain is achieved with all of these methods but is the highest with SE, primarily
because SE cultures can be cryopreserved. This allows for plants derived from part of each cell line to be field tested over a long
period while the rest of each cell line is kept in a juvenile state by cryopreservation for later use. This makes it possible to select
the best performers within the best families. For rooting of cuttings and organogenesis, genetic gain is generally based on family
average, which is less powerful. However, SE has its limitations, primarily because its initiation, maturation, or germination
rates are too low to be effective for many species. Consequently, for many species, the preferred clonal propagation option is still
rooting of cuttings or organogenesis. If better methods can be developed to keep ortets used for rooting of cuttings and
organogenesis in a prolonged juvenile state, or if future developments in marker technology reach a point where within-family
selection becomes possible without the aid of cryopreservation, rooting of cuttings and organogenesis will achieve the same
genetic gain as SE.
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Résumé : La propagation végétative des conifeéres a trouvé une application industrielle a grande échelle via I'embryogeneése
somatique (ES), I'enracinement de boutures et I'organogenése. Toutes ces méthodes permettent d'obtenir un gain génétique
mais 'ES procure le gain maximum, surtout parce que les cultures d'ES peuvent étre congelées. Cela permet de tester au champ
sur une longue période les plants dérivés d'une partie de chaque lignée cellulaire tandis que le reste de chaque lignée est conservé
dans un état juvénile par cryoconservation pour usage ultérieur. De cette facon il est possible de sélectionner les plants qui
performent le mieux au sein des meilleures familles. Dans le cas des boutures racinées et de 1'organogenese, le gain génétique
est généralement basé sur la moyenne de la famille, ce qui est moins performant. Cependant, 1'ES a ses limites, principalement
parce qu'avec plusieurs especes l'initiation, la maturation ou le taux de germination sont trop lents pour étre efficaces. Par
conséquent, dans le cas de plusieurs espéces 1'option de propagation clonale préférée demeure l'enracinement de boutures ou
I'organogenese. Si on arrive a développer des méthodes pour conserver dans un état juvénile prolongé les ortets utilisés pour
l'enracinement de boutures ou 1'organogeneése, ou si les progres dans la technologie des marqueurs atteignent un point ou la
sélection intrafamiliale devient possible sans avoir recours a la cryoconservation, 1'enracinement de boutures et l'organogenése
vont procurer le méme gain génétique que I'ES. [Traduit par la Rédaction]

Mots-clés : cryoconservation, gain génétique, état juvénile, ortet, ramet.

The objectives of this review are to show that (i) SE is not likely
to completely replace rooting of cuttings and organogenesis,
(ii) these technologies can sometimes be used effectively in con-
junction with each other, and (iii) with improved cryopreservation
and genetic marker technology, rooting of cuttings and organo-
genesis may eventually acquire some of the attributes that have

Introduction

There are several means of clonal propagation of conifers, most
notably somatic embryogenesis (SE), rooting of cuttings, and or-
ganogenesis. For conifer species, where these methods have been
effective in mass cloning, they all have resulted in obtaining ge-
netically improved planting stock. There are other clonal propa-

gation techniques, for example, grafting. However, grafting is
used primarily for conifer seed orchard establishment and is
rarely used for mass cloning. It is labor intensive and can result in
graft rejection, which is high in some conifers (Miller and DeBell
2013) and sometimes delayed for many years (Sweet and Thulin
1973). Coppicing, which is very effective for many hardwood spe-
cies (Wendling et al. 2014), is not an option for conifers because
root or stump sprouts are not available for most species. This
review will not deal with grafting and coppicing but is restricted
to those methods that allow both mass cloning and genetic im-
provement, i.e., SE, rooting of cuttings, and organogenesis.

made SE so effective in obtaining genetic gain.

Somatic embryogenesis

Somatic embryogenesis (SE) of conifers has found extensive com-
mercial application, with companies using large numbers of somatic
embryos annually in their plantations (Cyr and Klimaszewska 2002;
Celestino et al. 2013; Lelu-Walter et al. 2013). In particular, it has
been effective because embryogenic cultures can be cryopre-
served and reactivated after cryopreservation. This has allowed
long-term field testing of the clonal lines and, therefore, selection
of superior lines prior to mass production of the selected lines.
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This has had important implications in producing superior plant-
ing stock for reforestation (Park 2002; Lelu-Walter et al. 2013).
However, even though SE is very effective in producing geneti-
cally superior planting stock and can, for many species, produce a
large number of plants, it has its limitations. For several commer-
cially important species, the SE initiation rates are low, and proper
maturation of the somatic embryos is often a problem. For example,
for Pinus banksiana Lamb., the initiation rate is only about 3% (Bonga
2012), and for Pinus pinea L., it is even lower (0.4%) (Celestino et al.
2013). Such low rates are far from practical; therefore, for many
conifer species, the more traditional mass-propagation methods,
primarily rooting of cuttings and organogenesis, are still being
used extensively. It is not an objective of this review to describe
methodologies of SE, rooted cuttings, and organogenesis, because
many extensive reviews on that subject are available for consul-
tation (Klimaszewska et al. 2007; Celestino et al. 2013). Instead, the
effectiveness of SE, rooting of cuttings, and organogenesis will be
compared with respect to their effectiveness in producing im-
proved planting stock for reforestation.

Rooting of cuttings

Clonal propagation by using rooted cuttings has been highly
successful. For example, in Brazil, large-scale planting with clonal
Eucalyptus, obtained from juvenile stump sprouts of superior se-
lected trees, has resulted in plantations ready for harvesting after
7 years (Ondro et al. 1995). This procedure cannot be followed for
species for which juvenile stump sprouts are not available from
adult trees, as is the case for most Coniferales. Conifer stem cut-
tings suitable for rooting are generally available only from plants
that are too young to have demonstrated what kind of growth
they are capable of over the long term. Because of the often poor
correlation between juvenile and mature traits, proper testing
generally requires at least about one-third to one-half the rotation
age (Zobel 1981; Hodgetts et al. 2001; Weng et al. 2008). Juvenility
can be prolonged a few years by repetitive pruning (hedging) or
repeated cutting cycles (Bentzer 1993; Mason et al. 2002; Mitchell
et al. 2004) but often not long enough to allow long-term field
testing of the ortets to determine their suitability for clonal plant-
ing. Only for a few conifers has longer term clonal testing been
possible. For example, Picea abies (L.) Karst. ramets have been
maintained in a rooting-capable state for up to 20 years by serial
rooting of cuttings every 3 years (Bentzer 1993). In a study with
Picea sitchensis (Bong.) Carriére, serial rooting of cuttings provided
material capable of rooting for up to 18 years, whereas hedges did
so only for 11 years (Mason et al. 2002). These procedures have
provided upward of 2.5 million plants per year for planting in
Great Britain. Without hedging or serial propagation, the rooting
ability of cuttings and the growth vigor of the rooted cuttings
diminish after the ortet reaches about 2 years (Mason et al. 2002).
For a few conifer species, reliable rooting of cuttings is possible at
a more advanced age of the ortet. Such is the case for Pinus radiata
D. Don, which can be cheaply mass-produced by the rooting of
cuttings from trees up to 15 years old (Thulin and Faulds 1968).

Despite the fact that, for many conifers, long-term clonal test-
ing prior to mass clonal propagation by rooted cuttings is not
possible, cloning of young plants by rooting of cuttings can be
highly effective in providing genetically improved planting stock.
Mass cloning of young plants obtained from seed that was im-
proved by breeding provides a clonal population that reflects the
family average in performance and thus a population that is im-
proved over their wild counterpart. For example, a gain of 10%-
20% in height growth is possible for P. abies (Bentzer 1993), and a
gain greater than 30% is possible for Picea glauca (Moench) Voss
(Weng et al. 2010). Rooting of cuttings of young plants is also
important when only a small quantity of improved seed is avail-
able, i.e., a quantity too low to be useful for direct seeding (Libby
and Ahuja 1993). Rooted cuttings obtained from young plants
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generally perform as well as seedlings of the same family. They
may be slower initially, but after a number of years, the difference
often disappears, e.g., after 10 years for Pinus taeda L. (Stelzer et al.
1998). Callitropsis nootkatensis (D. Don) D.P. Little 1-year-old rooted
cuttings performed better than their seedling counterparts (Russell
1993), whereas P. glauca rooted cuttings have shown a slightly
lower growth rate than seedlings over a 5-year period (Beaulieu
and Bernier-Cardou 2006). In Australia and New Zealand, produc-
tion of rooted cuttings of P. radiata reached 3.3 million in 1992,
with trees produced that way showing the benefit of having fewer
and smaller branches and less stem taper than trees obtained
from seed (Ritchie 1997). By 2010, 25% of the planting stock of this
species was provided by rooting of cuttings and 4%-5% by SE (Find
et al. 2014).

When older ortets are used, differences in volume, form, and
shape can occur (Mitchell et al. 2004). For P. radiata, the ortet age
that delivers the best ramets is 3-4 years (Menzies et al. 2000).
Similarly, Foster et al. (1987) concluded that P. taeda ortets older
than 5 years pass on mature traits to their ramets. Sometimes,
somewhat older ortets are used to obtain ramets that are suffi-
ciently mature to reduce some of the defects associated with the
juvenile growth habit while retaining the fast juvenile growth
rate (Sweet 1973). Ramets of young P. radiata plants show growth
characteristics that are better than those of seedlings (Frampton
and Foster 1993). On the other hand, rooted cuttings from juvenile
Pseudotsuga menziesii (Mirb.) Franco stock plants exhibited traits of
mature trees during and after 5 years in the field (Ritchie et al.
1994). In comparing the field performance of plants obtained by
rooting of cuttings and by SE, the latter may show reduced initial
growth rates compared with those of seedlings, but this can often
be remediated by improved culture practices (Hogberg et al. 2003).
Rooting of cuttings is useful in propagating plants produced from
selected SE lines in a cost-effective manner. Forest Genetics Ltd
and ArborGen New Zealand produce about 50 000 somatic seed-
lings annually of P. radiata that are established as stool-bed plants.
Forest Genetics Ltd annually produces and sells 2.5-3 million
rooted cuttings in New Zealand. The annual market for P. radiata
in New Zealand is about 50 million, half of which are seedlings
and the rest are rooted cuttings from hedges (M. Carson, personal
communication, October 2014). In this example, SE is primarily
used to provide genetically improved clonal lines that are subse-
quently mass-produced by the rooting of cuttings. A similar pro-
cedure is used for P. sitchensis (Lelu-Walter et al. 2013). Other
companies produce somatic seedlings in numbers large enough for
direct planting, sometimes totalling millions (Cyr and Klimaszewska
2002; Celestino et al. 2013). As a note of caution, it is generally
assumed that if one takes several scions from a plant, these are all
genetically identical. However, genetic variation has been ob-
served within trees. A study of Populus trichocarpa Torr. & A. Gray
ex Hook. clones has shown that leaves are genetically different
from roots and that the crowns of clones arising from root sprouts
are, therefore, genetically different from the crowns of the parent
tree (Yong 2012). It has also been postulated that genetic variation
occurs among the shoot meristems within the crowns of highly
branched trees (Cherfas 1985; Gill et al. 1995). To what extent such
variation occurs in conifers is not known.

Organogenesis

There is a long tradition of trying to obtain clonal propagation
by in vitro means. Prior to the development of somatic embryo-
genesis, attempts were made to use organogenesis as a means of
clonally propagating conifer species. Success was first achieved
with Pinus palustris Mill. by Sommer et al. (1975) using excised,
mature zygotic embryos as explants. In organogenesis, adventi-
tious shoots are formed directly on the zygotic embryo, on parts of
the zygotic embryo, or from meristematic nodules. These shoots
are subsequently rooted to form plantlets. Although organogene-
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sis has been very effective for some conifer species, in particular
P. radiata (Aitken-Christie et al. 1988; Montalbdn et al. 2011), for
many, this technology never reached a practical application stage
primarily because of low plantlet formation rates, poor rooting,
and excessive handling and costs.

One reason that organogenesis has never become as popular as
the later invented SE procedure is the difficulty in keeping or-
ganogenic cultures in a juvenile state by cryopreservation. It has
been possible to store adventitious shoots of P. radiata for up to
5.5 years at 4 °C, but only shoots that had been stored for
17 months were capable of rooting (Aitken-Christie and Singh
1987). This is not long enough for a proper field test. The ability to
cryopreserve material for propagation by organogenesis is desired
for species for which organogenesis provides plantlets for a large
number of genotypes per family, whereas SE does so for only a
limited number of genotypes within the family (Hargreaves et al.
2004, 2011). It was found that partially desiccated cotyledons of
P. radiata, detached from mature zygotic embryos, can be cryo-
preserved without cryoprotectant pretreatment with one-step
cooling. After up to 28 days in cryopreservation, the thawed cot-
yledons produced the same number of adventitious shoots and
plants as the noncryopreserved control cotyledons, but plant
height was 8% lower in the cryopreserved material after 21 months in
the field (Hargreaves et al. 2004). Subsequently, it was found that
more genotypes were captured by culture of cryopreserved coty-
ledons than were obtained from axillary shoots arising from epi-
cotyls of the noncryopreserved parts of the same zygotic embryo
(Hargreaves et al. 2005).

A well-responding seed of P. radiata can form about 260 000 clonal
trees in 2.5 years from pieces of meristematic tissue (Aitken-
Christie et al. 1988). Unfortunately, cloning by organogenesis is
not always true to type. Propagules derived from cotyledons of
Pseudotsuga menziesii (Mirb.) Franco seedlings showed mature char-
acteristics during a 5-year field test (Ritchie et al. 1994). However,
the incidence of such abnormalities may be an indication of sub-
optimal culture conditions and may be reduced by protocol im-
provements.

Efforts to make cryopreservation applicable to
rooting of cuttings and organogenesis

For many hardwood species, cryopreservation of shoot tips and
dormant buds has been achieved, primarily for gene-pool preser-
vation. New plants are regenerated in vitro from this gene pool
when needed (Millar 1993; Engelmann 2011; Pijut et al. 2011). With
regard to gymnosperms, cryopreservation of shoot tips of Tetraclinis
articulata (Vahl) Mast. (Cupressaceae) has been reported (Serrano-
Martinez and Casas 2011). Micropropagation of conifers from
shoot explants has been rare (Bonga et al. 2010; Bonga 2012) and is,
at present, not commercially practical. However, if effective meth-
ods for micropropagation from shoot tips could be developed
for conifers, cryopreservation could possibly become as useful for
rooting of cuttings as it is for SE in the selection of superior
genotypes.

As mentioned earlier, cotyledons of P. radiata can be cryopre-
served for up to 28 days. If the excised cotyledons could be cryo-
preserved for longer than that, it could possibly allow long-term
testing prior to mass cloning. A part of the cotyledons of each
donor zygotic embryo could be cryopreserved, with the remaining
cotyledons being used for the production of plants by organogen-
esis for field testing. After the field test has identified superior
genotypes, the corresponding cryopreserved cotyledons could be
thawed and used for mass production of plants by organogenesis.
This would provide the same ability to select superior genotypes
as can be achieved with cryopreserved SE cell lines and would be
useful for those species for which organogenesis is more effective
than SE.
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Deployment

Conifers have a long life cycle, which adds to the risks of using
clonal populations. Disastrous effects due to lack of diversity have
occurred, for example, in clonal poplar populations (Bishir and
Roberds 1999). However, although risk can decrease with a larger
number of different clones being employed, it can also increase.
The level of risk is unlikely to be reduced if the number of clones
exceeds 30-40 (Bishir and Roberds 1999). Another model suggests
that approximately 18 genotypes are optimal under many condi-
tions and that, for merchantable volume, no more than 30 clones
are needed for risk protection and near-optimal timber yield
(Yanchuck et al. 2006). This model also indicates that planting
blocks with a mixture of clones has advantages over planting a
mosaic of blocks, with each block containing a different single
superior clone. These deployment rules would apply to all clonal
populations no matter whether of SE, rooted cutting, or organo-
genesis origin.

Cost comparison of rooting of cuttings,
organogenesis, and SE

The cost of producing clonal propagules is an important factor
in determining the practical viability of the different clonal prop-
agation methods. Producing seedlings from seed is always the
cheapest method, and clonal propagation is only warranted when
a gain in genetic makeup overrides the extra cost associated with
such cloning. Rooting of cuttings is cheaper than producing prop-
agules by organogenesis or by SE. For P. abies, the cost of a rooted
cutting approaches that of a seedling (Mikola 2009), and the use of
rooted cuttings is, therefore, economically feasible. Organogene-
sis has been cost effective for P. radiata, where the expense of a
tissue culture produced plantlet is close to that of a seedling
(Nairn 1993).

Whether the increased cost of SE is outweighed by savings due
to increased production depends on many factors (Sorensson
2006). For example, weed control by herbicide application can
boost volume growth considerably at a much cheaper cost than is
incurred by planting somatic embryos. However, the improved
disease resistance and stem quality that can be obtained by using
selected SE clonal lines may still make use of somatic embryos the
preferred option. For southern pines, a cost almost 10 times
higher has been quoted for somatic seedlings than for seedlings
obtained from open-pollinated seed, but use of the former is still
economical because of their superior performance (Sorensson
2006).

Genetic profiling

Conifers have large, complex genomes and a long life cycle that
frequently delays expression of desirable traits. A further compli-
cation is that these traits often are under polygenic control. This
causes problems in traditional breeding programs, making the
application of marker-assisted selection desirable (Ritland et al.
2011; Chhatre et al. 2013). Rapid progress in DNA technology has
occurred over the last few decades, reaching the point where
determining the total genome of conifers, despite its size and
complexity, is now possible, e.g., P. abies (Sederoff 2013), P. taeda,
and P. glauca (Isik 2014). Of the various molecular technologies
that have been developed over the last few decades, the most
promising for selection purposes for breeding appears to be
“genomic selection”. It has been highly effective in cattle breeding
and is finding application elsewhere. In conifer tree breeding, it is
still in its infancy due to the large and complex conifer genome
and the cost of the procedure, although the cost is expected to
decrease in the future. Genomic selection is based on dense
marker coverage, where all of the loci causing phenotype varia-
tion among individuals in the population are traced (Isik 2014).
With regard to the efficacy of rooting of cuttings and organogen-
esis vs. SE, it is possible that with genomic selection the advantage
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of SE, i.e,, its cultures can be cryopreserved, may diminish. It is
feasible that cryopreservation may eventually no longer be
needed for within-family selection. In that case, it may become
possible to derive the same genetic gain advantages with rooting
of cuttings and organogenesis as with SE.

Future prospects

For species for which SE is effective, it will probably remain the
preferred propagation method, especially if the process can be
automated and made cheaper. Somatic embryogenesis will re-
main attractive especially because of its high propagation rate
and because it has applications not available otherwise. To men-
tion just a few of these, an important application is genetic trans-
formation, a process that is still largely experimental for forest
tree species (Ruotsalainen 2014). Even though various conifer tis-
sues have been used for genetic transformation (Aronen et al.
1995), it is most often achieved through SE (Trontin et al. 2002;
Klimaszewska et al. 2010). Another application of conifer SE that
could be important is rescue of embryos resulting from wide
crosses that abort prematurely due to megagametophyte and em-
bryo incompatibility. By excising the immature embryos before
they abort and by their culture in vitro, plants with novel geno-
types can be obtained (Ho 1987). For conifers, immature zygotic
embryos are well suited for SE, generally performing better than
mature ones. To my knowledge, rescue of embryos that will abort
if not removed from the seed and grown to maturity in vitro has
not been reported for conifers but has been achieved for some
forest species, for example, for embryos resulting from interspe-
cific and intergeneric crosses within the Salicaceae (Payamnour
et al. 2013). Another potentially useful application uniquely suited
for conifer SE is for embryogenesis in cultures arising from hap-
loid megagametophytes. Dihaploid trees could be created, al-
though lethal and semi-lethal recessives could make the process
difficult, requiring selection for genotypes low in these recessives.
More promising is the possibility of fusing haploid protoplasts of
related species, thus creating somatic hybrids (Rohr 2004).

Conclusion

In conclusion, SE is desired for its flexibility, but rooting of
cuttings and organogenesis still have their place. The advantage
of being able to cryopreserve SE cultures may eventually lose
some of its significance if cryopreservation is extended for use in
the rooting of cuttings and organogenesis process. Furthermore,
the usefulness of the latter two may improve if molecular selec-
tion techniques are developed to the point where selection of
superior genotypes can occur without requiring long-term testing.
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