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Abstract 

In the last few years, efforts have been directed towards the utilization of somatic 

embryogenesis as a tool for the in vitro propagation of white spruce (Picea glauca). One 

of the main obstacles encountered towards this god is the low percentage of somatic 

embryos able to convert into viabie plantlets, From this thesis, it emerges that ascorbic 

acid (AA) plays a fimdarnental roIe during the post-embryonic growth of white spruce 

somatic embryos. Studies on .4A metabolism clearly indicate that the synthesis of this 

metabolite increases during the early stages of embryo germination in both zygotic and 

somatic white spruce embryos. In somatic embryos the increase in AA synthesis is 

positively correlated to the performace of the embryos in the germination medium. High 

levels of endogenous AA. in fact. were observed in embryos characterized by a high 

percentage of conversion. Furthermore. exogenous applications of AA were found to 

improve the post-embryonic performance of those embryos characterized by a low 

conversion frequency, by inducing growth in "poorly organized" shoot apicaI mersiterns, 

The mode of action of AA during these processes was investigated. Experimental 

manipulations of the endogenous AA levels demonstrated that high levels of AA are 

required to reduce the accumulation of phenolics at the shoot poles. most likely by 

regulating the activity of major cellular peroxidases. Low peroxidase activity would 

result in the relaxation of the ceII wail components. thus allowing for cell elongation and 

cell division of the meristematic ceIIs. Additional studies have also demonstrated that 

AA induces growth in the apical meristems by regulating purine nucleotide biosynthesis. 

The improved ability of AA-treated embryos to utilize purine bases and nucleosides for 

nucleotide biosynthesis indicates that AA increases the activity of the purine salvage 

pathway. High levels of nucleotides are required for active DNA synthesis occurring in 

the meristematic regions of AA-treated embryos. The extensive utilization of thymidine 

for DNA synthesis observed in the presence of high levels of endogenous AA confirms 

this notion. Overall, the findings emerging from this thesis represent a valuable 

contribution towards the improvement of white spruce somatic embryogenesis. 
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CHAPTER ONE 

Introduction 

White spruce somatic embryogenesis 

White spruce is one of the most widely distributed conifers in North her ica .  

Besides representing an ecologically valuable species. white spruce is also extensively 

utilized by the forestry industry for wood and Iumber production (Hosie, 1979). This is 

why, in the last few years. there has been an increasing interest. towards the development 

of in vitro procedures that would alIow for rapid multiplication of this species and a 

large-scale production of superior materials for reforestation. 

Somatic embryogenesis is the process by which haploid or diploid cells are 

induced to generate embryos in cdture. This process leads to the production of bipolar 

structures which are characterized by a well defined rootlshoot axis (see Thorpe and 

Stasolla, 2001). In contrast to flowering plants, where generation of somatic embryos 

was reported more than 40 years ago (Reinert, 1958: Steward et al., 1958), somatic 

embr~ogenesis in conifers is a relatively recent event. Among coniferous species, white 

spruce was one of the first to be cultured and propagated in vitro. Durzan (1980) 

observed the development of embryo-like structures fram cultured white spruce celIs. 

Such cell aggregates, however. were not able to undergo fhther maturation. Generation 

of mature somatic embryos of white spruce. characterized by well defined shoot and root 

poles and expanded cotyledons. was reported seven years later by two independent p u p s  

(Hakrnan and Fowke, 1987: Lu and Thorpe, 1987). 

The understanding that the post-embryonic performance of somatic embxyos was 

snictly dependent upon their maturation conditions. has led to a tremendous effort 

towards the opthimtion of new ~rotocols for the production of embryos with superior 

quality and improved germination (radicIe emergence) and conversion (radicle emergence 
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and production of new leaf primordia) (see Attree and Fowke. 1993). Furthermore. the 

design of new rational media and manipulations of the culture conditions responsible for 

such improvements. can be mainly attributed to comparative studies between zygotic and 

somatic embryogenesis. Knowledge gained about the unique physiolcgical and 

biochemical environment associated with zygotic embryo development (see Kong et a[., 

1999) has been a determinant for improving the overall in vim embryogenic process of 

white spruce. As a result. many of the culture conditions, including choice of explant. 

r y e s  and levels of growth regulators. osmolarity. and other major constituents of the 

maturation medium have been optimized for white spruce and orher spruces (reviewed by 

Thorpe and Ham,  2000; Stasolla et al.. 200la. bj. Today. in fact. the production of white 

spruce somatic embryos is a relatively easy process. This is probably the main reason 

why white spruce somatic embryogenesis is considered by many the best model system 

for studying embryo development in conifers. The large number of morphogenic. 

physiological. and biochemical investigations conducted on this system confirms this 

notion (reviewed by Stasolla et al.. 2001a b). 

Estabiishment and regeneration of white sDruce somatic embrvos 

Establishment and regeneration of white spruce somatic embryos are successfully 

achieved through a continuous series of three developmental steps: (i) induction and 

maintenance of embryogenic tissue. (ii) embryo maturation and (iii) embryo conversion 

(Fig. 1.1). 

Induction and maintenance of embryogenic tissue 

Initiation of embryogenic tissue in white spruce, as well as in other coniferous 

species. is generally achieved from juvenile tissue. h the majority of reports. immature 



zygotic embryos are utilized as explants (Hakman and Fowke, 1987; Lu and Thorpe. 

1987). although production of embryogenic tissue at high frequency (40%) was later 

obtained fkom mature embryos dissected from seeds. which had been stored for 1 1 years 

(Tremblay. 1990). Attempts to initiate embryogenic tissues from more mature and 

differentiated expiants of white spruce have been elusive. The only exception is the 

utilization of excised cotyledons from seedlings (Attree et al. 1990: LeIu and Bornrnan 

1990). Induction of embryogenic tissue in white spruce is commonly achieved on a 

variety of media depending on the explant utilized. Usually AE (von . b o l d  and 

Eriksson. 198 I )  and LM (Litvay et al.. 198 1) media are used for immature and mature 

embryos respectively, whereas Lelu and Bornman (1990) also reported the utilization of 

MS (Murashige and Skoog, 1962) medium for excised cotyledons. Sucrose (I-3%), 

together with 2.4-dichlorophenoxyacetic acid (2.4-D) (10 pM) and Nb-benzyIadenine 

(BA) ( 5  ph4) are also required for the induction process. tncl~sion of a-naphthalene- 

acetic acid 0.M) has alc'o been reported for senerating embryogenic tissue from mature 

tissue (Lelu and Bornrnan. 1990). Embryogenic tissue. commonly initiated from the 

hypocop1 of the zygotic embryos utilized as explants. becomes visible after 4-6 weeks of 

incubation in darkness. The embryogenic mass. translucent in colour. is composed of an 

agreregate of cells fiom which early filamentous embryos protrude. and these are similar 

in morphology to their zygotic counterparts. They are characterized by a small 

embryogenic head, composed of hi-ehiy cytoplasmic cells, subtended by an elongated 

suspensor region of vacuolated cells (Lu and Thorpe, 1987). 

Maintenance of embryogenic tissue occurs on a medium veq similar to the 

induction medium, the only difference being the lower concentrations of auxin and 

c?.tokinin. and a reduced sucrose concentration (see Thorpe and Harry. 2000). Regular 

transfers every 10-14 days on solid medium. or 7 days in liquid medium. are required to 

avoid browning, as also observed for other coniferous species (Gupta and Dunan, 1987). 

Prolonged subcultures. especially in liquid medium. have been often associated with 

changes in embryogenic poteiltial of white spruce tissue. resulting in a lower production 

of embryos (Dunstan e? al.. 1993). Alternative methods of tissue maintenance- reported 



in white spruce, involve cryopreservation (Kartha et al., 1988), long-term storage in gas- 

impermeable serum-capped flasks at room temperatures (Joy et al,. 199 1 a). and storage at 

low temperatures, i.e. 0-10" C (see Attree and Fowke. 1993). 

Embryo maturation 

Removal of auxin and cytokinin, together with applications of abscisic acid 

(ABA) and increased osrnolarity in the medium are required for production of 

cotyledonary stage embryos in white spruce. as well as other coniferous species (Thorpe 

and Harry. 2000). In white spruce. reduction of auxin and cytokinin levels is commonly 

achieved by culturing immature somatic embryos for one week in a medium devoid of 

plant growth regulators prior to ABA treatment. ABA is also required for the 

development of white spruce somatic embryos. Responsiveness of the embryogenic tissue 

to M A  has been found to vary among different genotypes. Usuaily, high levels of ABA 

(40-50 $4) are required to promote somatic embryo maturation in white spruce (Joy et 

al., 199 1 b; Kong and Yeung, 1992), although a similar effect was achieved with a lower 

concentration of ABA (1 2 pM) (Arne et al.. 1990). 

Besides ABA. high osrnolarity in the medium could also be necessary during 

white spruce somatic embryo maturation. especially in those cases where precocious 

germination occurs (Gupta and Pullman. 199 1 ). Restriction of water uptake in vitro can 
C 

be achieved with either permeating osmotica. such as sucrose, mannitol. amino acids. and 

inorganic saIts. or by non-permeating osmotica such as polyethylene glycol (PEG) and 

dextran (Attree and Fowke. 1993). For white spruce. PEG is the most commonly used 

osmoticurn a g n t  (Attree et d., I99 1). Several studies have documented both 

quantitative and qualitative improvements of white spruce somatic embryos matured on a 

ABA-containing medium in the presence of PEG (Attree et d., 1991; Kong and Y e w ,  

1995). Today, the combined application of ABA and PEG is the most commonly used 

routine for promoting maturation of somatic embryos of several spruce species. including 

white spruce (Attree et al.. I99 1; Kong and Yeung, 1995: Find. 1997). PrIthough 



beneficial for somatic embryo maturatio~ the effect of PEG on post-embryonic 

development is controversial, as low conversion rates were obtained for somatic embryos 

of white spruce (Kong and Yeung. 1995) and other species of spruce (Find 1997: 

Bozhkov and von Arnold. 1998) matured in the presence of PEG. 

Desiccation is a natural process occurring at the late stages of seed maturation. 

and represents an important nansition that terminates seed develop men^ and initiares the 

germination process (Kermode. 1990). MorphoIogicalIy developed white spruce somatic - 
embryos cannot successhlly germinate and convert into viable piantlets unless they 

undergo a drying period. In white spruce. as weil as in other coniferous species. somatic 

embryos cannot tolerate a dramatic lor< of moisture content during the drying period, .4s 

such. -eradual and limited water loss can be achieved though a partial drylng treatment 

(PDT) at high relative humidity (Roberts et a].. 1990). During this process. in which the 

cotyledonary embryos are kept for 10 days in the inner wells of tissue culture plates. 

while the mter wells are filled with water (Roberts et al.. 1990). the moisture content 

declines by only 20% (Kong. 1994). Partially dried embryos of white spruce had a more 

synchronous and a higher percentage (80%) of conversion fiequency. compared to 

embryos germinated without prior PDT (2-2.5%) (Kong. 1994). 

Embryo conversion 

Conversion (radical emergence and formation of new leaf primordia) of white 

spruce somatic embryos is generalIy achieved after transferring the partially dried 

embryos onto a medium devoid of growth regulators. Conversion frequency is strictly 

dependent upon the genotype of the cell line and the quality of the embryos obtained 

during the maturation period (Kong and Yeung 1992). Other factors. including light. 

temperature. and position on the medium also contribute to the post-embqonic 

performance of the embryos (Hay and Charm. 1999). 



Fig. 1.1. Diagram showing the different steps required for the induction. 

maturation. and conversion of white spruce somatic embryos. 2.4-D. 2.4- 

dichlorophenoxyacetic acid: BA. N6-benzyladenine: ABA. abscisic acid. 
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Moruho~enic events during white mruce somatic embwogenesis 

As  reported by Nagamani et al. ( I  987). initiation of white spruce somatic embryo 

development is characterized by asymmetric cell divisions within the embryogenic tissue. 

The two daughter cells originating by such divisions are morphologically distinct. as one 

is small and densely cytc;~!asmic, whereas the other is larger and vacuolated. As a result 

of their different m c r p h o 1 0 ~ ~  these cells embark on different developmental pathways. as 

cell divisions of the densely cytoplasmic cell wilt give rise to the embryo proper. whereas 

divisions in the vacuolated cell will form the suspensor (ru'agmani et al.. 1995). S m c M  

studies have revealed that histodifferentiation in the developing white spruce somatic 

embyos occurs at the early-filamentous stage with the formation ofthe protoderm. the 

outermost layer of cells of the embryo proper (Kong et al.. 1999). Anticlinal divisions 

within the protoderm make this layer easiIy recognizable From the adjacent internal cells. 

where both anticlinal and pericIinaI divisions occur. The formation of the protoderm is 

an imporrant event during somatic embryo development, as it may re-date Wller  

embryo growth and development (Yeung. 1995). 

Differentiation of both apical meristems and procambium occurs at the 

filamentous stage of embryo development. Upon further development. a ring of 5-8 

cotyledons emerges from the proximal portion of the e m b ~ o  proper. and this delineates 

the beginning of the cotyledonary phase of ernbryo development. During the late stages 

of embryo development. gr0w.h of the suspensor is reduced. and in fully mature embqos. 

the suspensor region consists of a few cells connecting the embryos to the embryogenic 

tissue. 

Apical merinem differentiation represents an important event during somatic 

embryogenesis. In white spruce, differentiation of the shoot apical meristem occurs at the 

filamentous stage of embryo development, when a dome-shaped projection emerges &om 

the proximd portion of the embryo (Kong et al., 1999). Within the differentiating shoot 

meristem, the apical layer is composed of large. densely cytopimic ceIls. whereas the 



subapical layers are formed by vacuolated cells. Upon fimher development. vacuoles in 

the subapical layers decrease in size (Kong, 1994). The subapical cells may create a 

"special environment" for the differentiation of the overlying cells (Kong and Yeung, 

1992: Yeung et al.. 1998: Kong et d.. 1999). Differences in shape of the shoot apical 

meristems are often observed among embryos of different cell lines. as flat- or dome- 

shaped meristems are observed. In general. the mcture of the shoot apical meristems of 

cotyledonary stage somatic embryos (Kong and Yeung. 1992) appears less organized than 

those observed in the zygotic counterpam (Yeung et ai.. 1998). Poorly developed shoot 

poles. often disrupted by the presence of intercellular air spaces. are commonly observed 

in white spruce somatic embryos (Kong and Yeung. 1992). It has also been demonstrated 

that the structure and organization of the shoot apical meristem of developing embryos 

affect the post-embryonic growrh. Poor germination and conversion frequencies are ofien 

observed in those embryos characterized by poorly developed meristems (Kong and 

Yeung. 1992). Although not as we1 investigated. the organization of the root apical 

meristem of white spruce somatic embryos cIosely resembles that of their qgotic 

counterparts. the only exception being a reduced number of initials (Kong. 1994: Yeung 

et al.. 1998). 

Phvsiolopical and biochemical events during white suruce somatic embrvoeenesis 

Despite the increasing knowledge on the morphogenic aspects of white spruce 

somatic embryogenesis. to date, there are only few investigations dealing with the 

physiology and biochemistry of the process. One of the major obstacles encountered is 

the fact that physiological responses often differ among different genotypes. thus making 

any attempt of generalization elusive (StasoIla et d.. 200 1 ab). As such. instead of 

providing a large body of information. rhese studies have resulted in a broad spectrum of 

ofien contradictory data which. however. have represented a usefuI tool for improvi.,g 

the manipulation of in vim embryogenesis. As previously mentioned. one of the major 

differences between in vim and in vivo embryo development is their respective 



embryonic environments. Thus, physiological and biochemical studies have mainly 

focussed on comparative investigations between in vitro and in vivo embryogenesis. 

One of the major factors affecting the in vivo embryogenic process of white 

spruce is represented by changes in hormone levels. especially ABA (Kong et al.. 1997). 

In developing white spruce zygotic embryos. endogenous ABA is low during the initial 

stages of development. it reaches its maximum level at the midpoint of embryo 

maturation, and then it declines again during the late stages, as the seed dries (Kong et al.. 

1997). The requirement for high levels of ABA. necessary to promote storage product 

deposition and prevent precocious germination of developing embryos. has been reported 

in seven1 studies (Bewley and Black. 1994). In white spruce. differences in ABA levels 

have been observed between zygotic and somatic embryonic environments. Comparative 

studies between deveIoping seeds and somatic embryos of white spruce have revealed 

higher levels of endogenous -4BA in the former. Such a difference was mainly ascribed 

to the presence of the megagarnetophytic tissue. which was found to be the major source 

of ABA for the developing zygotic embryo (Kong et al.. 1997. 1999). It is therefore 

obvious that the high levels of exogenous ABA. needed to promote somatic embryo 

development in white spruce. replace the ABA supplied by the megagametophytic tissue 

during in ovulo embryogenesis. 

Physiological studies on ABA metabolism have reveaIed that although commonly 

applied as a racemic (k)  mixture. only (+)-ABA is able to stimulate the maturation of 

white spruce somatic embryos (Dunstan et al.. 1992). The responsiveness of the tissue to 

.4BA is a very rapid event. as the first responses can be observed a few hours after the 

treatment (Dong and Dunstan. 1996: Dong et al.. 1997). However. the actual role played 

by ABA in stimulating maturation of conifer somatic embryos remains unclear. as 

multiple developmental responses are observed. One of the early responses of -4BA- 

treated tissue is the reduction of ceII proiiferation and the initiation of embryo 

development. Studies OF, purine and pyrimidine nucleotide biosynthesis have been 

utilized to follow this transitioa as nucleotide avaiIabiIity affects nucleic acid synthesis 

and ultimately cell division (see Ross, 198 1). Tracer experiments conducted during white 



spruce somatic embryogenesis have revealed that all the pathways of pyrimidine 

metabolism, i.e. de novo, salvage, and degradation, operate during the process. 

Specifically, exogenously supplied orotic acid and uridine were extensively utilized for 

nucleotide and nucIeic acid synthesis, whereas a large fraction of uracil was recovered as 

de-gadation products. mainly as CO, (Ashihara et al., 2000). For purines. it was also 

observed that both the salvage and degradation pathways were operative during white 

spruce somatic embryogenesis (Ashihara et al.. 2001). Specifically. adenine and 

adenosine were extensively salvaged for nucleotide and nucleic acid synthesis. whereas 

inosine was mainly anabolized to degradation products. The active salvage of both 

adenine and adenosine sharply decreased upon transfer onto the .4BA-maturation 

medium. and this paralleled a decline in specific activity of the major salvase enzymes of 

adenine and adenosine: adenine phosphoribosyltransferase (APRT) and adenosine kinase 

(AK) (Ashihara et al.. 200 1). Thus. exogenously supplied ABA may regulate the 

transition between cell proliferation and embryo development by affecting nucleotide 

biosynthesis. 

Changes in nimgen assimilation and amino acid metabolism. together with 

alterations in the overall pattern of protein accumulation. were also studied in white 

spruce cultured ceIls in response to ABA (Joy et al.. i 997). White spruce cultured cells 

have been found able to take up and incorporate both inorganic nitrogen species NO,* 

and NH,- ). although NH; was preferentially taken up and utilized throughout the 

maturation period (Joy et al.. 1997). Reduction of NO;' to NH,' was also observed 

through I5N NMR specwscopic studies. Alterations in amino acid composition were 

also observed during white spruce somatic embryogenesis. The most notable changes in 

amino acid profile were the increased concentrations of glutamic acid, glutamine. and 

arginine and the decrease in alanine level as maturation progressed (Joy. 1993). "N 

?MR specnoscopic studies also confirmed this trend. as applications of .48A increased 

resonances for arginine. gutarnine and glutamate. as well as diphatic mines. The 

accumulation of these amino acids in maturing embryos was mainly due to the increased 

activity of the glutamine synthase/glutamate synthase (GSIGOGAT) pathway for 



assimilaring NH,- (Joy et al.. 1997). Such changes in amino acid metabo1ism also 

reflected a rise In storage protein (Joy et al.. 1991 b). Although the increase of storage 

protein deposition is a common event in both in vivo and in vi-m embryo maturation. 

differences in matrix and crystalloid polypeptides occurred between developing somatic 

and zygotic embryos (Joy et al.. 1991 b; Misra et al.. 1993). Of particular interest was the 

observation that some major crystalloid polypeptides were not detected in ABA-matured 

somatic cotyledonary embryos. which showed an o v e d l  crystalloid protein profile 

similar to that of immature zygotic embryos corresponding to the globular-torpedo stage 

of development (Misra and Green, I99 1 ; Misra et al.. 1993). This lack of maturity of 

somatic embryos. also reflected in the structure of the protein bodies (Joy et al., 1991 b). 

indicates that factors other than -4B.4 are responsible for completion of the maturation 

process in zygotic counterparts. The contribution of these factors. especially osmoticum. 

to white spruce somatic embryo development has been extensively investigated in the last 

few years. 

If the embryonic environment of zygotic white spruce embryos is high in PIBA 

compared to the somatic counterpart. the reverse is true for ethylene. a gaseous 

phytohormone which often accumulates during in vitro culture (Kong et 4.. 1999). 

Several studies have revealed the deleterious effect of ethylene during somatic embryo 

development. Firstly, non-embryogenic lines of white spruce accumulate more ethylene 

than embryogenic Iines (Kumar et al.. i 989). Secondly. accumulation of ethylene during 

maturation of white spruce somatic embryos has been found to reduce the number of 

coryledonary embryos and to increase morphological abnormality in the shoot pole by 

inducing intercellular air spaces (Kong and Yeung. 1994). Applications of 

aminoethoxjvinyl-glycinc (AVG). an inhibitor of ethylene biosynthesis. resulted in higher 

yield of embryos and reduction of embryos with abnormal shoot apicd meristems (Kong 

and Yeung, 1995). A similar beneficial effect on white spruce somatic embryo 

maturation following experimentaI inhibition of ethylene biosynthesis was also reported 

by EI Meskaoui et al. (2000)- ,LUthough the influence on ethyIene production in vitro by 

other hormones, especiaIly ABA. remains controversial (Tan and Thimman. 1989: Riov 



et al.. 1990: Biddington et aL7 1993), a negative feedback has been observed. as high 

levels of exogenously supplied ABA decreased the levels of ethylene during the first two 

weeks of white spruce somatic embryo maturation (Kong, 1994). 

Besides hormonal composition, the increasing knowledge on the morphogenic 

role played by the osmoticum during zygotic embryo development has been critical for 

improving somatic embryo quality. As documented by Yeung and Brown (1 982). the 

liquid endosperm of flowering plants has more negative osmotic values than those of the 

embryo. Negative osmotic potential was also observed in somatic and egotic embvos 

of different coniferous species. including white spruce (Dumont-BeBow et al.. 1996). 

This low osmotic potential is important for a slow development of the embryos. necessary 

for regulating the pattern of histodifferentiation (Yeung, 1995). The requirement for 

osmoticum during the embryogenic process has been clearly demonstrated in canola 

microspore-derived embryos, where inclusions of high levels of polyethylene gIycol 

(PEG). a non-permeating osmoticum agent. dramaticaIIy improved the qudity of the 

embryos. which were similar in morphoIog~ to their zygotic counterparts (IIic-Grubor et 

al.. 1998a b). Utilization of PEG as an osmoticum agent has been extemively reported 

also during white spruce somatic embryogenesis. Inclusions of PEG (3-10%) together 

with ABA resulted in a three-fold increase in the maturation frequency of white spruce 

somatic embryos and produced somatic embryos with superior appearance to those 

matured with ABA alone ( A r n e  et al.. 1991). Such embryos had an increased tolerance 

to drying (Attree et a[.. 1995). a nine-fold increase in the amount of storage lipid 

triacylglycerol with a fatty acid composition resembling that of zygotic embryos (Attree et 

al.. 1992), and a three-foId higher protein content than somatic embryos matured in the 

absence of PEG (Misra et al. 1993). This physiological "maturitf observed in PEG- 

treated white spruce somatic embryos was also reflected by the appearance of some of the 

major matrix and crystalloid polypeptides which were absent from somatic embryos 

matured in .4BA and low osmoticum. but present in mature seed embryos (Misra and 

Green. 199 I : Misra et al, 1993). The effects of .4BA a d  osmoticurn in the regulation of 

somatic embryo deveiopment. especially protein synthesis. appear to be additive. In vitro 



translation studies showed that crystalloid protein synthesis is first initiated by ABA 

alone. but sequentially regulated by PEG at a translational or post-translational level 

(~Misra et al., 1993). 

Morphologically mature somatic embryos cannot success%ll~ germinate and 

convert into viable plantle~ unless they undergo a desiccation period, either through 

applications of non-plasmolysing osmoticum or by the PDT- Although fundamental for 

the process. it is surprising that there are very few studies dealing with the physiological 

and biochemical events occurring during the desiccation period. Changes in hormone 

level are most likely to occur as the embryos dry. Compared to mature embryos. partially 

dried white spruce somatic embryos had a lower endogenous level of ABA. as weii as a 

reduced sensitivity to ABA (Kong and Yeung. 1995). Such alterations in ABA 

metabolism may be beneficial for both gemination and conversion processes. The poor 

post-embryonic g r o ~ t h  of white spruce somatic embyos following applications of .4BA 

in the germination medium supports this norion. Similarly to ABA. ethylene production 

was significantly reduced in partially dried embryos (Kong, 1994). 

Besides altering hormone level. the partial drying treatment may be required for 

increasing the ability of white spruce somatic embryos to generate purine and pyrimidine 

nucleotides in preparation for the resumption of growh at gemhation (StasoIIa et al.. 

2001~). 

Problems related to white smuce somatic embrvogenesis 

Despite the increasing knowledge on structld. physiologicaI and biochemical 

events occurring during the in vitro embryogenic process of white spruce. there are still 

limitations for a more extensive utilization of this technique as a large scale propagation. 

Firstly. both quality and quantity of somatic embryos that can be generated from one ceil 

line are strictly dependent upon the genotype of the explant. In many insrances. abnormal 

development can result in snucturaI aberrations of the embryos, such as the absence of 

apical regions* deformation of the axis. and fhed cotyledons. Secondly. mame somatic 



embn;os often fail to germinate and convert successfbliy upon transfer onto the 

germination medium (Kong and Yeung. 1992). This poor pclst-embryonic performance " 

has been associated with a failure to establish functional apicai rneristems during 

maturation. Structural observations have revealed that those embryos that fail to convert 

are characterized by abnormal shoot meristems unable to resume ceiI division at 

germination (Kong and Yeung. 1992). -4s such. manipulations of culture conditions 

aimed at improving both embryo quality a[ mantration and meristem reactivation at 

aermination will benefit the utilization of somatic embryogenesis in coniferous species d 

for propagation. 

Role of ascorbic acid in plant growth and development 

-4scorbic acid (vitamin C) has been impiicated in many processes in both animai 

and plant systems. The importance of ascorbic acid (PY4) as a dietary requirement goes 

back to the ancient Roman and Greek empires, where many cases of s c u y  (vitamin C 

deficiencv) were observed. especially in large cities as a resuIt of insufEcient food and 

lack of fresh h i t s  and vegetables in the diet (Sauberlich. 1997). -4lthough A A  is found 

among dI plants. often in quite large quantities. its biochemical characteristics in planrs is 

still poorly understood. This is due to various and diversified physiological functions 

played by AA in piant systems. 

.4scorbic acid is a powerfur antioxidant. Ascorbate can act as a free radicaI 

scavenger by removing reactive oxygen species generated by aerobic metaboiism and 

during exposure to pollutai~ts and pesticides. This is particularly important in 

photosynthesis. where high concentrations of oxygenderivatives inhibit the development 

of chloroplasts (Miyake and .M 1992). 

Ascorbic acid can act as an enzyme cofactor. Besides being utilized as a substrate 

by 1-aminocyclopropane-I tarbox)rlic acid (ACC) oxidase (reviewed by Gaspar et al.. 

1996). AA has been demonstrated to be a cofactor for several hydroxylases. ewmes 

involved in the synthesis of hydroxyproline. which are found in several cell wall- 



associated hydroxyproline-rich glycoproteins ( W G s ) ,  including extensin and 

arabinogalaccan proteins (De Gara et al.. 1991 : De Tullio et al.. 1999). 

Ascorbic acid can hc t ion  as an electron donor in several cellular reactions. 

Specifically. it has been demonstrated that .M can act as an in vitro electron donor for 

photosynthetic and mitochondria1 electron transport- Mi-vake and Asada ( 1992) reported 

the involvement of the oxidized form of AA, dehydroascorbic acid (DH.4). in membrane 

electron transport. 

Finally, ascorbic acid is required to carry out fundamental processes such as cell 

elongation and cell division. hunolocalization and quantification studies have 

revealed high levels of AA in meristematic regions (Liso et al., 1988; Kerk and 

Feldmann. 1995). Furthermore. an increase in the endogenous AA content has been 

found to promote cell proiiferation in several systems. such as Allium cepa roots. where 

A.4 induces a progression of meristematic cells From Gr to S (Liso et al., 1988). tobacco 

cultured cells (de Pinto et al.. 1999). Zea mays roots (Kerk and Feldman. 1995). and 

cambial cells of Lupinus albus roots (Arrigoni et al.. 1997). Conversely. when the .W 

content is experimentally Lowered by Lycorine. an inhibitor of the last enzyme of the de 

novo Mi biosynthesis. cells that are normally competent to divide. arrest in GI phase of 

the cell cycle (Liso et al.. 1984). An AA-dependent regulatory mechanism of the cell 

cycle has also been observed in animal systems, where AA increases cell proIiferation by 

inducing a general shortening of the cell cycle and stimulates the entry of celIs into S 

phase (Navas and Gomez-Diaz 1995). Despite the proposed involvement of .U in the 

regdation of cell division via hydroxylation of proline residues of specific proteins 

required for the progression of cell cycle (De Tdlio et d.. 1999). to date there is no 

substantial evidence supporting a putative mechanism of action for XA during cell 

proliferation. 

If the reduced form (AA) of the ascorbate pool seems to be involved in cell 

division. supporting evidence suggests that the oxidized forms, i.e. ascorbate Eree radicals 

(AFR) and dehydroascorbic acid (DHA), are required for cell elongation. An increase in 

cell expansion. vacuolation and solute uptake was observed in Allium cepa roots treated 



with exogenous applications of AFR (Gonzales-Reyes et al.. 1994: 1995). Furthermore. 

high levels of DHA were observed in Vicia faba seeds during the second half of seed 

maturation. characrerized by cell elongation (Arrigoni et al.. 1992). Elevated levels of 

DHA can induce cell expansion either directiy. by reacting with the side chains of lysine 

and arginine residues in the cell wall, thus preventing cross-linking of structural proteins 

with hemicelluloses and polygalacturonate (Lin and Varner, 1991), or indirectly. by 

conversion to oxalate which regulates calcium level in the cell wall by the formation of 

calcium oxalate crystals (Smirnoff. 1996). -4 lower concentration of calcium would 

increase cell wall extensibility by reducing cross-linking between polygalacturonate 

chains. Finally. de Pinto et al. ( 1999) proposed that the DHA-induced cell expansion is 

the result of inhibition of ceII proliferation. The authors suggested that. as high levels of 

DHA are lethal to cell metabolism. cells would divert reducing power fiom imponant 

reactions required for cell cycle progression in an attempt to reduce DHX to X.4. 

Since AA is an essential metabolite implicated in vital cell functions. it is 

surprising that the pathway of ascorbate synthesis in plants still remains to be established. 

So far only a tentative pathway has been proposed. where AA is synthesized from 

guanosine diphosphate (GDP)-mmose. This pathway shares GDP-sugar intermediates 

with the synthesis of ceIi wall polysaccharides and giycoproteins that contain D-mannose. 

L-galactose. and L-hctose. Synthesis of .4A is started in the cytoplasm by sequential 

reactions that conven GDP-mannose to L-galactono-I -4-lactone (GL) via L-galactose. 

The final oxidation of GL to .4.4, catalysed by GLdehydrogenase. occurs in the inner 

mitochondrial membrane (reviewed by Smirnoff. 2000) (Fig. 1.2). Production of .AX 

seems to be modulated by feed-back mechanisms, as inhibition of A4 synthesis from ''C- 

glucose was observed after pre-loading pea seedlings with ascorbate (Pallanca and 
C 

Smirnoff, 2000). Although the mannose pathway predominates in plants. the 

participation of other precursors cannot be excluded. as demonstrated by the conversion 

of radio-labelled (methyl)-D-galacwona~e and D-~ucuronolactone to ascorbate (Loewu. 

1999). 

DificuIties in the study of the A4 biosynthetic pathway arise fiom the complexity 



of .4A metabolism. Besides the de novo pathway from sugar molecules. in fact. AA can 

also be generated through an alternative pathway. which involves the reduction of 

ascorbate Free radical (AFR) and dehydroascorbate (DHA). catalysed by the emymes 

ascorbate free radical reductase (AFRR) and dehydroascorbate reductase (DHAR) 

respectively. Ascorbate free radical reductase (AFRR) uses reduced nicotinarnide- 

adenine dinucleotide phosphate (NADPH) as an electron donor. whereas DHAR acti~ity 

depends upon the availability of reduced glutathione. Re-conversion of -4.4 to AFR and 

DH.4 is mediated by two other redox enzymes: ascorbic acid peroxidase (.kAP), an 

oqgen-peroxide scavenging enzyme. and ascorbic acid oxidase (AAO) (Fig. 1.3). 

Objectives of this research 

Embryogenesis. the transicion between the fenilized egg to the nebv multicellular 

generation. is a fundamental process during plant development. Although investigations 

of the events occurring during embryo maturation and gemination are important in 

increasing our knowledge on how plants grow and deveIop. there are few studies dealing 

with these processes. This is mainly due to the fact that besides being small in size. 

zygotic embryos are embedded in the maternal tissue. thus making any attempt to conduct 

physiological and biochemical studies difficult. In the last few years. however. somatic 

emb~ogenesis has been utiIized as an alternative system to conduct studies on the 

embryogenic process. Besides the large number of embryos obtained in culture. somatic 

embryogenesis allows experimental manipuIations impossible to conduct in an in vivo 

system. White spruce somatic embryogenesis represents a versatile tool for studying 

structural and physiological aspects of embryo maturation and germination. 



Fig. 1.2. Proposed de novo synthesis of asccrrbic acid (XA) via GDP-mannose 

and L-galactose. Enzymes involved in his  p a h a y  are: (A)  Glucose phosphate 

isomerase: (B) phosphomannose isomerase: (C) phosphomannose mutase: (D) 

GDP-mannose pyophospho~fase: (E) GDP-mannose-3.5-epimerase: (F) 

uncharacterised enzymes: (G) L-galactose dehydrogenase: (H) L-galnctono-1.4- 

lactone dehydrogenase. Lycorine inhibits the activiv of L-galactono- 1 -4-lactone 

dehydrogenase (Modified from Smirnoff. 2000) 
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Fig. 13. Schematic representation of the ascorbate system in plant cells. 

Ascorbats (.U) produced de novo can be oxidized to ascorbate free radicals 

(XFR) and ultimately to dehydroascorbate (DHA) by the enzymes ascorbic acid 

oxidase (AAO) and ascorbic acid peroxidase (A4P). Reduction of AFR and 

DHA to AA is catalyzed by ascorbate fiee radical reductase (AFRR) and 

dehydroascorbate reductase (DHAR) respectively. GL. L-gaIactono--?-lactone. 
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The screening of cell lines with different embryo-forming capacity allows the 

identification of developmental blocks during the maturation and germination processes. 

One of such blocks is represented by the failure of somatic embryos to convert into viable 

plantlets at germination. The post-embryonic performance of mature somatic embryos is 

strictly genotype-dependent, as conversion Frequency varies From line to line and is 

dependent upon the quality of the apical meristems. Those embryos which fail to convert 

are in fact characterized by poorly developed apical poles, which are not able to resume 

cell division at germination (Kong and Yeung, 1992). As AA plays a key role during cell 

division and proliferation. the main objective of this research is to determine whether 

experimental alterations of .4A metabolism in white spruce somatic embryos result in 

improved performance at germination. As a first step. studies on .k4 metabolism were 

conducted during maturation and germination of white spruce qgotic and somatic 

embryos. Such comparative studies were necessap to determine whether changes in .4A 

utilization correlate with important developmental phases of the embryogenic process. 

Further experimental manipulations of A4 metabolism. especially during germination 

were also performed. Particular attention was addressed towards the participation of AA 

during the reactivation of the apical meristems at germination. Exogenous applications 

of AA or lycorine. an inhibitor of AA biosynthesis. were used to determine the 

involvement of AA on cell division of meristematic ceils. The effects of such 

manipulations were assessed by using stnrcturai observations and conversion Frequencies 

of the treated embryos. Finally. the mode of action of AA on meristem reactivation was 

studied by investigating how alterations of AA metabolism affect peroxidase activity and 

nucleotide and nucleic acid metabolism. 

In summary. the main objectives of this research were: 

1. To study AA metabolism during zygotic and somatic embryogenesis (Chapter 2) 

2. To determine whether exogenous appIications of AA induce resumption of mitotic 

activity in meristem cells of germination somatic embryos (Chapter 3) 



3. To determine the mode of action of AA on the reactivation of the apical meristems by 

investigating: 

A. Changes in peroxidase activity (Chapter 4) 

B. Changes in nucIeotide and nuclcic acid metaboIism (Chapters 5 and 6). 

This work was performed with two dif6erent lines of white spruce. as the original 

line (E)WSl. utilized for Chapters 2.3. and 5. lost its emb~ogenic potential after two 

years in culture. For Chapters 4 and 6 the line (E)WSC was empIoyed. 



CHAPTER TWO 

Ascorbic acid metabolism during somatic and zygotic embryo 
maturation and germination 

Introduction 

.Ascorbic acid (&I) is a metabolite required for critical processes in plant growth 

and development: as such. there are many studies investigating -44 metabolism during 

seed maturation and germination (e.g.. Tommasi and De Gara. 1990: Arrigoni et al.. 

1992: De Gara et al.. 1997: Pallanca and Smirnoff. 2000). From these studies. it emerges 

that alteration of the endogenous .LA content and changes of the specific activity of the 

.LA-redox e v e s  often correlate with different stages of embryo development. During 

the initial phases of Vicia faba seed maturation. characterized by intense cell division. a 

large proportion of the total ascorbate pool (A.4-DHAiAFR) was found in the reduced 

form (.4A). Upon subsequent development. characterized by cell elongation most of the 

total ascorbate pool was composed of dehydroascorbate (DHA) and ascorbate free 

radicals (PIFR). the oxidized forms (Arrigoni et aI.. 1992). Therefore. the ability of the 

developing embryos to metaboIicaIIy alter the .4,WDHA-AFR ratio appears to be 

important for the embryonic growth (Arrigoni et al.. 1992). Changes in AA metabolism 

were also observed during the late stages of seed maturation and germination. Fully dried 

Vicia faba seeds (-4rrigoni et al., 1992). as well as dry caryopses of wheat (De Gara et al.. 

1997). are devoid of AA. but contain a low amount of ascorbate free radical (AFR) and 

dehydroascorbate (DHA). together with the respective reducing enzymes: ascorbate Free 

radical reductase (AFRR). and dehydroascorbate reductase (DHAR) (see Fig. 1.3. 

Chapter 1). The presence of these two AA-recycling enzymes represents an important 

strategy for providing the senninating embryos *ith A.4, before the reactivation of the de 

novo i\A-bioqnthetic machinery (De Gara er al.. 1997). In germinating embryos, in fact- 
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a large availability of AA is required to sustain both cell division (Liso et al.. 1984: 1988: 

Citterio et al.. 1994) and cell elongatiori (Cordoba-Pedregosa et al.. 1996: Arrigoni et al.. 

1997). Despite the increasing amount of evidence indicating the active role played by .\A 

during embryo development and germination. at present there is no information dealing 

with changes of AA metabolism during zygotic and somatic embryogenesis in coniferous 

plants. 

This chapter will investigate changes in AA metabolism occurring during white 

spruce zygotic and somatic embryo development and germination. The main objectives of 

this research are to determine whether (1) differences in AA metabolism occur during the 

in vivo and in vitro embryogenetic processes and (2) a better ability to synthesize and 

metabolize AA correlates with an increased embryogenic potential of cultured cells and 

improved germination of somatic embryos. In order to achieve this objective. zygotic 

embryos and three different white spruce cell lines: a non-embryogenic (NEIWS line 

unable to produce mature embryos. and two embryogenic lines with low iE)U'S 1 and 

high (E)WS2 percentage of embryo germination. were utilized. 

Materials and Methods 

Plant material 

Seed collection and germination 

Developing white spruce seeds were collected from the campus at the University 

of Calsary on a weekly basis fiom June 16 to August 30. 1999. Seeds. dissected from the 

cones. were fiozen in liquid nitrogen and stored at -80" C. before being processed for .kA 

and DHA+AFR measurements and e m y e  assays. 

For germination. white spruce seeds (lot + 7431 580.1; germinability 92%) were 

obtained fiom the National Tree Seed Center (Fredericton. N.B., Canada). Seeds were 

soaked in water at 4°C for 24 hours, sterilized in 25% JavexG bleach for 20 min rinsed 

three times in sterile water. and germinated on moistened filter papers in the dark at 22' 



C. Germinated seeds were collected at days 3 , 6 .  and 12. and the embryos were dissected 

out. Both embryos and megagametophytes enclosed in the seed coat were processed for 

AA determination and enzyme assays. -4s the seed coat was mainly composed of dead 

tissue, and represented a smaIl fraction of the seed. it was considered as part of the 

megagametophyte. 

Esfc~b/ishmenr of white spruce cell culrures 

White spruce (Picea glauca [kloench] Voss) embryogenic and non-embryogenic 

tissues were generated from mature embryos as described by Lu and Thorpe ( 1987). 

Seeds. collected from the campus at the University of Calgary. were surface sterilized in 

20% commercial bleach for 20 min and rinsed three times with sterile water. The 

embryos were then dissected and plated on the (AE) induction medium (von Arnold and 

Eriksson I98 I )  (Table 2. I ) supplemented with I0 uM 2d-dichloropheno.uyacetic acid 

(2.4-D), 5 pM N6-benzyladenine (BA). 5% sucrose. and solidified with 0.8% agar. pH 

5.8. The stock cultures were maintained in the dark at 26" C for 4-5 weeks. The tissues 

were then transferred to a liquid maintenance medium (4E  medium containing 10 

2.4-D. 2 phi BA. and 2% sucrose) and were subcuitured ever); seven days. For these 

experiments, three distinct cell lines were selected: a nan-embryogenic cell line (NE)WS. 

unable to produce mature embryos. and two embryogenic lines characterized by a low 

(E)WS 1 and high (E)WS:! percentage of embryo conversion Frequency. 

Promotion of somatic embiyo development 

Promotion of somatic embryo maturation was achieved by two subsequent transfers 

of 1 g of tissue into 50 rnl of hormone-free (HF) medium for 7 days (AE medium devoid 

of hormones) and then into 50 ml of maturation medium (AE medium suppIemented with 

50 ,uM of abscisic acid [,4BA1 and 5% sucrose) for 7 days. .About 50 mg fresh weight of 

embryogenic tissue was spread on a sterile filter paper (Whatman no. I.  maidst tone. UK) 



Table 2.1. Composition of von Arnold and Eriksson (AE) (198 1) nutrient medium 
utilized for embryogenic tissue induction and maturation and germination of white 
spruce somatic embryos. 

Compound m%L 

NH,NO: 
KXO; 
CaC1:-2H:O 
MgS0,-7H,O 
MnS0,4HL0 
CuS0,-SH,O 
ZnS0,-7H,O 
Na,-EDTA 
FeS0,-7H,O 
HjBOj 
KH?PO, 
KI 
Na,MoO,-2H,O 
CoC1,-6HI0 
Thiamine HC1 
Nicotinic acid 
Pyridoxine HCI 
myo-Inisitol 
Glutarnine 
Caseine hydrolysate 
Sucrose 

1 ZOO 
1900 
180 
3 70 

2.2 
0.0015 
4.05 
12.85 
5.57 
0.63 

340 
0.75 
0.025 
0.0025 
5 
2 
1 

500 
500 
500 

(see Materials and Methods) 



and placed on a solid ABA-containing medium (maturation medium solidified with 0.8% 

agar. pH 5.8). After 40 days of incubation in the dark at room temperature (22: C). 

mature somatic embryos were characterized by well developed cotyledons (Joy et al.. 

199 1 bl. 

Partial drying rreatment 

The partial drying treatment (PDT). an essential step for somatic embryo 

germination (Fig. 1.1. Chapter 1). was carried out as described by Roberts et al. (1990). 

Mature embryos supported by a small sterile filter paper disk (Whatman no. 1) were 

placed in the central wells of a 24-well tissue culture plate (Falcon 3847. Frankling takes. 

NJ. USA). The outer wells were filled with sterile water. The plates were sealed with 

parafilm '-M" (.American National Can. Chicago. IL. USA) and incubated in the dark at 

room temperature (22' C) for 10 days. 

Germination 

Following the PDT. the embryos were transferred onto a germination medium 

(half-strength AE medium. supplemented with I% sucrose and solidified with 0.8% agar. 

pH 3.8). -4pproximately 25 embryos were placed in each petri dish. Germination was 

carried out under Iight conditions (photon flux density of 90-95 ,urn01 rn-ls-': 380-800 nm) 

with a 16-hour photoperiod. Germinating embryos were collected at regular intervals for 

the first 10 days and processed for .LA-DHA determination and enqme assays. 

Samples were fixed in 2.5% glutaraldehyde and 1.6% paraformaldehyde buffered 

with 0.05 M phosphate buffer. pH 6.9. dehydrated with methyl cellosoive. followed by 

two changes of absolute ethanoI. and then infiltrated and embedded in Historesin (Leica 



Markham- ON. Canada) (Yeung and Law. 1987). Sectioning was carried out with glass 

knives on a Reichert-Jung 2040 Autocut microtome. SeriaI longitudinal sections were cut 

at a thickness of 3 pm. For general histological examinations, the sections were stained 

with the periodic acid-Schiff (PAS) procedure and counterstained with 0.05% (w/v) 

toluidine blue 0 in benzoate buffer, pH 1.3 (Yeung, 1984a). The preparations were 

examined and photographed uith a Leitz Aristoplan light microscope. 

A.4 and DHA-AFR measurements 

AA and AFR-DHA were measured according to Zhang and Kirkharn ( 1  996). 

Tissue was ground in cold 5% metaphosphoric acid ( I  :5 w/v) to prevent AX oxidation 

and DHX degradation. The homogenate was then centrifuged for 20 rnin at 16.000 g and 

the supernatant was collected for the measurements. Total ascorbate (iL&+AFR-DHA) 

was determined after reduction of DHA and AFR to AA with dithiothreitol (DTT), and 

the concentration of AFR'DHA was estimated from the difference between total 

ascorbate pool and AA. The reaction mixture for total ascorbate pool contained a 0. i ml 

aliquot of h e  supernatant. 0.25 mi of 100 mlLI phosphate buffer (pH 7,4) containing 5 

mM EDT.4 and 0.05 mi of 10 mM DTT. After incubation for 10 min at room 

temperature (33' C), 0.05 ml of 0.5% N-ethylmaleimide was added to remove excess 

Dm. .M was determined in a similar reaction mixture except that 0.1 mI of HfO was 

added rather than DTT and Pi-ethylmaleimide. Color was developed in both reaction 

mixtures after addition of the folio-Jving reagents: 0.2 mI of 10% trichloroacetic acid. 0.3 

ml of 44% ortho-phosphoric acid. 0.2 ml of 4% a,a'-dipyridyl in 70% ethanol. and 0.3% 

(w/v) FeCI,. After vortexing, the rnixnue was incubated at 40" C for 40 min and the 

absorbance (A,,) of the supematanr was measured spectrophotometricalIy. A standard 

curve was developed based on .U in the range of 0-50 pglml. 



AA biosvnthesis 

This was measured by incubating the tissue in the presence of 5 mb1 L-galactono- 

-!-lactone (GL) (the last precursor of .%A [Fis. 1.2 . Chapter I I). Afier a 9-hour 

incubation. the tissue was homogenized in 5% meraphosphoric acid and the ascorbats 

level was measured. The ability to synthesize AA was calculated by subtracting the .&-I 

level of control (-GL) tissue from that measured in the presence of GL. 

E r n e  assavs 

The tissue was homogenized at 4" C with a medium containing 50 m M  Tris-HCI. 

pH 7.2.0-3 M mannitol. 1 mM EDTA. 0.1% bovine serum albumine (BSA). 0.05% 

cysteine. and 2% (wiv) po1~rvin)ilpyrrolidone. The homogenate was centrifuged at 4" C 

for 20 min at 16000 g, and the supernatant was collected and utilized for the assays of 

enzymatic activities as reported by Amgoni et aI. (1992). 

Ascorbic acid peroxidase ( AAP) (EC 1. I I. I .  1 1 ) activity was measured by 

following the hydrogen peroxide-dependent oxidation of AA by means of the decrease in 

absorbance at 265 nm. The reaction mixture contained 50 p i  .LA, 0.01% H,O,. - - and 50 

mM potassium phosphate buffer. pH 6.5. 

Ascorbic acid free radicd reductase (AFRR) (EC 1.6.5.4) activity was determined 

by monitoring the rate of NADH oxidation at 340 nrn. The reaction mixture contained 

0.3 m M  NADH. 1 mM -4A. and 0.1 M Tris-HC1. pH 7.2. The reaction was initiated with 

the addition of 0.5 units of commercial ascorbate oxidase (EC 1 .IO.5.3. Sigma). necessary 

to convert the endogenous A4 to AFR. 

..2scorbic acid oxidase (.4AO) (EC 1.10.3.3) activity was estimated by the 

oxidation rate of ascorbate at 265 nm in a reaction mixture containing 50 mM potassium 

phosphate buffer (pH. 7.0). 0.5 m M  EDTA. and 0.15 mM A4 in a voIulne of 1 mi. 

Dehydroascorbate reductase (DHAR) (EC 1.8.5.1) activity was estimated by 

measuring the (GSWdependent production of ascortr-dte at 265 nm. The reaction 



mixture was composed of I mM DHA. :! mM GSH. and 100 mi! potassium phosphate 

buffer. pH 6.3. 

For all e r n e  assays. corrections were made by taking into account changes in 

absorbance due to non-enqmatic reactions. 

Protein contents were measured according to Lowry (1 95 1) using a Bio-Rad 

protein determination kit (Sigma) and BSA as a standard. The Lowry method was 

preferred to Bradford because reagents incompatible with the Bradford method were used 

for protein extraction in Chapter 4. 

The data for both .4A and DH.4 quantitation and the specific activity of the 

ascorbate enzymes represent the mean = SE of three or more experiments. For statistical 

analyses. the Student-Sewman-Keuls test (Zar. 1 974) was utiIized. 

Results 

Somatic embrvo maturation and germination 

:Morphological characzeris~ics of the rhree cell lines 

HistoIogicaI examinations revealed morphoIogicaI differences among the three 

cell lines during the maturation period. 

In the non-embryogenic line (NE)WS. small groups of cytoplasmic cells 

subtended by enlarged. vacuolated celfs were observed in the maintenance medium (Fig. 

3.1 A). Seven days afier transfer into the liquid maturation medium (ABA Iiq. [day7]) no 

remarkable structural changes were observed in this line. Starch deposition increased. 

especially within the vacuolated cells (Fig. 2.1 B). The cytoplasmic cells were unable to 

undergo further development. and at the end of the maturation period (ABA sol. [day 351) 

no mature somatic embryos were produced (Fig. 2.1 C). 

In the embryogenic (E)WSI ceII culture. well developed early-club-shaped 

embryos were already discernible in the maintenance medium. They were characterized 

by an embryo proper, formed by small cytoplasmic cells. and by a suspensor region 



composed of large. vacuolated cells (Fig. 2.1 D). ffier a few days in the maturation 

medium (ABA liq. [day 7) these embryos increased in size. A l l l y  differentiated 

protoden was observed in the embryo proper. and a pronounced root cap. composed of 

vertical tiers of cells. appeared in the proximal region of the embryo. Heavy 

accurnuIations of starch were discernible in the root cap (Fig. 2.1 E). .4t the end of the 

maturation period. morphologically mature somatic embryos characterized by developed 

cotyledons were obtained (Fig. 2.1 F). HistoIogical observations of these mature embryos 

revealed the presence of fully differentiated apical meristems. The shoot apical meristem 

was flat in shape and it was characterized by an apical layer composed of large 

cytoplasmic ceIIs. Some intercellular air spaces were observed in the sub-apical portion 

of the shoot meristem (Fig. 2.1 G). The root apical meristem was composed of large 

isodiarnetrical cells which stained less than the surrounding cells. A pronounced starch 

deposition was observed throughout the root cap and cortex (Fig. 2.1 H). Following a 

period of partial drying treatment. only 33.5% of these embryos were able to undergo 

successful germination. i.e. emergence of root and new leaf primordia. 

In the other embryogenic Line. (E)WS2, small cIusters of cytoplasmic cells 

subtended by a few elongated vacuolated ceIls were discernible throughout the 

maintenance period (Fig. 2.1 I). Upon transfer onto the manvation medium (ABA liq. 

[day 71). these clusters of cells continued to -ow and embryogenic heads started to 

emerge. Unlike those observed in the (E)WS 1 line at this stage of development, these 

embryo-like structures were poorly organized (Fig. 2.1 J). Embryo development 

occurred mainly on the solid maturation medium. At the end of the maturation period 

(ABA so[. [day 351). in fact many mature somatic embryos were obtained. These 

e m b ~ o s  displayed similar morphology to that described for those of the (E)WS 1 line. 

Large cytoplasmic cells formed the apicaI layer of the shoot apical meriaem. and a goup 

of isodiamerrical cells delinested the root meristem. The quality of these embryos was 

better than that of the (E)WS 1 embryos. since after the PDT their gemination frequency 

was 78%. 



Fig. 2.1. Morphological characteristics of the three white spruce celI Iines utiIized 

in this study. Small groups of cytoplasmic ceIls (anowhead) subtended bq. large 

vacuotated ceIls were observed in the (NE)WS line in the maintenance medium 

(A). No significant changes in morphology were discernible afier 7 days in .%BA 

liquid (B). and at the end of the maturation period no mature somatic embvos 

were observed in this line (C). In the embryogenic (E) W S I Iine small globular- 

shaped embryos were present in the maintenance medium (D). These embryos 

increased in size during the fim week of maturation. They were characterized by 

a we11 differentiated protoderm (arrow) and a large root cap (arrowhead) (E). At 

the end of the maturation period mature somatic embryos characterized by fidly 

developed cotytedons were observed in this Line (F). Histoiogical examinations of 

these embryos revealed the presence of fully differentiated meristems. The shoot 

apical meristem was cornposec of an apical layer of large cytoplasmic cells 

(arrow) and by a subapical region often disrupted by the presence of intercellular 

air spaces (arrowhead) (G), Large isodiametricd ceIIs which stained less than the 

surrounding cells formed the root apical meristem (*) (H). In the other 

embryogenic line (E)WS2. small clusters of cytoplasmic cells were discernible in 

the maintenance medium (I). After 7 days in .ABA liquid- embryogenic heads 

start emerging h m  these clusters of celIs (arrow) (J). At the end of the 

maturation period somatic embryos, similar in m o r p h o l o ~  to those generated by 

the (E)WSI ceil culture, were observed in this Iine. Bar = 50 pn. A. B. D. E: 100 

p. G-J: 2 mm C and F. 





.44 merabolism in rhe muinrenance mediltm 

Only small differences in the ascorbate metabolism were observed in the three cell 

Iines in the maintenance (2.4-D) medium. -4s revealed by statistical analyses. the levels 

of .4A observed in the embryogenic Iines (E)WS 1 and (E)WS2 were significantly higher 

than the level observed in the (NE)WS line at 2.4-D (day 4). but not at 2.4-D (day 7) (Fig. 

2.2). The total ascorbate pool (AA+DHA+.4FR) was within the range of 600-800 nmol 

gi Fresh weight (Fig. 2.2). and a Iimited ability to produce AA fiom its last precursor 

(GL) was observed in the three cdtures (Fig. 2.3 -4). 

.4R merabolism during marurarion 

The first discernible differences in A4 metabolism were observed upon transfer into the 

ABA-containing iiquid medium. The capability of de novo synthesizing A.4 from its lasr 

precursor. L-galactono-;/-lactone (GL), sharpty increased in the two embryogenic lines 

after seven days into the maturation medium. whereas it remained constant in the non- 

embryogenic culture (Fig. 2.1 A). [n the (E)WSl line. this increment was concomitant 

with a rise in the endogenous AA level which reached values close to 1500 nmol g-' fresh 

weight (Fig, 2.2). Within the total ascorbate pool. a shift toward the reduced form. i.e. 

AA. was also observed in the two embryogenic lines. as revealed by the high .4A I DH.4 

ratio. As shown in Figure 2.3 B. throughout the culture period into the maintenance (2.4- 

D) and hormone-free (HF) media the AA : DHA-.4FR ratio was close to I in all the three 

celI cultures. Upon transfer onto the maturation (ABA) medium this ratio increased in 

the two embryogenic cell cultures. whereas it remained low in the non-embryogenic line. 

After 35 days on the solid maturation medium this ratio was about 7 and 4.5 for the 

(E)WS2 and (E)WSl Iines respectively. whereas it was less than 2 for the (3ii)WS cell 

culture (Fig. 2.3 B). 

From the data on the activity of the enzymes of the ascorbate system (Table 2.2). 

it emerges that ascorbic acid peroxidase (AAP). a key enzyme of the AA metabolism 



Fig. 22. Changes in ascorbate (open bars) and dehydroascorbate (close bars) 

content during the maturation period of the two embryogenic lines (E)WS I and 

(E)WS2 a ~ d  non-embryogenic line (NE)WS. Values are the means = SE of three 

or more experiments. 2.4-D. maintenance medium: HF. hormone-free medium; 

ABA Iiq.. liquid maturation medium: ABA sol.. solid maturation medium. 

Ncmbers in parentheses indicate days in culture. 





Fig. 23. (A) -4bilip of the two embryogenic lines (E)WS I and (E)WS2 and the 

non-embryogenic line (XE)WS to generate ascorbate (.U) from its last precursor 

L-galactono-y-lactone (GL) during the maturation period. Values are the means = 

SE of three or more experiments. 1.3-D. maintenance medium: HF. hormone-free 

medium; .-A liq.. liquid maturation medium: ABA sol.. solid maturation 

medium. Numbers in parentheses indicate days in culture. 

(B) Ratio of the reduced (AA) and oxidized (DHA-.GR) forms within the total 

ascorbate pool during the maturation period of the two embryogenic lines (E)WS 1 

and (E)WS2 and the non-embryogenic line (Tu'E)WS. 2.4-D. maintenance 

medium: HF. hormone-fiee medium: ABA liq.. liquid maturation medium; .4BA 

sol.. solid maturation medium. Numbers in parentheses indicate days in culture. 





involved in the removal of hydrogen peroxide (Fig. 1.3. Chapter 1). was present at high 

levels during the early phases of maturation bur it _gadually declined in all the cultures 

upon transfer onto the .-A-containing medium. A simiIar pattern of activity was found 

for PSRR. an ascorbate-recycling enzyme that catalyzes the reduction of ascorbate free 

radicals (AFR) into A4 (Fig. I .3. Chapter I ) .  It is worth noting, however. that in the nvo 

embryogenic Iines the decline of AFRR was less dramatic than that of AAP. so that after 

5 5  days on the solid maturation medium its activity was higher than that of AAP. DHAR 

was not detectable throughout the maturation period (data not shown). whereas AAO 

activity was only detectable during the Iate stages of embryo maturation in the (E)WS I 

line. 

.4A metabolism during the partial drvinn treatment and germination 

The total ascorbate pool (AA-DHA-AFR) in the mature embryos of the (E}WS 1 and 

(E)WS2 lines was iess than 2 nmol ernbyo-' (Fig. 2.4). Within this pool. the reduced 

form (AA) was predominant. as shown by the AA / DHA+AFR ratio (Fig. 2.5 B). 

Several changes in the AA metabolism occurred during the partial drying 

treatment (PDT). Fintly, the totai AA pool significantly declined in the embryos of the 

two lines after 10 days of PDT (Fig. 2.4). This occurred despite a small. but statistically 

significant increment in the abiIity to generate .&I de novo in the partiaIly dried embryos 

(Fig. 2.5 -4). Secondly. within the rota1 .\A pool the .LA ! DHA-.AFR ratio shifted 

towards the oxidative state (DHA--4FR). reaching values close to I at the end of the PDT 

(Fig. 2.5 B). From the data of the enzyme assays. it emerges that during the PDT the 

specific activities of both AAP and AFRR decreased. even though at the end of the e n g  

period a large amount of AFRR was still present in the embryos (Table 5.3). 

Upon germination. both the total ascorbate pooI (Fig. 2.3) and the abiiity to 

oxidize GL into AA (Fig. 2.5 A) increased in the embryos of the two embryogenic lines. 

The restoration of the AA metabolism was more pronounced in the embryos of the 

(E)WS2 ceil culture. After 10 days on the germination medium. the endogenous 



Table 2.2. Activities o f  the redox cn-LyIymes o f  lltc ascurbale systcn~ in  the non-en~bryogenic line (NII)WS RII~ the two c~nb~yogeoic 
(E)WSI and (E)WS2 lines of whitc spruce during l lw maturation pcriod. 'I'hc values itre cxprcssed ~II units .L Sf?. Ahla, ascorbate 
peroxidasc; AFRR, uscorbr~tc free rndical rcdnctnsc; AAO. ascorbatc uxidasc. I unit - I nmol AA oxidized III~' protein rnin"; 
"I uuiit - I nnlol N A I I I I  oxidized n ~ g "  prctleirr nlin". ND. 11ot detected. 

. . - . - - .. . . - . - . - -. - . - ~- - .- --- - ... . - . -. . . . - . -. .-. - - - - -- 
AAlbA AFKRH AAOA AAPA AI:RR" AAO" AAI'~ AI~HK' A A O ~  

2,4-D (day 4) 

2,4-13 (day 7) 

I It:  (dny 4) 

l ll: (day 7) 

ADA licl. (dny 4) 

ABA Liq. (dny 7) 

ADA sol. (day 7) 

A13A sol. (day 14) 

AHA sol. (day 2 1) 

ADA sol. (day 28) 

AHA sol. (day 35) 
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.4A level in the (E)WS:! embryos was higher than that measured in the (E)WS 1 

embryos (Fig. 2.1). This reflected a higher .4A ' DH.4-.4FR ratio observed in the (E)WSZ 

embryos (Fig. 2.5 B). With the restoration of the -44 metabolism a conspicuous increment 

of the enzymatic activity was observed. particularly in the (E)WSZ embryos. .As reported 

on Table 2.3, after 10 days in germination medium, the specific activities of both . U P  and 

AFRR in the embryos of the (E)WSZ line was twice as high as that observed in the 

germinating embryos of the other embryogenic line. A40 and DHAR were not detectable 

at any stage of the PDT and germination (data not shown). 

Zv~otic embrvo maturation and germination 

.Llorphological characterisrics of developing seeds 

On the first day of collection (June 4- 1999). the seeds were composed of a thin 

seed coat surrounding the megagametophye which included two archegonia (Fig. 2.6 .A). 

Embryo development started between June 21 and June 28. Division of the zvgote 

resulted in the formation of a proembryo at the base of the fertilized archegonium. 

Elongation of the upper tier of cells. which will constitute the suspensor. pushed the 

developing proembryo into the rnegagametophytic tissue (Fig. 2.6 B). Further growh of 

the embryos occurred between July 5 and August 9. Both the suspensor region and the 

embryo proper. characterized by a we11 developed protoderm. increased in size (Fig. 2.6 

C). Differentiation of both root and shoot apical meristems occurred between July 12 and 

July 26. and this was soon followed by the emergence of the ring of cotyledons (JuIy 19- 

Au-rmst 3) at the shoot apicaI pole. which demarczted the cotyledonary stage of embryo 

development (Fig. 2.6 D). Mature embryos. characterized by well developed shoot and 

root apical meristems (Fig. 2.6 E, F) were visible by August 9. From July 26 to August 

301 the moisture content of the seeds declined. as shown by a higher dry weight 1 fiesh 

weight ratio (data not shown). 



Fig. 2.4. Changes in ascorbate (open bars) and dehydroascorbate (solid bars) 

conrenr during the partial drying treatment (PDT) and germination (germ) of the 

whire spruce somatic embryos characterized by low [(E)WSl] and high [(E)WS1] 

percentages of conversion. Values are the means = SE of three or more experiments. 





Fig. 2.5. (A) Ability of the white spruce somatic embryos characterized by Iow 

[(E) WS I ]  and high [(E) WS21 percentages of conversion, to generate ascorbate 

(AA) fiom its last precursor L-galactono-y-lactone (GL) during the partial d ~ n n g  

treatment (PDT) and germination (germ.). Values are the means k SE of three or 

more experiments. 

(B) Ratio of the reduced (h.4) and oxidized (DHA-AFR) forms within the total 

ascorbate pool of the white spruce somatic embryos characterized by low [(E)WSl] 

0 treatment and high [(E)WS2] percentage of conversion during the partial d ~ i n ,  

(PDT) and gemination (germ.). 





Table 2.3. Activities o i  tltc rcdox enzymes o i thc A A  sydcln o f  whitc spruce sot~~nl ic c~ i~bryos o f  the 
two cnrbryogcrric lines (1i)WSI and (E)WS2 during the pnrtiol drying treatttlctlt (PDT) arid 
gcr~trirrt~tion. 'I'he values are oxprcsscd in units .t SII. AAI', r~scorbatc peroxidasc; AI:RR. 
nscorhate free radical reduclasc; "I itnil = 1 111iio1 AA oxidized mg" protein tnin"; 
'I i j t ~ i l  -- I III~ILII NADl I oxidized ~ l t g  ' protei~i min" 

Msturc rlnbryos 

W" (5 Jays) 

I'IYF 1 0  dnys) 

Cierrii. (2 dnys) 

(iur~n. (3 days) 

(icnit. (4 doys) 

tierla, ( h  duys) 

Cient~, (8 days) 

(icrltt, (9 days) 

Cier~a. ( I O days) 
- .- - - -- -- - - 



Fig. 2.6. Micrographs showing the development of white spruce seeds. On June -I. 

the seeds were composed of a thin seed coat enclosing the megagarnetophyte (M) 

which included two archegonia (*) (A). A proembryo (arrowhead). subtended by an 

elongated suspensor (S). became visible between June 21 and June 28 (B). Upon 

further development. both suspensor (S) and embryo proper (arrowhead) increased 

in size (C). Differentiation of the apical rneristems. followed by the initiation of the 

cotyledons (arrowheads). was observed between July 12 and July 26 (D). Mature 

somatic embryos were characterized by well developed apical meristems. The 

shoot meristem was composed of an apical layer of large. cytoplasmic cells 

(arrowhead) and by a sub-apical region (*) where storage product deposition 

occurred (E). Large isodiametrical cells (arrowheads). staining less intensely than 

the surrounding cells. formed the root meristem (F). Scale bars = 500 p A: 50 p 

B-F. 





AA merabolism during seed maturation 

During the early stages of white spruce seed development (June +July 12) the total 

ascorbate pool (AA+DHA+AFR) was tower than 10 nmol seed". Within the total 

ascorbate pool. similar levels of AA and DHA+AFR were measured. and the AA / 

DHA-AFR ratio was close to I (Fig. 2.7). Upon further development. the amount of 

endogenous AA sharply increased. reaching the highest peak on August 16. after which it 

declined. Similar increases were also observed for the .U ! DHA--4FR ratio (Fig. 2. 7) 

and the ability of seeds to produce .4A dt novo (Fig. 2.8). Stored seeds were devoid of A.4. 

and only a small amount of DHA+AFR was present (Fig. 2.7). . b o n g  the enzymes of -44 

metabolism. the activities of ascorbate peroxidase (.UP) and ascorbate free radical 

reductase (AFRR) were high during the initial phases of seed maturation and declined after 

July 12. In stored seeds only the activities of AFRR and DHAR were detected (Table 2.4). 

.4A merabolism in dissecred embryos and rnegagamerophyres of germinaring seeds 

AA metabolism was investigated in dissected embryos and separated 

megagametophytes of germinating seeds. Both dry zygotic embryos and 

megagarnetophytes were devoid of A.4. and they contained only small traces of DHA-.4FR 

(Fig. 2.9). Upon germination, both AA and DHA-AFR increased. especially in the 

embryos. After 12 days of germination. the level of AA was almost double that of 

DHA+AFR in both embryos and megagametophytes (Fig. 2.9). Activities of .4FRR and 

DHAR were detected in both dry embryos and megagametophytes (Table 2.5). Upon 

germination, the activity of AFRR increased. whereas that of DHAR decreased. especially 

in the embryos. Ascorbate peroxidase ( A M )  was absent in dry embryos and 

megagametophytes. and its activity was only detected after 3 days of germination (Table 

2.5). 



Fig. 2.7. Changes in ascorbate (open bars) and dehydroascorbate (solid bars) 

content and X.4 DH-A-AFR ratio during the maturation of white spruce seeds. 

Values are the means = SE of three or more experiments. 





Fig. 2.8. Abilip of maturing white spruce seeds to generate ascorbate (-4A) from its 

last precursor L-gaIactono-*plactone (GL). Values are the means = SE of three or 

more experiments. 
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Table 2.4. Aclivilies of lbe rcdox cnzyrlies olrlle AA systcnl in ~riaturillg white spruce seeds. 'me vnlucs nrc 
expressed in uriils k Sl;. AAP, nscorbalc peroriduse; AFRR, nscorbate free riidicul recluclitsc; " I  utiil ; I 
nlnol A h  oxidized secd.l 1nin.I; "I rr~iit - 1 ~ lmol  NADIi oxidized seed" III~II"; " I nrnol A A  
reduced seed'' aiia". Nl), 1101 detected. 

~ ~ ~ . .  ~ . ~ ~ - -  - . - - - -. - - - ---- ----- --------. ---- 
Date of collcctior~ AA13" AI;KR~ Ill IAI<'. AAOA 

-- - - -- - - - -- - 

June I4 20.01: 5 .  I 12.8* I .6 0.910. I 0. I *O.O 

July 5 27,2;t: I .4 20.6* 1 .O 0.7+0,4 N 1) 

July 12 3 I .2* I ,6 !O.SkO.O 0,7;1:0.1 ND 

July I 0  0,0:t0.4 6.2k0.5 0.6kO.O 0. I kO.0 

J~lly 26 7.0kO.X 2.6*0.3 O.c)k0.7 0. I *0,0 

August 3 4.2k0.5 1.3k0.2 1.2+0,3 ND 

August I(; 3.0:t:O. I 2.2*0.4 0.8kO.O N I) 

Ailgi~st 30 O.%:t:O,2 2.3rtr0.3 0.9i-0.3 ND 

Stored secds NI) 2.3k0.2 0.0+0.4 ND 



Fig. 2.9. Changes in ascorbate (open bars) and dehydroascorbate (solid bars) 

content and of zygotic embryos (A) and megagarnetophytes (B) dissected from 

germinating (germ.) seeds. Values are the means = SE of three or more experiments 







Discussion 

In order to determine whether (1) differeaces in A4 metabolism occur during 

zygotic and somaric embryogenesis and (2) alterations in AA synthesis and utilization 

correlate with the ability of white spruce cultured cells to produce good quality somatic 

embryos, AA metabolism was investigated in both zygotic and somatic embeos. For 

this purpose. three distinct white spruce cell lines were u~ilized: a non-embryogenic line 

(NE)WS. unable to generate mature embryos. and two embryogenic lines with low 

(E)WS 1 and high (E) WS2 percentage of embryo germination. 

Somatic embrvo maturation and germination 

-4.4 metabolism during somatic embryo maturation 

Only small differences in AA metabolism were observed among the three lines in 

the maintenance (3*4-D) medium. The fact that the total acorbate pool (AA+AFR+DHA) 

was similar in all the three lines. despite their different increases in fiesh and dry weight 

in the maintenance medium (data not shown). indicates that AA might be involved in 

other cellular processes besides cell division. The high enzymatic activity observed in the 

maintenance medium (Tabie 2.2). especially that of PAP which uses AX as a substrate. 

suggests that AA may be required for the removal of reactive oxygen species. as we11 as 

for promotion of ceIl waII plasticity. Besides being involved in decreasing the toxic 

levels of hydrogen peroxide. in concert with catalases, AAP has also been found to 

promote cell wall plasticity by decreasing the availability of H,O,, utilized by cell wall 

peroxidases in cross linking matrix polymers (De Gara et  al., 1996). This hypothesis is 

also supported by kinetic studies showing the higher affinity of AAP for HZO1 when 

compared to other peroxidases (see De Gara and Tomrnasi, 1999). Cleavage 

polyembryony. a common phenomenon during white spruce somatic embryogenesis 

necessary for the perpetuation of the culture. may be facilitated by all those processes 



promoting cell wall plasticity. 

Among the changes in AA metabolism observed in the three cultures upon 

transfer onto the maturation medium. the alteration of the .a ! DHA-AFR ratio appears 

to be the most prominent. The switch of this ratio towards the reduced state (-44) 

correlates with the induction of somatic embryo development in the two enbryogenic 

lines (E)WSl and (E)WS'L. .4 similar alteration within the total ascorbate pool was also 

observed by previous investigations. Arrigoni et al. (1992) =ported a high .W I' 

DHA-AFR ratio during the early stages of Vicia faba seed development. characterized by 

an active metabolism and a high mitotic activity. During the subsequent phases of seed 

maturation. characterized by ceIL elongation. a gradual decline of the same ratio occurred. 

The observed increment of the .4A I DHA-AFR ratio may therefore be required for 

somatic embryo growth. Firstly. no increment of the ratio occurred in the non- 

embryogenic culture upon transfer onto the maturation medium (Fig. 2.3 B). In the 

WE)WS line. in fact. a developmental block seems to occur during the early phases of 

embryo maturation. Secondly. the different increment of the ratio in the three cultures 7 

days after transfer onto the ABA-containing medium (.4BA liq. [day 71). strongly 

correlates with the different stages of development of the maturing embryos. .4 higher 

PL4 1 DHA+AFR ratio was observed in the (E)WSI cell line that presents mucnually 

organized globular-shaped embryos with a well defined protoderm layer and a 

conspicuous root cap (Fig. 2.1 E). In the (E)WS2 line. the poorly developed ernbryogenic 

heads without any sign of morphologicaI differentiation (Fig. 2.1 J) correlate with a lower 

-44 / DHA-.4FR ratio. However. during the second half of the maturation period. when 

e m b ~ o  development occurs. a sharp switch towards the reduced state was observed in the 

ratio. In the non-embrq-ogenic line. where e r n b ~ o  development does not occur (Fig. 2. 1 

C). the AA / DHA-.4FR ratio remains dose to 1. 

Although in vitro manipulations aimed at increasing the .4A i DHA+AFR ratio in 

the non-embryogenic line have failed to promote embryo formation (data not shown), the 

high AA level within the total ascorbare pool. observed during somatic embryo 

maturation in the two embryogenic lines, may be required to cany out hdamental 



processes such as cell division. As indicated by several authors, in fact. a large amount 

of AA is present in tissue during intense growth. De Gara et al. (1996) repo~zed that in 

pea stem the content of AA is high in the meristematic region and it _padually declines in 

older tissues. Similarly, exogenous applications of .&I have been found to induce cell 

divisions in several systems such as AIiium cepa root (Imocenti et al.. 1990). Zea mays 

root (Kerk and Feldrnann, 1995), and cambial cells of Lupinus albus root (Arrigoni et al.. 

1997). Furthermore. experimental reduction of the endogenous levels by applications 

of lycorine. an inhibitor of the last enzyme of the de-novo AA biosynthesis. inhibits cell 

division (De Leo et al.. 1973). 

Together with the beneficial effects of AA. a low level of DHA within the rota1 

ascorbate pool may be required for white spruce embryo maturation. Deleterious effects 

of DK4 have been recently obsenred by Morel1 et al. (1997). Furthermore. De Gara and 

Tommasi ( 1  999) reported a reduced groa~h of tobacco cells cuftured in the presence of 

DHA. Once the level of DHA was lowered to the control level cell gr0md-1 resumed. 

Another interesting point emerging from our results is the increased capability to 

synthesize AA de novo. observed in the two embryogenic lines upon transfer onto the 

maturation medium. This enhanced ability to oxidize GL into AA, rather than the AFRR 

activity which is similar between the (NE)WS and (EIWS:! lines. may be responsible for 

the increment of the AA I DM-AFR ratio. The fact that maturing somatic embryos are 

endowed with the ability to produce AA de novo suggests that differences in AA 

metabolism exist between zygotic and somatic embryogenesis. In Viciu faba seeds. the 

large amount of .4A needed during the early stages of development is provided by the 

parent plant. since the ability to synthesize AA is only acquired by the seeds as 

desiccation proceeds (Arrigoni et al.. 1992). The absence of the parent tissue in somatic 

embryos imposes metabolic adjustments necessary to carry out alI those ce1lula.r processes 

that in the zygotic counterparts are under the control of the parent tissue. That 

morphological and physiologicai differences exist between somatic and zygotic 

embryogenesis is well documented in literature (Joy et al.. 199 1 b: Kong and Yeung. 

1992: Misra et al.. 1993). 



In Viciafaba seeds, the .&I / DHA+AFR ratio slowly declined during the late 

stages of embryo maturation. when cell elongation occurs. This switch of the total .M 

pool towards the oxidative state does not occur in white spruce somatic embryos. since a 

high AA 1 DK4-AFR ratio is present at the end of the maturation period (Fig. 2.3 B). 

This difference in pattern may be ascribed to the fact that limited cell expansion occurs 

during white spruce somatic embryogenesis. 

.&I metabolism during the parrial drying treatment (PDIJ and germination 

During the partid drying treatment. the overall M metaboiism slowly declines. 

The decrease in the total -4.4 pool is concomitant with a decline of its redox enzymes. It is 

worth noting, however. that the ability of the partially dried embryos to oxidize GL into 

.k4 increases. Similar changes in the .4A metabolism were also reported during the 

desiccation period that characterizes the late stages of seed maturation. The seeds of 

several angiosperms, in facc. reach maturity in a dehydrated state and they are devoid of 

.U. even though they are endowed with the ascorbate biosynhetic system (Arrizoni et 

al.. 1992) necessary to meet the large demand of AA during the early stages of 

germination. The Iimitrd presence of A .  observed in white spruce somatic embryos after 

the PDT may be ascribed to the higher water content (about 65%) stir1 present in the 

partially dried embqos when compared to that of desiccated seeds. The decrease of 

endogenous AA leveIs in the embryos parallels the decline of the AAP specific activity. 

It is well documented in the literame that the activity of GAP is tightiy regulated by the 

availability of AA in the system. The absence of .4AP activity has been found in those 

systems devoid of .AA such as dried Vicia-fuba seeds (-4rrigoni et d.. t 992) and mature 

Avena sutiva embryos (Tornmasi and De Gara. 1990). 

A large amount of was produced by the embryos of the two embryogenic lines 

upon transfer onto the germination medium. Tne involvement of this metabolite in cell 

division (Liso et al.. 1984 Citterio et al.. 1994) and ceIl elongation (Cordoba-Pedregosa 

et aI. 1996: Amgoni et al., 1997) processes has been extensively investigated. The high 



levels of . U P  observed in germinating embqos aIso confirms that the activity of this 

enzyme may be regulated by the availability of AA. With the recover?; of the oxidative 

metabolism, high levels of -4AP are necessary to eliminate reactive oxygen species such 

as hydrogen peroxide. The key role pIayed by AAP in the removd of H1O, has been 

extensiveIy discussed in the literature (see Srnirnoff, 1996; Noctor and Foyer, 1998). 

Therefore. a failure or a delayed restoration of the AA metabolism upon germination may 

result in a toxic accumulation of hydrogen peroxide which would seriously compromise 

the viability of the embryos. This hypothesis is supported by the results that show the 

existence of a positive correlation between embryo germination and restoration of AA 

metabolism. Upon transfer onto the germination medium. both the total ascorbate pool 

and the specific activity of the AA redox enzymes are higher in the embryos of the 

(E)WSZ cell line characterized by a high percentage of embryo germination. Moreover. 

the higher AA 1 DHA--4FR ratio observed in these embryos, also suggests hat a large 

amount of A.4 is available during germination. 

Zvgotic ernbrvo mawtion and germination 

During the initial stages of white spruce seed development. the total ascorbate 

pool (A\-DH.4-AFR) was low (Fig. 2.7). despite the high activip of the AA-redox 

erqmes. especially .4AP (Table 2.4). .As mentioned for the somatic counterparts. the 

high activity of this enzyme in developing zygotic embryos may be required for removal 

of reactive oxygen species. as well as promotion of cell wall plasticity required for 

suspensor elongation (Fig. 2.6 B) and growth of the embryo proper within the 

megagarnetophytic tissue (Fig. 2.6 C)-  The observation that .4AP activity decreases after 

July 12, when the activity of guaiacol peroxidase. one of the major enzymes involved in 

ceII wail crossIinking, increases (data not shown), supports this notion. The increment of 

the AA / DHA-AFR ratio during the most intense growth of the zygotic embryos 

indicates that a iarge availability of .4A is needed to sustain the growth of the developing 

embryo. A similar result was dso found during somatic embryogenesis (Fig. 2.3 B) and 



during Viciafoba seed development (Arrigoni et al.. 1992). 

During the later stages of seed development. characterized by a Loss of moisture 

content. both the total ascorbate pool (.U-AFR-DHA) (Fig. 2.7) and the ability ro 

oxidize GL to AA (Fig. 2.8) declined. In contrast to partially dried embryos. dried seeds 

do not dispose of an efficient system to generate .U de novo. Furthermore. DtWR not 

detected at any stages of somatic embryogenesis, was found in dried seeds. together with 

.4FRR (Table 2.4). Residual activity of these AA-recycling enzymes in dry seeds may 

represent a strategy for providing the embryos with sufficient AA during the initial stages 

of germination. prior to the reactivation of the AA de novo machinery. Several studies 

have in fact revealed the presence of these two enzymes and their substrates (DH.4 and 

AFR) in dried embryos of many plant species (see Tommasi et al.. 1999). The fact that in 

germinating qgotic embryos the ability to oxidize GL to .4A slowly increases. whereas 

DHAR activity decreases. supports this notion. As germination progresses. both the total 

ascorbate pool and the activities of AAP and XFRR increase. especialIy in the dissecred 

embryos. Restoration of the overall AA metabolism upon imbibition. also observed in 

somatic embryos. is in fact required for carrying out many fundamental ceIlular processes, 

including cell division and elongation. In tissue not subjected to growth. i.e. 

megagarnetophytic tissue, such a restoration of .4A metabolism is limited. 

Conclusions 

rZ1terations of .%I metabolism are very similar during the initial stages of somatic 

and zvgotic embryo development. The increased ability of the deveioping embryos to 

generate AA de novo. together with an increase in the A4 / DHA-AFR ratio seems to be - 
required for initiation of the in vivo and in vitro embryogenic processes. Si-gnificant 

differences in AA metabolism. were only observed at later stages of deveiopment, during 

the n a W  desiccation period in zygotic embryos and the imposed partial drying 
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treatment (PDT) in somatic embryos. The presence of the AA-recycling enzyme DHAR 

in dried seeds may be necessary for a prompt conversion of DHA to AA at the onset of 

germination. prior to the reactivation of the AA de novo machinery. The absence of 

DHAR observed in somatic embryos at the end of the PDT may be due to the fact that 

partially dried embryos have the ability to produce AA de novo. Such differences in 

metabolism may be partidly ascribed to the different Ievel of water stress experienced by 

somatic and zygotic embryos. 

AIterations in AA synthesis were also found to correlate with the embryogenic 

potential of different white spruce cell cultures. The ability of cdtured cells to 

metabolically alter the AA 1 DHA-AFR ratio by increasing the AA de novo biosynthesis 

seems to correlate with the initiation of embryo development. Such changes in 

metabolism. in fact. were not observed in the non-embryogenic line. Furthermore. a 

positive correlation between the .4A 1 DHA+AFR ratio and the growh of the developing 

embryos was aIso observed. The reactivation of AA metabolism at germination seems to 

be imponant for successful somatic embryo germination and conversion into viable 

plantlets. Upon imbibition. in fact. both the total ascorbate pool and the activities of 

major enzymes of the AA metabolism were higher in the embryos of the (E)WS2 line. 

which are characterized by a higher germination and conversion kequencies. This 

finding clearly suggests that experimental manipulations of the endogenous AA level may 

be utilized for improving the post-embryonic growth of embryos with lower conversion 

frequencies. 



CHAPTER THREE 

Effects of exogenous applications of ascorbic acid on white spruce 
somatic embryo conversion 

Introduction 

The ability of white spruce somatic embryos i~ zndergo successful germination 

and conversion is dependent upon the reactivation of the apical meristems. Structural 

studies conducted by Kong and Yeung (1992) have revealed that those embryos that fail 

to germinate are characterized by poorly organized apical meristems. often disrupted by 

the presence of intercellular air spaces. Upon germination. cells within these meristems 

stop dividing. and this results in meristem abortion and termination of seedling growth. 

As mentioned in Chapter 1. the poor post-embryonic performance, observed in many 

lines of white spruce somatic embryos. represents a major obstacle for a more extensive 

utilization of somatic embryogenesis for large scale propagation. Therefore. 

manipulations of culture conditions resulting in promotion of mitotic activity at 

germination and embryo conversion would have a profound impact on the biotechnology 

industry. 

In the last few years, a lot of attention has been directed towards the invoIvement 

of ascorbic acid (AA) in cell division (see Smirnoff, 1996). From several studies. 

including that reported in Chapter 2. it emerges that AA plays a key role during plant 

mwth.  as a positive correration between endogenous AA level and cell proiiferation " 

seems to exist. In pea stem. for example. the AA content is high in the cells of the shoot 

apical meristem. characterized by active mitotic activity. and it _gradualIy declines in more 

differentiated tissues @e Gara and Tommasi. 1999). A similar correlation was also 

reported in corn roots. where :he endogenous AA level of cells within the quiescent 

centre was significantIy Iower than that measured in the adjacent cells. undergoing 

intense proliferation (Kerk and Feldman, 1995). Experimental manipulations of the 



endogenous .4A content further substantiated these findings. Increased levels of ceIlular 

AA induced cell division in several systems. including Zea mays and illliurn cepa roots 

(Liso et al., 1984; Kerk and Feldmann, 1995) and Lupinus albus seedlings (Anigoni et 

a]., 1997). possibly by inducing the progression of cells from GI to S (Liso et al.. 1984). 

Similarly, a reduction in endogenous AA content by lycorine, an inhibitor of the de novo 

AA biosynthesis, was found to reduce cell division in pea and onion roots (Citterio et al., 

1994; Cordoba-Pedregosa et al., 1996). Thus, it is not surprising that AA has been often 

utilized in in vitro systems where it promotes growth. Besides stimulating cell division in 

tobacco cuItured cells (de Pinto et al.. 1999). exogenous applications of AA have been 

found to induce shoot formation via organogenesis in tobacco callus (Joy et al.. 1988). 

In light of these findings. the main objective of this chapter was to test the 

hypothesis that exogenous applications of A4 may increase the conversion frequency of 

white spruce somatic embryos by stimulating cell division. This was carried out by 

culturing the embryos of the (E)WS1 line. characterized by a lower percentage of 

conversion and endogenous AA content compared to those of the (E)WS2 cell line (see 

Chapter 2), in a germination medium supplemented with AA. Conversion frequency tests 

and structural studies were conducted in order to determine the effects of AA treatments 

on embryo conversion and meristem reactivation. 

Materials and Methods 

Embrvogenic tissue induction and maintenance 

This was achieved as described in Chapter 2 

Embrvo maturation and ~ & a l  drving treatment 

This was carried out as reported in Chapter 2. 



Embrvo germination and AA a~~i ica t ions  

After the partial drying treatment the embryos were transferred onto the 

gemination medium (half strength AE containing 1 % sucrose, without growth regulators) 

supplemented with different concentrations of ascorbic acid (I. 10. 100. and 1000 pM). 

The ascorbate solutions (pH. 5.8) were added to the medium by sterile filtration. The 

external morphology of the embryos was examined over a period of three months and the 

number of embryos with root only. shoot only. and root and shcot was recorded. 

Statistical analvses 

Statistical analysis was carried out as described in Chapter 2. 

Light - microsco~v 

Tissue preparation and staining procedures have been outlined in Chapter 2. 

Results 

The effects of AA aoolications on embrvo conversion 

In both control and AA-treated embryos. germination (root emergence) occurred 

between day 5 and day 10. A terminal shoot bud was observed 15-20 days after the 

embryos were transferred onto the gemination medium. In the control. root and shoot 

emergence was only observed in 335% of the embryos examined. The remaining 

embryos were unabie to undergo normal conversion either for lack of shoot. root. or both 

(Fig. 2-1). Of the 220 control embcos. 64% were able to produce a normaI root. whereas 

only 47 % were abIe to produce new leaves (Table 3. I ). 

The effect of exogenous applications of ascorbic acid on shoot and root 



emergence was examined by supplementing the gemination medium with four different 

levels of AA ( 1. 10.100. and 1000 pM ) +  Concentrations of A4 ranging fiorn 1 - 100 pii  

were found to enhance somatic embtyo conversion (i.e. root and shoot emergence) in an 

almost linear fashion (Fig. 3.1). Anaiysis of variance indicated that the results fiom the 

100 pM AA treatment were significantly different from those of the control. A higher 

concentration of AA (1000 pM) was found to be deleterious for embryo conversion (Fig. 

2. I). OnIy 12% of the embryos in this treatment were able to undergo normal root and 

shoot conversion. Treatments between 100 and 1000 pM of -4A were not tested. as the 

major objective of this study was not to find the optimal AA concentration. but rather to 

demonstrate the requirement for A4 during embryo germination. 

When the effects of -4.4 on root and shoot 90th were examined independently 

From one another. it was clear that .k\ had a much more pronounced effect on shoot 

growth than on root emergence. With increasing concentrations of -4.4. the percentage of 

embryos able to produce new leaf primordia increased fiom 47% (control) to 79% in the 

embryos treated with 100 pM hA. Statistical analysis showed that the results fiom this 

treatment were significantly different From those of the control. A similar increase. but 

with a less dramatic effect. was also observed on root growth. Ascorbic acid (100 CLM) 

increased the percentage of embryos able to produce roots from&% (control) to 74 % 

(Table 3.1). However. statistical analysis indicated that there was no significant 

differences in root emergence between h e  .U-created embryos (1 -1 00 mbI) and the 

control. 

Differences were observed when the external morphology of these embryos was 

examined. When compared to the control embryos (Fig. 3.2 A-C). A.4-treated embryos 

were visibly larger. New Ieaves contintled to be formed fiom the shoot apical meristem 

(Fig. 3.2 D). Furthermore, the embryos were characterized by dark green leaves in 

contrast to the pale green Ieaves observed in the control embryos. When the converted 

.U-treated embryos were ailowed to deveIop further in the greenhouse, plantlets 

developed normally (Figs 3.2 E). 



Fig. 3.1. The effect of ascorbic acid on white spruce somatic embryo conversion 

in the (E) WS 1 line. Each value represents the mean i SE of at least three 

replicate experiments with 60-80 embryos per treatment in each experiment. 
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Table 3.1. The effect of ascorbic acid (AA) on shoot and root growth of white 

spruce somatic embryos in the (E)WS I line. R, root growth only: S. shoot grouth 

only: N. no root or shoot gros~h.  

Treatment R(%) S(%) W(%) 

Control 64.13i5.71 46.75i5.06 20.3312.90 

Awl CIM) 66.3&3 -0 1 52.505.03 12.5E1 .80 

M(l0 $4) 66.531 -20 6 1.08i4.73 1 1.38i2.25 

AA(100 pM) 73.924.05 78.703.63 5.38i1.52 

.4A(1000 pM) 39.57=1.15 3 I .55=2.30 40.434.58 



Fig. 33. The morphology of (E)WSl white spruce somatic embryos in the 

presence or absence of ascorbic acid (AA). Among the control embryos. three 

different popu!ations could be observed. Converting embryos. characterized by an 

eIongated root and a bctionai shoot. as denoted by the presence of new leaf 

primordia (A). non-converting embryos with only shoot growth (B). and non- 

converting embryos with only root growth (C). Many of the .&I-treated embryos 

were able to convert. and they were generally bigger than their control 

counterparts @). Upon further growth such embryos developed into normal 

plantlets (about 5 months old) (E). Scale bars = 1 cm. 





Effects of AA on the o~anization of the shoot apical meristems 

-4pical meristem organization afier the partial drying rrearment 

Three different shoot apical meristem organizations could be found among the 

somatic embryo popdation. In some embryos. the shoot meristems appeared normal. 

These shoot meristerns had a distinct apical layer, characterized by cytoplasmic cells. 

This apical layer was subtended by sub-epidermal cells with small intercellular air spaces. 

The sub-epidermal cells accumulated large amount of storage products (Fig. 3.3 A). In 

other embryos, the organization of the sub-epidermal cells was disrupted by the presence 

of intercellular air spaces (Fig. 3.3 B). In some instances, these air spaces caused 

complete separation of the sub-epidermal cells which resulted in poor meristem 

organization (Fig. 3.3 C). 

Embryos in the control germination medium 

In control embryos with well organized shoot meristems w o  different patterns of 

development were observed at germination. In most of the embryos. anticlinal cell 

divisions in the apical layer of the shoot meristem could be found 2 days after placement 

on the control germination medium (Fig. 3.4 A). After 4 days, several mitotic figures 

were observed in both apical and sub-apical layers of the meristem (Fig. 3.4 B). Mitotic 

activity h m  the lateral region of the meristem resulted in the formation of leaf 

primordia which became visible around day I0 (Fig. 3.4 C). During the following days. 

a well organized shoot primordium characterized by elongated Ieaf primordia became 

visible (Fig. 3 .4  D). 

Some control embryos with well organized merisrems failed to convert at 

germination. Carefd examination of sections through the shoot pole of these embryos 
C 

indicated that although mitotic activity was observed at day 2, the apical cells started to 

accumdate phenolics (Fig. 3.5 A). 



Fig. 3 3  Different shoot meristem organizations observed in the somatic embryos 

of the (E)WS 1 line after the partial drying treatment. In we11 organized 

meristems. a distinct apical layer of cytoplasmic cells (anowhead) could be seen. 

This layer of cells was subtended by a sub-apical region with small intercelIular 

spaces (*) (A). In some meristems. the sub-apical region was disrupted by 

prominent intercellular air spaces (*) (B). Increasing formation of these air spaces 

(*) caused a complete separation of the sub-apical cells. resulting in abnormal 

meristem structure (C). All scale bars = 50 p. 





Upon further development. accumulation of phenolics continued in the cells of the apical 

and sub-apical layers of the shoot meristem (Fig. 3.5 B). Large vacuoles appeared in the 

sub-apical cells, and this was soon followed by cessation of cell divisioq which resulted 

in meristem abortion (Fig. 3.5 C). In some meristems. cessation of cell division was a 

later event, as dome-shaped shoot primordia were formed. However, the continual 

deposition of phenolics in the cells of these mex!!'rterns, as well as increased vacuolation. 

prevented any M e r  growth (Fig, 3.3 D). 

For those embryos characterized by poorly organized meristems (Fig. 3.3 B. C). 

pronounced accumulation of phenolics was commonly observed after 4 days in 

germination (Fig. 5.6.4). During the following days of germination. accumulation of 

phenolics increased. especially in the apical cells (Fig. 3.6 B). Mitotic activity was 

seldom detected in these meristems. which were not able to undergo W e r  development 

(Fig. 3.6 C). 

AccumuIi%ion of phenolic compounds in well organized and poorly organized 

meristems of control embryos was evident after staining the sections with the toluidine 

blue 0 stain (Fig. 3.7). 

Embryos in rlR containing medium 

Exogenous applications of AA in the germination medium induced abnormal 

meristems (Fig. 2.3 B. C) to undergo further development resulting in the formation of a 

new "normal" shoot primordium. Cell division was observed in these menstems after 2 

days i ~ i  gemination. despite the presence of large intercelluiar air spaces (Fig. 3.8 A). 

Continual mitotic activity of some apical cells resulted in the formation of a dome-shaped 

primordium emerging from the shoot pole (Fig. 3.8 B). After 9 days in the germination 

medium. organized shoot primordia, composed by densely stained cytoplasmic cells, were 

subtended by vacuolated cells separated by I q e  intercel1uIar air spaces. 4 pronounced 

accumulatior! of phenolics. similar to that described for the control counterparts. was 

seldom observed in AA-treated embryos. especially in the developing shoot primordia 



(Fig. 3 -8 C). The formation of well developed leaf primordia, observed at day 16. 

indicated that these primordia were hlly functional (Fig, 3.8 D). 

fn some instances, although the shoot apical meristern remained non-functional, 

MI applications resulted in the activation of cells at the base of the cotyiedons near the 

apical meristern (Fig. 3.9 A). These cells were able to divide M e r  and gave rise to 

rneristernatic regions originating from the base of the cotyledons (Fig. 3.9 B). 

Continuation of mitotic activity along the base of the cotyledons resulted in several shoot 

primordia easily discernible by the presence of densely stained cytoplasmic cells (Fig. 3.9 

C). These shoot primordia were able to function as normal rneristems. as indicated by 

their ability to generate leafprimordia (Fig. 3.9 D). 

Discussion 

The failure to resume mitotic activity in the meristems is responsible for the poor 

performance of white spruce somatic embryos at germination (Kong and Yeung. 1992). 

Data presented here indicate that exogenous applications of A.4 enhance the 

postembryonic performance of white spruce somatic embryos of the (E)WS 1 line. by 

increasing the percentage of embryo conversion from 34% (control) to 59% (1 00 phi 

AA) (Fig. 3.1). Furthermore, the linear dosage-response effect of -4.4 on embryo 

conversion clearly suggests that the endogenous AA leveI may be Iimiting the post- 

embryonic performances of the embryos. As reported in Chapter 2, the endogenous AA 

levels of the (E)WS 1 embryos was lower than that measured in the embryos of the 

(E)WS2 Iine, characterized by a higher conversion frequency. These dam are in 

agreement with previous work indicating the requirement for AA during periods of 

intense growth (discussed in Chapter 2). Experimental manipulations that alter the 

cellular AA content in fact. have been found to affect the gowth in many systems. 

including tobacco cdtured cells (de Pinto et al.. 1999). corn and onion root cells (Liso et 

al., 1984: 1988 Kerk and Feldman. 1995). and Lupinus albus seedlings (krigoni et al.. 

1997). In onion roots, for example, a decrease in the AA level caused by addition of 



Fig. 3.4. Morphology of a 'we11 organized" shoot apical meristem of a 

germinating control embryo of the (E)WS 1 line. Anticlinal divisions (arrowhead) 

in the apical layer of the meristem were observed at day 2 (A). .At day 4. mitotic 

a c t i v i ~  increased in both apical and sub-apical layers. The rneristem assumed a 

dome-shaped appearance (B). Continual mitotic activity. especially in the 

peripheral region of the meristem resuIted in the emergence of Ieaf primordia 

(arrowheads) (C). After 14 days in germination medium. a functional shoot 

primordium. characterized by elongated Ieaf primordia was observed (D). All 

scale bars = 40 pm. 





Fig. 3.5. Morphology of a "well organized shoot apical meristem of a 

germinating control embryo of the (E)WS I line. Afcer 2 days of germination. 

many rneristematic cells started to accumulate phenolic compounds (arrowheads) 

(A). Many of these meristems were not able to develop further. Increased 

accumulation of phenolic substances (arrowheads) (B) and appearance of large 

vacuoles (*) in the sub-apical cells resulted in meristem abortion (C). In some 

instances. cessation of meristem growth was a later event, as poorly developed 

shoot primordia were observed (D). All scale bars = 40 p. 





Fig. 3.6. Morphology of a poorly organized shoot apical meristem of a 

germinating control embryo of the (E)WS 1 line. .4ccumulation of phenolics 

(arrowhead) in disorganized meristems started 4 days after germination (A). 

Many of these meristems continued to accumulate phenolics (arrowheads).within 

the cells of the apical and sub-apicaI layers (B). With time. more cells of the 

shoot pole showed deposition of phenolics (arrowheads). Cell division was 

seidom observed in these meristems which were not able to undergo any further 

deveIopment (C). Ail scale bars = 10 ,urn. 





Fig. 3.7. CoIour micrographs of a well organized merigem (A) and a poorIy 

organized meristem disrupted by the presence of intercellular air spaces (*) (B). 

Accumulation of phenolic compounds (arrowheads), which stained blue 9 t h  

toluidine bIue 0 stain, was observed within the apical and sub-apicaI celIs of both 

mecisterns after a few days of germination. .AII scale bars = 30 urn. 





Fig. 3.8. Morphology of a poorly organized shoot apical meristem of an AA- 

treated embryo of the (W)WS 1 line. Although disrupted by the presence of many 

intercellular air spaces. some meristematic cells of AA-treated embryos were able 

to divide after 2 days of germination (arrowheads) (A). Continual mitotic activity 

resulted in the formation of meristematic primordia (arrowhead) (B). 

.4ccumulation of phenolic substances was seldom observed in these meristems. 

which continued to increase in size (C). The appearance of we11 developed leaf 

primordia, observed at day 14. indicated that these shoot primordia were able to 

behave as functional meristems 0). All scale bars = 40 p.m. 





Fig. 3.9. Morphology of a poorIy organized shoot apical meristem of an AA- 

treated embryo of the (E)WSl Iine. In some instances. applications of A A  

stimulated mitotic divisions at the base of the cotyledons near the apical meristern 

(arrowheads) (A). Continuation of cell proliferation resulted in the formation of 

meristematic zones (mowhead) (B). which in some cases covered a large ponion 

of the cotyledons (arrowheads) (C). More than one shoot primordium could 

develop fiom the meristernatic zones. These structures were capable of 

independent g r o ~ ~ h  and behaved as functional meristems (arrowheads) from 

which leaf primordia originated (D). All scale bars = 40 prn. 





lycorine, an inhibitor of the AA biosynthetic pathway. resulted in a profound inhibition of 

cell division. This effect was however reversed after the concentration of AA in the 

tissue was increased (Liso et al.. 1984). Thus, it appears that, like other systems. .M 

plays a fundamental role during the germination of white spruce somatic embryos. 

Another interesting point emerging from this study is the profound beneficial 

effect of AA on shoot conversion. which increased fiom 47% (control) to 79% (100 pM 

-44) (Table 3.1). This finding indicates that -4.A treatments may be required for the 

induction/rnaintenance of mitotic activity in the shoot apical meristems of germinating 

embryos. As observed in Figures 3.7 and 3.8. in fact. even poorly organized shoot apical 

meristems. which under normal circumstances wodd not be able to reactivate at 

germination. are induced to resume growth and to form new leaf primordia if treated with 

.&I. The promotive effect on shoot conversion. not observed for the root (Table 3-1). 

may be ascribed to either a differentid distribution of the AA level along the embryo axis. 

with a higher concentration at the shoot pole. or a difference in sensitivity of the two 

apical meristems to .&I. .4lthough often observed in root systems (Liso et al.. 1984: 

1988: Cordoba-Pedregosa et al.. 1996). the promotive effect of AA on cell division has 

also been reported on shoots. As observed by Joy et al. ( 1988). treatments with .&I 

increased the shoot-forming capacity of tobacco callus. 

Despite the positive correiation between celluiar -4.4 level and cell division. very 

few studies deal uith the molecular mechanisms controlling this effect. As shown in 

Fi-me 3.5. the shoot apices of control embryos that faiI to convert at germination are 

characterized by heavy accumulation of phenolics. Shoot apical meristems of AA-treated 

embryos. on the other hand. do not seem to accumulate phenolic compounds (Fig. 3.8). 

Although without any direct evidence. it appears that if deposited in large amount. 

phenolic substances can compromise the growth and conversion of the embryos at 

gemination. As reported by Fry (1986), both cell proliferation and elongation in plant - 
cells are strictly dependent upon the mechanical properties of the wall architecture. Both 

processes. in fact. are inhibited by those mechanisms which induce cell waII stiffening. 

including the peroxidase-driven polymerization of phenolics in the apoplast. In pine. for 



example. high Levels of cell-wall bound peroxidase activity and increasing polymerization 

of phenolic substances have been associated with -m\tth cessation of hgacotyI seagnents 

(Sanchez et al.. 1995). Thus. it is possible that in white spruce. AA may control the 

amount of phenolics accumulated in the meristems through the regulation of cellular 

peroxidases. Several studies showing the inhibitory effect of AA on rnajor secretorq. 

peroxidases both in vivo and in vitro support this notion. As documented by De Gara and 

Tommasi (19991, in fact, applications of AA may facilitate the removal of hydrogen 

peroxide, the substrate of the secretory peroxidases, through the activation of ascorbate 

peroxidase (see Fig. 1.3, Chapter 1). Along the same [he. Cordoba-Pedregosa et al. 

(1996) observed a positive correlation between onion root growth and the A.4-inhibition 

of cell-wall bound guaiacol and feruIic acid peroxidases. Similarly. in vim studies also 

indicate that -%A inhibits peroxidase activity (Takahama and Oniki. 1992: 1994). The 

effect of AA on major cellular peroxidases during white spruce somatic embryo 

germination will be discussed later (Chapter 4). 

In conclusion, data from this study clearly indicate that exogenous appiications of 

AA may be beneficial for the conversion of white spruce somatic e rnb~os .  possibly by 

reguIating the productioddeposition and cross-linking of phenolic compounds in 

meristematic cells. This study dso provides evidence that, besides improving the quality 

of the embryos at maturation (Kong and Yeung, 19951, the "rescue" of meristems at 

germination represents an alternative strategy for improving the post-ernbq-onic 

performance of the embryos. 



CHAPTJ3R FOUR 

The effects of ascorbic acid on the activities of major peroxidases of 
germinating white spruce somatic embryos 

Introduction 

As reported in Chapter 3. the post-embryonic performance of white spruce 

somatic embryos is dependent upon the reactivation of the apical meristems during the 

initid phases of germination. In the embryos of the (E)WS 1 line. unable to undergo 

successful conversion. cell division in the apical meristems was either never observed or 

was initiated but not continued. Structural studies aiso indicated that heavy accumulation 

of phenoiic substances in the meristematic cells preceded meristem abortion and 

cessation of plantlet development. Applications of ascorbic acid (AA) were found to 

enhance shoot meris~ern conversion. as well as to reduce the accumulation of phenolic 

compounds (see Chapter 2). It is generally accepted that deposition and cross-linking of 

phenoIic compounds. driven by peroxidases. affect the architecture of the cell wall and 

ultimately cell elongation and cell division. As discussed by Fry ( 1986). increased 

peroxidase activity and cross-linking of phenolic compounds often result in the stiffening 

of the cell wall and in the reduction of both cell elongation and ceIl division. 

Thus. in order to comprehend the regulation of cell-wail extensibirity during plant 

nowth and development, including germination, focus must be placed on the biological - 
control of peroxidase activities. This includes the synthesis and secretion of peroxidases. 

as we11 as the supply of substrates, such as phenolic compounds and hydrogen peroxide 

(see Biggs and Fry. 1987). Besides their involvement in the cross-linking of phenolic 

components. peroxidases have been involved in the formation of other bonds. including 

isodityrosine bonds between glycoproteins. such as extensin. and difedate bridges 

between polpaccharides polymers (Biggs and Fry, 1987). Activities of peroxidases are 

usually low in meristemauc tissues, characterized by rapid growth. and high in 

differentiated tissues. where both cell division and elongation have ceased to occur (Fry. 

1986; De Gara and Tommasi, 1999). 



Since previous studies have demonstrated the strong inhibitory effect of -4.4 on 

peroxidase activities both in vitro (Takahama and Oniki. 1992: 1994) and in vivo 

(Cordoba-Pedregosa et al., 1996), it is suggested that exogenous applications of -44 may 

enhance shoot meristem conversion of white spruce somatic embryos by reducing the 

activity of cellular peroxidases. Such a reduction in peroxidase activity would increase 

cell wall extensibility, thus allowing cell elongation and division in the apical poles of the 

germination embryos. In order to test this hypothesis, the activities of major ceilular 

peroxidases. including femlic acid and guaiacol peroxidases. were measured after altering 

the endogenous AA content in germinating white spruce somatic embryos. This was 

achieved by using L-galactono-?-lactone (GL). the last precursor of the de novo 

biosynthesis of &I. and Iycorine (L). an alkaloid extracted from various members of 

Amaryllidaceae (Evidente et d.. 1983). which inhibits the last reaction leading to the 

synthesis of AA (see Fig. 1.2. Chapter I). 

Materials and Methods 

Plant material 

Esrablishment and maintenance of while spruce cell cultures 

Establishment and maintenance of embryogenic tissue of white spruce was 

described in Chapter 2. This experiment. however. was carried out with the embryos of 

the (E)WSC line. as the (E)WSI iine. utilized in Chapters 2 and 3. lost its ernbxyo- 

forming ability. Compositions of both induction and maintenance media were the same 

as those reported in Chapter 2. 

Somatic embryo maturarion. partial &ing rreatment, and germination 

Methods for the induction of somatic embryo development. partial drying, and 



promotion of germination were similar to those described in Chapter 2. 

Light microsco~v studies 

These were carried out as described in Chapter 2. 

Alterations of the endo~enous -4-4 levels and tissue sampling 

Several agents were utilized in this experiment for altering the endogenous AA 

level of the germinating embryos. Ten microIiters of water (control), 1 mi ascorbic acid 

(AA). 2 mkl L-galactono-ylactone (GL), and / or 100 pM lycorine (L), were applied every 

24 hours directly on germinating embryos. Each solution. pH 5.8. was filter sterilized 

with a 0.2 pn Nalgene syringe filter. Prior to each application, the embryos were 

transferred onto a fresh germination medium to avoid accumulation of degradation 

products of the agents applied the previous day. Embryos were collected at days 0.2.6. 

and 12. rinsed in distilled water. and utiiized for .\A measurements and enzyme assays. 

Lycorine was a gift received from Dr. Laura De Gara (Universita' di Bari. Italy). 

AA measurements 

AA measurements were carried out as described in Chapter 2. 

Enzvme extraction and assavs of ~eroxidase activities 

Germinating embryos were homogenized at 4' C with a medium containing 50 

mi potassium phosphate buffer. pH 6.0. 1 mi EDT.4.2 m i  DTT. Triton X-I00 (0.5% 

v/v), and PVPP (1 -5% wlv). .4fter centrifugation at 4' C for 20 min at 16.000 gt the 

supernatant was desalted on a pre-packed column of Sephadex G-25 (N.4P-25. 

Pharmacia Biotech Inc. Baie d'Urfe. ON. Canada) and utiIized for the enzyme assays. 



Ascorbate peroxidase (AAP) activity was measured as described in Chapter 2. 

For AAP. 1 unii of activity was defined as 1 nrnol AA oxidized mine' mg protein-' 

Guaiacol peroxidase (GP) activity was determined as described by 

Cordoba-Pedregosa et al. (1996). The reaction, carried out in a mixture containing 50 

rnM sodium phosphate, pH 6.0,0.06% H1O, and 5 rnM guaiacol, was followed 

spectrophotometrically for 1 min at 470 nm. 

Ferulic acid peroxidase (FP) activity was measured in a reaction mixture similar 

to that utilized for GP detemlination, without guaiacol and with the addition of 0.2 mM 

ferulic acid. The reaction was forbwed for I rnin at 3 10 nrn (Cordoba-Pedregosa et d.. 

1996). The final volumes for both ,auaiacol and ferulic acid peroxidases were 1 ml. For 

both guaiacol and ferulic acid peroxidases. 1 unit of activity was defined as 0.1 Abs. min" 

mg protein-'. 

Protein was determined according to Lowry (195 1) using BSA as a standard. 

Effects of AA on the activin; of ~eroxidases in vitro 

In order to determine whether applications of AA affected the activity of 

peroxidases in vitro. 20 pg of protein extracted From 6-d germinating embryos was 

utilized for assaying guaiacol and ferulic acid dependent peroxidases as previously 

described. In these experiments. however. increasing concentrations of AA (25.50. and 

100 pM) or 2 units of ascorbate oxidase (Sigma). were added prior to the reading. 

Statistical analvsis 

This was conducted as described in Chapter 2. 

Native PAGE analvsis of total ueroxidase activity 

Control and AA-treated embryos were homogenized in the same extraction buffer 



utilized for enzyme assay ( I  :2 w/v). After centrifirgation at 4°C for 20 rnin at 16000 g! 

the supernatant was used for electrophoresis analysis. Native-PAGE was performed 

using a stacking gel containing 4.3% acryiamide (acrylamide/NIN'-bis-methylene- 

acrylamide 35.5:l mixture) and a running gel containing 7.3% acrylamide with a running 

buffer composed of 3 rnM Tris-HCI. pH 8.3. and 38 mi glycine. After the run at 4" C. 

the gel was washed with distilled water. For staining. the gels were incubated at 3' C for 

30 min in 0.05 M sodium phosphate buffer pH 6.0. containing 0.6% hydrogen peroxide. 

0.1 M CaCI,, and 3 mM 3-amino-9-ethyl carbazole (.4EC), a non-specific electron donor 

for total peroxidases (Soltis et a1..1983). Peroxidase isoenqmes were located as red 

bands on a transparent background as a result of the oxidation of AEC. Control 

experiments were performed in the absence of hydrogen peroxide. For all experiments. 

150 pg of protein were loaded in each lane. 

Histochemical localization of total ueroxidase activitv in germinating embrvos 

Germinating embryos were fixed in freshly prepared 4% paraformaldehyde 

buffered with 0.05 M phosphate buffer. pH 6.9. Fixation was carried out at -1' C on a 

rotator (Pelco. Redding. CA, USA) for 2 hours. .4fter washing. the tissue was dehydrated 

in a _graded ethanol series (changes were carried out every 30 min) and then infiItrated and 

embedded in Historesin (Leica. Markham. ON. Canada) (Yeung and Law 1987). In order 

to avoid the loss of enzymatic activity. the entire procedure (fixation. dehydration. 

infiltration, and embedding) was completed in 24 h. Sectioning was carried out with 

glass knives on a Reichert-Jung 2040 Autocut microtome. Serial longitudinal sections 

were cut at a thickness of 4 pn. For histochemical localitation of total peroxidase 

activity. the sections were stained for 15 min at room temperature in 50 mM sodium 

phosphate buffer. pH 6.0. containing 0.02% hydrogen peroxide and 3 miM 3.3- 

diaminobenzidine (Halt and Sexton. 1972). Control slides were incubated in a similar 

medium devoid of hydrogen peroxide. The preparations were examined and 

photographed with a Leitz AristopIan kght microscope. 



Results 

Effect of culture conditions on conversion freauencv 

Similar percentages of conversion were observed in the somatic embryos of the 

(E)WSC line. germinated in the presence of water (control), ascorbic acid (AA), and L- 

galactono-y-lactone (GL). Applications of Iycorine alone (L) or L-galactono-y-lactone 

plus lycorine (GLiL), resulted in a statistically significant decrease of conversion 

frequency (21% and 27% respectively), whereas only a slight decline in the percentage of 

embryos able to convert into viable plantlets was observed in the presence of ascorbic 

acid plus lycorine (AA-L) (Table 4. I). 

Endogenous .&A content c.f treated embrvos 

At day 2. all embryos. irrespective of treatment. had similar endogenous AA 

Ievels (Fig. 1.1). Differences in the A4 content among the treatments were however 

observed during the following days. Applications of Iycorine (L) and L-galactono-y- 

lactone plus lycorine (GL+L) resulted in a decline of the endogenous AA content. After 

12 days of germination. the ascorbate levels of (L)- and (GL+L)-treated embryos were 

7.7 nmol embryo" and 6.6 nmol embryo-' respectively. compared to 15.3 nmol embryo" 

of the control counterparts. Higher levels of endogenous ascorbate were measured in 

embryos germinated in the presence of exogenous ascorbate (AA). L-galactono-glactone 

(GL), and ascorbate plus lycorine (AA-L) at any stage of germination. As revealed by 

statistical analyses. significant differences were observed in the endogenous .&A levet 

between control embryos and all other treatments after day 2. 

Effect of culture conditions on the stntcture of the a~ical meristems 

After 2 days of gemination, the shoot poles of the control embryos had a flat- 



shaped appearance. At this stage. no mitotic activity was detected within the apical 

meristem (Fig. 4.2 A). Resumption of mitotic activity in the meristematic cells during the 

following days of germination resuIted in successful meristem conversion, as denoted by 

the appearance of a hct ional  dome-shaped meristem (Fig. 4.2 B). A similar growth of 

the shoot poles was also observed in AA-treated embryos and in those AA-L-treated 

embryos which were able to convert into viable plantlets. Although mitotic activity was 

observed in the shoot apices of L-treated embryos (Fig. 4.2 C). accumulation of phenolic 

substances and vacuolation of the meristematic cells resulted in growh cessation and 

meristem abortion (Fig. 4.2.D). 

The root apical meristems of the somatic embryos were composed of large. 

cytoplasmic cells. In all treatments. cell division was first detected at day 2. especially in 

the procambial region (Fig. 4.2 E). Mitotic activity was never observed in the cells of the 

root apical meristems of L-treated embryos. These cells started to elongate. and they 

were characterized by the presence of large vacuoles. After 6 days in culture. the 

formation of intercellular air spaces resulted in cell separation and meristem abortion 

(Fig. 4.2 F). In the other treatments (C. .&A. and AA+L). reactivation of the root 

meristems. as denoted by the presence of mitotic figures. was observed after day 4 (Fig. 

4.2 G). 

Effect of culture conditions on peroxidase activity 

Eflects of AA on guaiacol. ferulic acid, and ascorbic acidperoxidase activiry 

Germination of white spruce somatic embryos in the presence of ascorbic acid 

(AA), L-galactono-glactone (GL), and ascorbate plus tycorine (AA-L). resulted in a 

general decrease in activity of both femlic acid- and _guaiacoI-dependent peroxidases. 

compared to the control (Figs. 4.3 and 1.4). 

The most pronounced decrease in the activities of these enzymes was observed at 

day 2. when the activities of ferulic acid and _paiacol peroxidases in (A4)-. (GL)-, and 

(AA-L)-treated embryos were less than half those measured in their control (C) 



Table 4.1. Effects of exogenously applied ascorbic acid (AA), L-galactono-y- 

lactone (GL). and lycorine (L) on conversion (root elongation and emergence of 

new leaf primordia) of white spruce somatic embryos. Values are expressed as 

means of three independent experiments r SE. 

Treatment O h  of embryo conversion 

Control 

AA 

.4A+L 

L 

GL 

GL+L 



Fig. 1.1. Effects of ascorbic acid (.LA). L-gaiactono-y-lactone (GL), and Iycorine 

(L) treatments on the endogenous A4 concentration of germination white 

spruce somatic embryos. Values are means SE. CI control. 
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counterparts (Fig. 4.3 and 4.4). These differences were statistically significant- 

Exogenous applications of lycorine (L) resulted in high peroxidase activity after 2 days in 

germination. whereas slight, but not significant differences in activities were observed - 
between control (C) embryos and (GL+L)-treated embryos at any stage of gemination 

(Figs. 4.3 and 4.4). At day 2, the activity of ascorbate peroxidase (AM) was lower in L- 

and GL+L-treated embryos compared to that observed in their control counterparts. The 

activity of this enzyme was similar in all treatments during the later stages of embryo 

germination (Fig. 4.5). 

Histochemical localization of peroxidases in shoot and root apices 

Histochemical localization of peroxidase activity was determined in shoot and 

root apices of control. AA-. L-. and AA-L-treated embryos. Staining for total peroxidase 

activity. not observed in partially dried embryos (data not shown). was first detected afier 

2 days of germination. At this stage. both shoot and root rneristems of (L)-treated 

embryos stained more intensely for peroxidase activity than control embryos (Fig. 4.6 A- 

D). In contrast, exogenous applications of ascorbate (AA) and ascorbate plus Iycarine 

(AA+L) decreased the staining intensity during the first two days of germination (Fig. 3.6 

E-H). Upon further development. however. with the emergence of root and new leaf 

primordia a similar staining pattern was observed between these treatments (.4A and 

.U+L)  and control embryos in both apical rneristems (data not shown). 

Elecrrophoretic profile of peroxidases 

As shown by native PAGE analysis (Fig. 4.7). total peroxidase activity only 

appeared after 2 days of gemination. At this stage, four bands were detected in control 

embryos whereas only two in AA-treated embryos. The other two comp1ementary bands 

appeared in AA-treated embryos at day 4. and they were less intensely stained than those 

observed in their control counterparts. A similar staining profile between .4A-treated and 

control embryos was observed after 8 days of germination (Fig. 4.7). 



Fig. 4.2. Micrographs showing the effects of the endogenous A4 levels on the structure 

of the apical meristems of germinating embryos. After 2 days the shoot apical meristem 

of control embryos maintained a flat-to-concave appearance (arrowhead) (A). 

Resumption of mitotic activity during the following days resulted in the growth of the 

meristem. as denoted by the appearance of a dome-shaped shoot primordiurn (arrowhead) 

afier 8 days in the germination medium (B). Although cell divisions occurred in the 

shoot pole of L-treated embryos (arrow). accumulation of phenolics was initiated in many 

merinematic cells (arrowheads) (0. In these meristems, continual deposition of 

phenolics (arrowheads) and vacuolization of the sub-apical cells (*) resulted in growth 

cessation (D). In the root pole of control embryos. cell divisions were first observed at 

day 2 (arrows). .4t this stage. however. no mitotic activity was detected in the cells of the 

root apical meristem (arrowheads) (E). Cells within the root meristems of L-treated 

embryos never divided. Cell elongation. vacuolation (*). and formation of intercetluIar 

air spaces (arrowhead) resulted in meristem abortion (F). Reactivation of the cells of the 

root apical meristems of control embryos. as denoted by the presence of mitotic figures 

(arrowheads). occurred afier 4 days of gemination (G). A11 scale bars = 40 pn. 

A similar growth pattern of the shoot and root apical rneristems was observed for 

control and AA- and AA+L-treated embryos. 





Fig. 1.3. Effects of ascorbic acid (AA). L-galactono-y-Iactone (GL). and lycorine 

(L) applications on the activiv of ferulic acid-dependent peroxidase of 

germinating white spruce somatic embryos. Values are means 5 SE. C. control. 

1 unit = 0. I Abs. min-' mg protein-'. 





Fig. 4.4 Effects of ascorbic acid (a), L-gdactono-y-lactono (GL). and lycorine 

(L) applications on the activity of guaiacoidependent peroxidase of 

germinating white spruce somatic embryos. Values are means 5 SE. C. control. 

1 unit = 0.1 -4bs. min" rng protein-'. 
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Fig. 1.5. Effects of ascorbic acid (-4.4). L-galactono-y-lactone (GL). and Iycorine 

(L). applications on the activity of ascorbic acid-dependent peroxidase of 

germinating white spruce somatic embryos. Values are means 2 SE. C. control. 

1 unit = I nmol.4.4 oxidized min" mg protein-'. 





Fig. 4.6. Histochemical localization of peroxidase activity in shoot and root apices of 

control and L-, AA-. and .AA+L-treated embryos after 2 days of germination. In the root 

of control embryos peroxidase activity was mainly localized in the conical cells (arrows). 

Low peroxidase activity was detected in the cells of the root apical meristern (arrowheads) 

(A). Reduced staining for peroxidases was observed in the cells of the shoot apical 

meristem (arrowhead) of control embryos (B). In L-treated embryos. intense staining for 

peroxidases was detected along the entire root apex. including the root meristem 

(arrowheads) (C). Many cells of the shoot apical meristem (arrowhead) of L-treated 

embryos stained for peroxidases. Peroxidase activity was detected in both cell wall and 

cytoplasm of these cells (D). A general reduction in staining intensity was observed in the 

root apex of AA-treated embryos, especially in the cells of the root rneristem (arrowheads) 

(E). Little staining was observed in the cells of the shoot apical meristem (arrowhead) of 

AA-treated embryos (F). Compared to that observed in the control embryos. a reduction 

in staining intensity was observed in the cells of the root apical meristem (arrowheads) (G) 

and shoot apical meristern (anowhead) (H) of .4A-L treated embryos. Slides were 

incubated in the presence of 3-amino-9-ethyl carbazole. a non-specific electron donor for 

total peroxidases (see Materials and Methods). All scale bars = 10 ,m. 





Efects of AA on peroxidase activity in virro 

Both ferulic acid and guaiacol dependent peroxidases were inhibited in the 

presence of exogenous applications of ascorbate (AA) (Fig. 4.8). The inhibition time of 

both peroxidases was proportional to the -4A concentrations, as the AA inhibition ceased 

as soon as a11 AA in the reaction mixture was oxidized. Oxidation of the endogenous AA 

From the extraction buffer by applications of ascorbate oxidase (A-40) did not affect the 

rates of feruiic acid and guaiacol oxidation (Fig. 4.8). 

Discussion 

Reactivation of the apical meristems at germination is a compIex process involving 

cell division and differentiation. Through a series of coordinated ceI1 divisions. both shoot 

and root apical meristems contribute cells to the surrounding tissues. thus allowing the 

aowth of the embryo. In white spruce somatic embryos. such a process is fundamental for + 

 successful conversion into viable plantlets, as failure to resume mitotic activity in 

meristernatic regions results in poor post-embryonic performance ofthe embryos (Kong 

and Yeung, 1992). Ascorbic acid (AA) is a common compound in plants that might be 

physiologically involved in the regulation of cell division and differentiation. As reported 

in Chapter 3. exogenous applications of -44 have been found to enhance the conversion 

frequency of white spruce somatic embryos. possibly by promoting cell division in 

structurally disorganized meristems. A similar promotive effect of .k4 on cell division has 

also been documented in several other systems (Liso et al.. 1984. 1988: Arrigoni et al.. 

1997: de Pinto et al., 1999). Despite these observations, however. v e v  few hypotheses 

have been proposed dealing with possible mechanisms of action of AA during the process. 

Besides reducing the ceIl cycle time by promoting the progression of cells from GI to S 

(Liso, 1988), Takahama and Oniki (1994) have suggested the possibility that AA might 

regulate cell growth through the inhibition of peroxidasedependent poIymerization of 

phenolics and cross-linkage of cell-wdI components. 



Fig. 4.7. Electrophoretic profiles of proteins extracted fiom geminating embryos 

and stained for total peroxidase activity. 4A.  ascorbic acid: C. control. I50 mg 

protein were loaded per lane. Arrows indicated major bands. 





Fig. 4.8. In vitro effect of ascorbic acid (M) and ascorbic acid oxidase (AAO) 

applications on ferulic acid and paiacol dependent peroxidases. Increasing 

concentrations of AA (25.50. and I00 pM) or 2 units of -440 were added to the 

reaction mixture prior to reading. For each experiment 20 ug of protein extract 

were utilized. 





In plants the last step in the AA biosynthetic pathway is catalyzed by a 

dehydrogenase using GL as a substrate (Isherwood et al., 1954). GL is promptly converted 

to AA in the cell and Iycorine (L) prevents GL conversion to AA. by inhibiring the activity 

of L-galactono-1 .&lactone dehydrogenase (De Gara et al.. 1994) (Fig. 1.2. Chapter 1 ). 

Such control of the de novo pathway of .i\A also occurs in white spruce somatic embryos 

as applications of GL and L have opposite effects on the endogenous PLA level (Fig. 4.1). 

The result of the present study also indicates that treatments that lower the endogenous A.4 

levels. i.e. L and GL-L (Fig. 4.1), reduce the ability of white spruce somatic embryos to 

convert into viable plantIets (Table 4.1). Conversely, an increment in the endogenous AA 

levels caused by applications of AA, AA+L, and GL (Fig. 4.1) did not affect the 

conversion frequency of the embryos (Table 4.1). This finding is different from that 

reported in Chapter 3. where exogenous applications of AA enhanced the post-embryonic 

performance of the embryos of the (E)WS 1 line. This difference in result is most likely 

due to the fact that the endogenous A4 level is higher in the (E)WSC embryos, utilized in 

this study. compared to their (EIWS 1 counterparts. -45 such. it is suggested that 

exogenous applications of ,4A do not have any effect on systems characterized by high 

levels of endogenous AA. 

The different response in conversion frequency observed in white spruce somatic 

embrqros following alterations of the endogenous AA might be partially ascribed to 

changes in activities of major ceIIuIar peroxidases. In vivo studies on peroxidase activities 

cleariy indicate that a decrease in endogenous AA concentration by applications of L and 

GLtL correlates with a general increase in guaiacoI and ferulic acid oxidation (Figs. 4.3 

and 4.4). This trend was aIso confirmed by histochemicd studies. as both shoot and root 

meristems of L-treated embryos. which failed to convert at germination. stained more 

intensely for total peroxidase activity than their control counterparts (Fig. 4.6 -4-D). 

Conversely, treatments that increase the endogenous level of A.4. i-e. .4A. iL4L.  and GL. 

inhibited both ferulic acid and guaiacoldependent peroxidases, especially during the first 

days of ernbvo germination (Figs. 4.2 and 4.4). Simifarly, AA- and AA+L- treated 

embryos showed reduced staining of peroxidases in both shoot and root poles (Fig. 4.6 E- 

H). Thus a negative correlation between peroxidase activity against guaiacoi and ferulic 



acid and successful conversion of the embryos exists in white spruce. A similar 

correlation was also observed in other systems, including gymnosperms (Goldberg et al. 

1987; Valero et al., 199 1). Sanchez et al. ( 1995) suggested that accumulation and 

dimerization of ferulic acid, catalyzed by peroxidases, cause cell wall stiffening and 

growth cessation in pine tissue. Inhibition of growth in white spruce may be controlled by - 
similar events. as besides increasing peroxidase activity. applications of lycorine resulted 

in phenolic accumulation in the shoot apical rneristems (Fig. 4.2C,D). 

The key role played by -A in the regulation of peroxidase dependent 

polymerization of phenolic compounds has been emphasized by many studies. De Gara 

and Tornmasi ( i 999) proposed that .4A might facilitate the removal of H-0: by acting as a 

substrate for ascorbate peroxidase (AAP). Thus. increasing activity of AAP would reduce 

the availability of hydrogen peroxide utilized by secretary peroxidases for cell wall cross- 

linking. Besides its higher finity for H,O, (De Gam and Tommasi. 1999). a negative 

correlation between AAP activity and rnajor peroxidases activities was observed in severa! 

systems. including white spruce zygotic embryogenesis (StasoIIa and Yeung, unpublished 

observation). In the present study, however, no correlation was observed between the 

patterns of guaiacol and f e d i c  acid oxidation (Figs. 4.3 and 4.4) and AAP activity, which 

was similar for all the different treatments afier day 2 (Fig. 4.5). Increasing amount of AA 

in germinating white spruce somatic embryos might affect peroxidases directly. possibly 

by altering their synthesis andtor secretion. As shown by the electrophoretic studies. in 

fact. AA seems to change the peroxidase isoentyme profile. especially during the initial 

stages of germination (Fig. 3.7). Similar changes in peroxidase activity were also reported 

by Cordoba-Pedregosa et aI. (1996), who found a negative correlation between peroxidase 

activity and growth of onion root incubated with AA. 

Finally, endognous AA might be utilized as an electron donor not only by 

ascorbic-specific peroxidases. such as AAP, but also by other classes of secretory 

peroxidases (Welinder and Gajhede, 2 993; Mehlhorn et al., 1996). The in viuo studies 

conducted in this experiment c o d i  this observation. Peroxidase activities measured 

with ferulic acid and guaiacol were compieteiy abolished. but released after the AA that 

was present in the assay medium was oxidized (Fig. 4.8). Takahama and Oniki (1 992. 



1994) obtained simiIar results for apoplastic and cell-wall bound coniferyl alcohol- 

dependent peroxidases and demonstrated the inhibitory effect of P A  in the reaction. 

Although without direct evidence. in white spruce cells, alterations of symplastic 

levels of AA may result in changes of .4A levels in the apoplast. In this compartment. A A  

might affect cell wall properties by regulating peroxidase activity. AIthough the apoplastic 

.U level was not measured in this experiment. Rautenkranz et al. ( 1994) showed that 

symplastic -4.4 may be transported to the apoplast. Transport of -4A from the cytoplasm to 

the apoplast has also been observed by Castillo and Greppin (1988) in leaves of Sedum 

album and by Luwe et aI. (1993) in spinach leaves subjected to ozone exposure. 

In conclusion. the results of this investigation clearly indicate that the endogenous 

AA level plays a fundamental role during white spruce somatic embryogenesis. With the 

resumption of mitotic activity in the apical meristems. a large availabiiity of AA may be 

needed for inhibiting the activity of major peroxidases. including those involved in wall 

cross-linking. This would result in cell wall relaxation which is necessary to allow cell 

division in meristematic cells. Therefore. manipulations of the culture medium which 

increase the endogenous A4 content would be beneficial for the post-embryonic growth of 

the somatic embryos. especially for those lines characterized by low .AA content. [t must 

be mentioned. however. that although important for the resumption of mitotic activity in 

white spruce somatic embryos. relaxation of cell wall component. alone cannot account 

for the AA enhancement of embryo conversion. Other cellular processes more directly 

involved with nucleic acid synthesis and celI division must be regulated by AA for 

mccessfuI conversion to occur. 



The effects of exogenous ascorbic acid applications on purine and 

pyrimidine nucleotide biosynthesis of germinating white spruce somatic 

embryos 

Introduction 

As shown in Chapter 3, exogenous applications of .AA have been found to 

increase the percentage of germination and conversion of white spruce somatic embryos 

of the (E)WS I ceIl line by inducing organized cell division in morphologically disrupted 

rneristems. The participation of A4 in several cellular processes, including cell division. 

has been emphasized by many investigations. De Gara et ai. (1996) reported that in pea 

stem the content of AA is high in the meristematic region and gradually declines in more 

differentiated tissues. Similarly. high levels of -44 were observed during the initial stages 

of angiosperm (Arrigoni et al.. 1992) and gymnosperm (Chapter 2) seed development. 

characterized by rapid cell divisions. and at the inception of germination of both zygotic 

(De Gara et d., 1997) and somatic (Chapter 2) embryos. Furthermore. an increase in the 

endogenous AA content has been found to promote cell proliferation in seved systems. 

such as AIlium cepa root, where AA induces a progression of rneristematic cells from GI 

to S (Liso et aI., 19881, tobacco cultured cells (de Pinto et al., 1999), Zea mays root fKerk 

and Feldmann, 1995), and cambial cells of Lupinus aZbw roots (Arrigoni et aI., 1997). 

Applications of ascorbic acid were also found to enhance tobacco shoot organogenesis 

(Joy IV et al.. 1988). Conversely. when AA content is experirnenEdIy lowered by 

lycorine. cells which are nomaily competent to divide, arrest in the GI phase of the ceil 

cycle (Liso et al., 1984). It is surprising? however. that despite the tight correlation 

between AA and plant growth emerging from these data, here is tiale information 



concerning the inductive mechanisms of -4.A on cell proliferation @e Tullio et al., 1999). 

Purine and pyrimidine nucleotides are essential components of nucleic acid 

synthesis, as well as cellular intermediates participating in bio-energetic processes and in 

several metabolic cycles (Ross, 1981). Synthesis of nucleotides can occur through a de 

novo pathway or through a salvage pathway, which utilizes pretbrmed bases and 

nucleosides. Independent degradation pathways for both purine and pyrimidine 

nucleotides also exist in plant cells (Figs. 5.1 and 5.2). 

Alterations in the pattern of purine and pyrimidine metabolism have often been 

associated with physiological changes during plant  grow^ both in vivo (Nygaard, 1973) 

and in vitro (Hirose and Ashihara, 1984; Stasolla et al., 2001~). Dramatic changes in 

purine and pyrimidine nucleotide biosqnthesis were also reported in germinating seeds 

(Price and Murray. 1969: Guranowski and Baranluect-icz. 1979: Nobusawa and Ashihara, 

1983). These studies have mainly revealed the importance of the salvage pathway during 

the initial stages of germination. when a Large amount of nucleotides is needed in support 

of the resumption of mitotic activity. prior to the restoration of the de novo biosynthetic 

pathway. 

On the basis of the above? the main objective of this study was to determine 

whether applications of AA enhanced the conversion frequency of white spruce somatic 

embryos by altering the biosynthesis of purine and pyhidine  nucleotides. Studies on 

purine metabolism were carried out by incubating the somatic embryos with '"C-labeled 

adenine and adenosine. intermediates of the salvage pathway. and inosine. a substrate of 

the degradation pathway (Fig. 5.  I). The de novo pathway was not investigated due to the 

high cost of the precursor phosphoribosylaminoimidazole carboxamide (PRAICA). For 

pyrimidines, '"C-labeled orotic acid. uridine. and uracil were utilized as markers for the 

de novo, salvage. and degradation pathways respectiveiy (Fig. 5.2). Furthermore. the 

activities of the key enzymes involved in purine and pyrimidine metabolism were 

measured. 



Materials and Methods 

Plant material 

Generation of embryogenic tissue 

This was carried out as described in Chapter 3 

Promotion of embryo development and partial drying treatment fPDV 

Promotion of somatic embryo development and imposition of the partial drying 

treatment was performed as described in Chapter 3 

Embryo germination and AA applications 

Germination of somatic embryos and -4.A applications were carried out as outline 

in Chapter 3. 

Chemicals 

[8-'"Cladenine (1.96 TBq moP'), [8-IJC]adenosine (1.67 TBq mol*'). [8- 

'4C]inosine (2.07 TBq rnol"), [6-"C]orotic acid (1 -85 TBq mol-I), [Z1'C]uridine (2.0 

TBq mol"), and [2-"C]uraci1(1.85 TBq mol") were purchased fiom Moravek 

Biochemicals Inc (Brea, CA, USA). 

Metabolism of "C-labeled   urine and ~ ~ r i m i d i n e  Drecursors 

Metabolism of I4C-labeIed purine precursors was carried out as described by 

Ashihara et al. (2000,200 I )  and Stasolla et al. (200 1 c). Partially dried embryos ( 10 days 



PDT) and germinating embryos (about 40) were incubated in 2 ml of liquid semination 

medium in a 25-ml Erlenmeyer flask uith a central well. A strip of filter paper. 

impregnated with I00 pl of 20°h KOH. was placed in a glass tube in the well. The flasks 

were then incubated at 25 ' C for 2 hours and 18 hours on gentle agitation. At the end of 

the incubation period the moistened filter paper was collected and placed in 10 rnL of 

distilled water in a 50 ml-Erlenmeyer flask. Afier 24 hours. 0.5 ml of distilled water was 

utiIized for measurement of radioactivity (CO, ftaction). In the meantime. the embryos 

were washed in distilled water, frozen in liquid nitrogen. and homogenized in a ice-cold 

mortar with 3 ml of 6% perchloric acid (PCA). After centrifugation at 8.000 g for 10 

min. the supernatant (PCA-soluble fraction) was collected. neutralized with KOH, and 

evaporated to dryness below 40" C. The powder was then resuspended in 50% ethanol 

and loaded onto a microcrystatline ceilulose plate (200 mm .u 200 mm. Whacman K2. 150 

micron; VWR-Canlab. Edmonton. Canada) for fractionation. A solution of butanol-acetic 

acid-water (BAW) 4: 1 :2 (vlv) was used as the soIvent. The plates, developed for 24 hours 

by using an imaging plate BAS 111 (Fuji Photo Film Co.. Itd.. Tokyo. Japan). were 

analyzed with a Bio-Imaging analyzer (Type F LA-2000. Fuji Photo Film Co.. Ltd. Tokyo. 

Japan). The pellet was re-suspended in an ethanol-ether (1 :I. viv) mixture at 50 " C for 20 

min. .4fter centrifugation at 8,000 g for 10 rnin the supernatant (lipid fraction) was 

removed and utilized for measurement of radioactivity. The remaining pellet was first 

boiled in 6% PCA for 15 minutes, and then washed in 6% PCA. The combined 

supernatant constituted the nucIeic acid fiaction @NA+RNA). After neutralization with 

KOH. the nucleotide fraction was evaporated to dryness at 40" C and fractionated by thin 

layer chromatography in BAW 1: 1 :2 (vh). -4nalysis of the plates was carried out as 

previously described. Cold and hot standards of bases and nucleosides were also loaded 

onto the plates for he recognition of the bands obtained. 

Determination of the specific activities of the enzyrnes (see Figs. 5.1 and 5.2) were 

carried out as reported by Ashiham et al. (2000,2001) and StasoUa et a[. (200 Ic). 



Somatic embryos (400-500 mg fresh weight) were homogenized in 50 rnM HEPES- 

NaOH buffer (pH 7.6), 2 m M  NaEDTA, 2 m M  dithiothreitol @'IT), and 0.5% sodium 

ascorbate. The slurry was centrifuged at 20,000 g for 20 min at 4" C, and the supernatant 

was subsequently desalted on a pre-packed column of Sephadex G-25 (NAP-25, 

Pharmacia, Biotech Inc., Baie d7Urfe, ON, Canada). For each enzyme assay 3 5 pL of the 

desalted extract was incubated for 2,5, and 10 min at 30" C in the following reaction 

mixtures (total volume 100 pL). 

1) Adenine. uracil. and uridine phosphoribosyltransferase. These were determined 

in a reaction mixture containing 30 mM HEPES-NaOH buffer (pH. 7.6). 10 mM MgCI,, 

I rnM DTT. 0.6 mh4 5-phosphoribosyl-1 -pyrophosphate (PRPP). and 45 plM of labeled 

substrate ([S-'"Cladenine. [2-'"C]uracil. or [6-I4C]orotic acid). 

2) Adenosine. inosine, and uridine kinases. These were determined in a reaction 

mixture containing 30 mM HEPES-NaOH buffer (pH. 7.6), 10 mM MgCl, 1 mM DTT. 

3.75 mM ATP, and 45 $4 of labeled substrate ([8-"C]adenosine, [8-'"C'jinosine, or [2- 

" C] uridine) . 

3) Nucleoside phosphotransferase (N'PT). The reaction mixture was similar to that 

utilized for kinases. except that ATP was replaced by 3.75 mM -4MP. 

4) Adenosine nucleosidase (ARV. The reaction mixture was similar to that used for 

adenosine kinase, but ATP was omined from the mixture. 

5) Phosphoribosylpyrophosphate synthetase (PRPP synthetase). This was determined 

in a reaction mixture containing 30 mM HEPES-NaOH buffer (pH 7.6). 10 m M  MgCI,, 1 

mM DTT, 3.75 mM ATP, 3.75 mM ribose-5-phosphate, and 46 pM (6-I4C]orotic acid. 

Final specific activities of (8-'"Cladenine. [8-"Cladenosine. [8-"'Clinosine. [2- 

"C]uracil. [2-'"C]uridine. and [6-"C]orotic acid were 0.36.0.30.0.38.0.34.0.37. and 



0.38 MBq mmol" respectively. The reactions were terminated by the addition of 10 mL 

70% PCA. After neutralization with KOH, each reaction mixture was hrther evaporated 

to dryness, and the pellet was resuspended in 55 rnL of 50% ethanol. Each sample (7 p1) 

was Loaded onto the TL,C plate and deveIoped in BAW 42: 1 (vlv). For adenosine 

nucleosidase. distilled water was utilized as a solvent (Poulton and Bun. 1976). 

Detection and measurement of the substrare and product obtained in each reaction was 

performed by using imaging plates and Bio-Imaging analyzer. as described above. Cold 

and hot standards were also loaded onto the plates for the identification of the bands. 

Three independent experiments were performed for all the enzyme assays. The 

specific activity of the enzymes was expressed as pkat rng-' protein. 

Results 

Purine metabolism 

Total uptake of purine intermediales 

As shown in TabIe 5.1. on an embryo basis. the uptake of [&"'C]adenine. [8- 

IJC]adenosine, and [8-"C]inosine was extremety low at the end of the partial drying 

period (1 0d PDT) and sharply increased after transfer to the germination medium, 

Comparisons between control and AA-treated embryos revealed that the total uptake of 

adenine and adenosine was lower in the former thoughout the germination period. This 

difference uas more pronounced at day 3- when the mes of uptake of -44-treated 

embryos were almost double those observed in the control counterparts. 



Fig. 5.1. Possible metabolic fate of exogenously supplied [8-"Cjadenosine. [8- 
I4 Cladenine and [8- "'Clinosine during the germination of whits spruce somatic 

embryos. Enqmes: (1)  AK. adenosine b a s e  and NPT (adenosine). nucleoside 

phosphotransfeme (2) APRT, adenine phosphoribosyItransferase; (3) ARN, 

adenosine nucleosidase; (4) IK. inosine kinase and ?JPT (inosine). nucleoside 

phosphotransferase (5) inosine-guanosine nuckosidase ; (6) and (7) xanthine 

dehydrogenase: (8) uricase: (9) alfantoinase. Enzymes measured are represented 

by numbers in brackers [ 1. 
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Fig. 5.2. Possible metabolic fate of exogenously supplied [2-"C]uracil, (2- 

"C]uridine. and f6- "C]orotic acid during germination of white spmce somatic 

embryos. R-5-P. ribose-St-phosphate: PRPP. 5'-phosphoribosylpyrophosphate: 

OMP. orotidine monophosphate: LrMP. uridine monophosphate: LDP. uridine 

diphosphate: UTP. uridine triphosphate: CTP. c~ id ine  triphosphate. Enzymes 

involved are: (1) PRPP synhetase. (2) OPRT. orotate phosphoribosy[transferase: 

(3) UK, uridine kinase and NPT (uridine). non specific phosphotransferase: (3) 

UPRT. uracil phosphoribosyltransferase; (5 )  uridine nucleosidase: (6) uridine 

phosphorylase; (7) uracil reductase andfor dihydrouracil dehydrogenase; (8) 

dihydropyriminase; (9) orotidine-5'-monophosphate decarboxylase; (10) 

nucIeoside monophosphate kinase; (1 1) nucleoside diphosphate kinase. Enzymes 

measured are represented by numbers in brackets [ 1. 
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Tahlc 5.1. llptuke of "C-lubcled purine precitrsors by wllilc sprucc somatic e~nbryos germitlaled in llie absetlcc (canlrol) 
or in tllc prcsence (AA) of  10"M ascorbic acid. Somutic onbryos were i~~cubrrlcd Tor 2 hours in thc presence of the labeled 
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Purine salvage pathway: metabolism of [8-" eladenine and adenosine 

The purine salvage pathway of germinating white spruce somatic embryos was 

investigated by following the metabolic fate of [8-"Cladenhe and [8-"C]adenosine. For 

adenine, the distribution of radioactivity among the various metabolites after a 2-h 

incubation is shown in Fig. 5.3. At the end of the drying period (10 days PDT) aimost a11 

the radioactivity taken up by the embryos was equally distributed among nucleotides. 

mainly ATP+ADP. and unmetabolized adenine. During the first 4 days of germination a 

Iarge hc t ion  of '"C in both control and M-treated embryos was recovered into salvage 

products. i.e. nucleic acids and nucIeotides. -4mong the nucleotides. the ATP+ADP 

kct ion was the most labeled. Only a small amount of [8-"C]adenine was catabolized 

as ureides and CO,. Differences in adenine metabolism between controI and Mi- 

embryos were observed between day 4 and day 6 after germination. 

In control embryos, the amount of radioactivity recovered as ATP+ADP 

remained almost constant, whereas that recovered into the ureide fraction sharply 

increased from 7 pmol embryo-' at day 4 to aImost 90 pmol embryo" at day 6. 

Conversely. in AA-treated embryos the proportion of radioactivity recovered as 

nucleotides. mainly ATP+ADP. almost doubled fiom day 4 to day 6. whereas that 

recovered as ureides only increased slightly (Fig. 5.3). 

The profile of adenosine metabolism closely resembled that of adenine. -4s 

germination progressed. a pronounced increase of [8-C'"1adenosine was utilized for 

nucleotide (mainly ADP+An) and nucleic acid (Fig. 5.4) biosynthesis. As with adenine, 

differences between control and AA-treated embryos appeared between day 4 and day 6. 

In control embryos, the ADP+ATP fiaction remained constant, whereas an increasing 

amount of adenosine was degraded as ureides (4.7 pmol embryo" at day 4 and 64 pmol 

embryo-' at day 6). An opposite trend was observed in .4A-treated embryos where the 

radioactivity from the ATP-ADP fraction sharply increased. whereas a much smaIIer 

increase in the amount of radioactivity recovered into the ureide Fraction was observed at 

day 4 and day 6 (Fig. 5.4). 



Purine degradation pathway: merabolism of [8-"Clinosine 

The purine degradation pathway was investigated by following the metabolic fate 

of "C-labeIed inosine. At the beginning of the germination period (I0 days PDT) the 

small amount of radioactivity taken up by the embryos was almost equally distributed 

among ureides and unmetabolized inosine. As gemination progressed. a gradual increase 

in radioactivity recovered as degradation products, i.e. ureides and COz was observed in 

both control and AA-treated embryos. After 6 days of germination the amount of inosine 

catabolized as ureides and C02 was 23 pmol embryo" and 71 pmol embryo" in control 

embryos, and 18 pmol embryo" and 75 pmol embryo-' in AA-treated embryos (Fig. 5.5) 

E~zymes ofpurine merabolism 

Changes in activity of the enzymes participating in the recycling of purine bases 

and nucleosides are shown in Fig. 5.6. Among the enzymes involved in the salvage of 

adenine and adenosine. both adenine phosphoribo~ltransferasc (APRT) and adenosine 

kinase (AK) markedly increased as germination progressed. The activity of the former 

was higher than that of the latter throughout the length of the experiment. When 

compared with those of control embryos, the specific activities of APRT and AK were 

higher in AA-rreated embryos at day 6. Very low activity of nucleoside 

phosphotransferase NPT (adenosine) was observed in both control and AA-treated 

embryos throughout the germination period. Adenosine nucleosidase (ARN3. the enzyme 

responsible for the conversion of adenosine to adenine. was not detected at the end of the 

drying period and after 2 days in germination. A limited presence of this e v e  was 

however noticed as gemination progressed (days 4 and 6).  -bong the e w m e s  

responsible for the salvage of inosine. inosine kinase (IK) was absent in dried embryos. 

but it gradually increased during germination. Low activity of inosine phosphon-ansfetase 

W T  (inosine)] was detected thoughout the gemination period. 



Fig. 53. Distribution of radioactivity into different labeled fractions of 

germinating white spruce somatic e r n b ~ o s  incubated for 2 hours with [2- 

"Cladenine (A). Embryos were germinated in the absence (open bars) or in the 

presence (solid bars) of 104M ascorbic acid. Values are expressed as means r SE. 

(~0.5)~ values were multiplied by a factor of 0.5. (xlO), values were muItiplied by 

a factor of 10. PDT. partial drying treatment; germ., germination. 



Adenine 
100 

IW PDT 2d germ. 4d germ. 6d germ. 



Fig. 5.4. Distribution of radioactivity into different labeled fractions of 

germinating white spruce somatic embryos incubated for 2 horn with [2- - 
''C]adenosine (.4R). Embryos were germinated in the absence (open bars) or in 

the presence (solid bars) of I O"M ascorbic acid. Values are expressed as means = 
SE. (x0.5), values were multiplied by a factor of 0.5; (x10). values were 

multiplied by a factor of 10. 
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Fig. 5.5. Distribution of radioactivity into different labeled Fractions of 

geminating white spruce somatic e m b ~ o s  incubated for 2 hours with [8- 

''Clinosine (R). Embryos were germinated in the absence (open bars) or in the 

presence (solid bars) of 104M ascorbic acid. Values are expressed as means i SE. 

(xlO), values were multiplied by a factor of 10. PDT, partial drying treatment: 

germ., germination. 
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Fig. 5.6. Specific activities of the enzymes involved in the salvage of adenine. 

adenosine. and inosine in white spruce somatic embryos germinated in the 

absence (open bars) or in the presence (solid bars) of 10'M ascorbic acid (AA). 

Activities are expressed as pkat mg" protein = SE. .4PRT. adenine 

phosphoribosyltransferase; AK. adenosine kinase. hiT(adenosine), nucleoside 

phosphotransferase measured with adenosine: ARN. adenosine nucleosidase; IK. 

inosine kinase: NPT (inosine), nucieoside phosphotransferase measured with 

inosine. PDT, partial drying treatment; germ., germination. 
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k r n i d i n e  metabolism 

Toial uptake of purine intermediates 

The totd uptake of pyrimidine precursors is shotvn in Table 5.2. The rates of 

uptake of uracil, uridine, and orotic acid were lowest in pmialty dried embryos (IOd 

PDT). and gradually increased during germination. The uptake of uracil and uridine was 

higher than that observed for orotic acid throughout the period of the experiment. Similar 

uptake values were observed in both control and AA-treated embryos. 

De novo parhay: meiabolism off6-" Clororic acid 

The pyrimidine de novo pathway was investigated by following the metabolic fate 

of "C-labelled orodc acid. .At the end of the partial drying ueaunent (PDTj an appreciable 

proponion of radioactivity from [6-"Clorotic acid *a recovered into sdvage products. 

i.e. nucleic acids (0.9 pmol embryo-') and nucleotides (UTP-UDPlt'TP) (6.3 pmol 

embryo*'). .4 large amount of radioactivity remained in unmetabolized orotate (data not 

shown), whereas a limited percentage of incorporation was released as CU1 (Fig. 5.7). 

During gemination. the percentage of "C incorporated into the nucieotide and the 

nucleic acid fractions increased in both control and AA-treated embryos (Fig. 5.7). 

Salvage parhay: metabolism of [2-"Cluridine 

The saIvage pathway of pyrimidine rnetaboiism was investigated by fotlowing the 

metabolic fate of '"C-Iabelled uridine in germinating e m b ~ o s .  In partially dried embryos 

(10 d PDT). a large fiaction of uridine taken up by the embryos was utilized for nucieotide 

synthesis. During germination, the mount  of radioactivity refovered as salvage products. 

i-e. nucleic acids and nucleotides. increased equaIly in both control and AA-treated 

embryos (Fig. 5.8). The radioactivity from uridine reIease as COz was always Iower than 

that recovered as salvage products throughout the first 6 days of gemination. 



Degradation pathway: metabolism of [2-"C]uraciI 

At the beginning of the germination period ( I  O d PDT) a large proportion of [2- 
1 1  Cluracil, intermediate of the degradation pathway, was reteased as CO, (18.6 pmol 

embryo-'). Only a limited amount of radioactivity was recovered into salvage products. 

namely nucleotides and nucleic acids (Fig, 5.9). As germination progressed, the amount of 

radioactivity from uraciI recovered as nucleic acids. nucleotides, and CO, increased in 

both control and M-treated embqos. 

Enzymes of pyrimidine metabolism 

Changes in specific activities of the enzymes involved in the pyrimidine salvage 

and de novo pathways are shown in Table 5.3. Among the enzymes participating in the 

salvage of uracil and uridine. uridine kinase (LX) gradually declined during the first 6 

days of germination, whereas uracil phosphoribosylmnderase (UPRT) remained constant 

in both control and AA-treated embryos. In partially dried embryos, the specific activity 

of the former was markedly higher than that of the latter. Very low activity of uridine 

phosphotransferase was detected throughout the germination period. 

The activity of ororate phosphonbosyIrransferase. an intermediate enzyme of the 

pyrimidine de novo pathway, was found to increase after 2 days of germination in both 

control and AA-treated embryos. whereas the specific activity of the PRPP-producing 

enzyme, PRPP synthetase. reached its maximum at day 4 and then decreased. No 

differences in the activity of the enzymes involved in pyrimidine metabolism were 

observed between control and AA-treated embryos (TabIe 5.3). 
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Fig. 5.7. Distribution of radioactivity into different labeled fractions of 

germinating white spruce somatic embryos incubated for 2 hours with [6- 
I .I Clorotic acid. Embryos were germinated in the absence (open bars) or in the 

presence (solid bars) of 10'M ascorbic acid. Values are expressed as means k SE. 

(lox), values are multiplied by a factor of 10. PDT, partial drying treatment; 

germ., germination. 
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Fig. 5.8. Disrribution of radioactivity into different labeled fractions of 

germinating white spruce somatic embryos incubated for 2 hours with [2- 

''Cluridine. Embryos were geminated in the absence (open ban)  or in the 

presence (solid bars) of I04M ascorbic acid. Values are expressed as means i SE. 

PDT, partial drying treatment: germ., germination. 
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Fig. 5.9. Distribution of radioactivity into different labeled fractions of 

germinating white spruce somatic embryos incubated for 2 hours with [2- 

'4C]uracil. Embryos were germinated in the absence (open bars) or in the presence 

(solid bars) of 10'M ascorbic acid. Vaiues are expressed as means = SE. PDT. 

partial drying treatment: gem.. germination. 
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Discussion 

As reported in Chapter 3, exogenous applications of ascorbic acid increased the 

conversion frequency of somatic embryos of the (E)WS I line to 58%, compared with 

33.5% of the control embryos. To ascertain whether ascorbate applications result in the 
I4 alteration of nucleotide biosynthesis, C-labeled purine and pyrimidine precursors were 

utilized for tracer experiments in white spruce somatic embryos of the (E)WSI Iine 

germinated in the absence (control) and in the presence (AA-treated) of 10'M ascorbic 

acid. 

Purine metabolism. 

Total uptake 

From Table 5.1. it is apparent that the uptake of all the fed purines was ememely 

low in the partially dried embryos (10 days PDT). This low uptake denotes an overail 

reduced metabolic activity of white spruce somatic embryos at the end of the drying period. 

A similar result was also reported in dry Sinapis arvensis seeds fed with I4CO, (Edwards. 

1976). After transfer to germination medium. however. a sharp increase in the uptake of [8- 

"Cladenine. [8-"C]adenosine. and [8-"C]inosine was observed in both control and AA- 

treated embryos. This increased uptake of purine precursors. also observed in geminating 

soybean embryonic axes by Anderson (1977). is indicative of a resumption of the overdl 

cellular metabotisrn following imbibition. 

The AA-treated embryos showed higher uptake of both adenine and adenosine 

compared with the control counterparts throughout the first six days of germination (Table 

5.1). This result might be ascribed to changes in plasma membrane properties induced by 

exogenous applications of ascorbic acid (Asard et al.. 1995; Gonzales-Reyes et al.. 1992; 

Horemans et al.. 1994). In Iine with this hypothesis. Gonzales-Reyes et al. (1992. 1994. 

1995) reported rapid growth by cell expansion. and accelerated uptake of sugars and 

nitrates. in onion roots treated with exogenous applications of AA. Similar processes might 



regulate the stimulated intake of adenine and adenosine in geminating white spruce 

somatic embryos in the presence of a large availability of AA. 

Salvage parha): of purines 

The salvage pathway of purines was investigated by following the metabolic fate of [S- 

"Cladenine and [8-"C]adenosine (Fig. 5.1). The increasing proportion of [8-'4Cladenine 

and [8-"C]adenosine recovered in nucleic acids and nucleotides (Figs. 5.3 and 5.3) 

indicates that the ability to synthesize adenylate nucleotides (mainly ADP+ATP) from 

purine intermediates is low at the end of the partial drying treatment (10 days PDT). but 

increases at the onset of germination in both control and AA-treated embqos. This increase 

paralleled the rise in specific activities of the enzymes involved in the purine salvage 

pathway (Fig. 5.6). 

The rate of conversion of adenine and adenosine in nucleotides is modulated by the 

enzymes adenine phosphoribosyltransferase (APRT) and adenosine kinase (AK). The 

saivage of adenine is mainly catalyzed by PIPRT (Fig. 5.1. step 2). which sharply increased 

after 2 days of germination (Fig. 5.6). Significant levels of this enzyme in germinating 

Phaseolus mungo seeds (Ashiham 1983). and during dormancy reIease of peach buds 

(Lecomte and Le Floc'h, 1999) suggest that APRT may play an active role in ensuring the 

enlargement of the nucleotide pool during phases of intensive growtfi. 

Biosynthesis of adenylate nucleotides from adenosine can occur either as a single 

step reaction, via AK (Fig. 5.1. step l), or by hydrolysis to adenine mediated by adenosine 

nucleosidase (ARN) (Fig. 5.1. step 3). followed by the addition of a phosphoribosyl group 

catalyzed by .APRT (Fig. 5.1. step 2). The high activity of AK in both conml and AA- 

treated embryos throughout the gemination period indicates that the recycling of adenosine 

occurs primarily through this enzyme. The alternative route of adenosine salvage does not 

seem to be operative during the first days of germination. because adenosine nucleosidase 

(ARN) was only detected at day 4 (Fig. 5.6). It is worth noting. however, that the 

contribution of this enzyme to adenosine salvage was limited compared to that of AK. as 

shown by its reduced specific activity. ARN. which represents the preferential enzyme of 



adenosine salvage in leaves of peach trees (Le Floc'h and Faye. 1995). seems to be strictly 

associated with the germination processes of white spruce somatic embryos. since its 

activity was undetected in cultured white spruce cells (Ashihara et al.. 2000). during 

somatic embryo development (Ashihara et al., 2001) and desiccation (Stasolla et d.. 

2001~). Similar to our results, ARN was absent in dried Lupinus luteus seeds but increased 

significantly following imbibition (Guranowski and Pawelkiewicz, 1978). 

Differences in purine salvage between control and A&-treated embryos were visible 

4 days after transfer to germination medium. The larger proportion of radioactivity from 

[8-"Cladenine and [8-'"Cladenosine recovered into the nucleotide (mainly ADPLATP) 

fraction of AA-treated embryos (Figs. 5.3 and 5.4). together with the higher activities of 

APRT and AK (Fig. 5.6). indicates that ascorbate increases the rate of adenine and 

adenosine salvage during the germination of white spruce somatic embryos. .An operative 

anabolism of adenine and adenosine. also reported in axes and cotyledons of germinating 

Phaseolus mungo embryos (Ashihara. 1983; Nobusawa and Ashihara, 1983). is critical for 

the enlargement of the nucleotide pool needed to sustain the reactivation of the overall cell 

metabolism at imbibition. High levels of ATP during the early phases of germination are 

required not only as building blocks for nucleic acid synthesis. but also as bdarnentd 

intermediates participating in many biosynthetic processes. Increasing concentrations of 

ATP were in fact observed during the early stages of germination in pollen pine (Nygaard. 

1973). bacterial spores (Setlow and Kornberg 1970). and soybean embryos (-4nderson. 

1977). Furthermore. a positive correlation between seed viability and endogenous amount 

of ATP has been reported in several species (Ching. 1973. 1975). Comparative studies 

between control and deteriorated soybean seeds. characterized by low percentage of 

germination. revealed a higher endogenous level of ATP in the former (Anderson. 1977). 

The author also suggested that the impaired ability to generate ATP, rather then the loss of 

specific activities of the enzymes involved in biosynthetic processes. is responsible for the 

reduced germination of the deteriorated seeds. In agreement with this suggestion, the AA- 

stimulated salvage of adenine and adenosine observed in our study may be necessary to 

provide the embryos with that surplus of adenylate nucleotides necessary for successfui 

embryo conversion. 



Degradation of purines 

Purine degradation was investigated by foliowing the metabolic fate of [8- 
I4 Clinosine. Most of the radioactivity from [8-"CJinosine was recovered as de-gadation 

products. i.e. CO, and ureides. in both control and AA-treated embryos. .A similar 

extensive catabolism of inosine was also observed in cultured cells (Ashihara et al.. 2000) 

and during somatic embryo maturation (Ashihara et al.. 2001) of white spruce. The 

reduced inosine anabolism is due to the low activity of inosine kinase (IK). responsible for 

the conversion of inosine to IMP (Fig. 5.1. step 4). and to low levels of nucleoside 

phosphotransferase (NPT) measured with inosine (Fig. 5.6). Low activities of NPT were 

also observed in cultured Catharanthus roseus cells (Hirose and Ashihara, 1984), where 

this enzyme was solely responsible for the salvage of inosine, since no IK activity was 

detected. 

Pvrimidine metabolism 

From the pyrimidine metabolism studies. it emerges that the de novo. salvage. and 

degradation pathways are operative in both controI and AA-treated embryos. However. 

contrary to purine metabolism. applications of AA did not alter the metabolic fate of 

supplied pyrimidine precursors and the activities of the major de novo and salvage 

enzymes. 

Conclusions 

Data reported in this study suggest that both purine and pyrimidine metabolism are 

operative during germination of white spruce somatic embryos. Inclusions of AA in the 

germination medium were found to affect only purine nucleotide biosynthesis. 

Comparison of purine metaboIism between control and ascorbate @A)-treated embryos, 

reveals that both the total uptake and the salvage of adenine and adenosine are significantly 



higher in the latter. The extensive anabolism of adenine and adenosine observed in the 

presence of ascorbic acid is ascribable to a higher activity of the respective salvage 

e w e s ,  APRT and AK. Although it was not possible to determine whether the M- 

stimulated anabolism of purines is the driving force or the result of the increased embryo 

conversion. it is dear that AA induces a extensive recycling of purine bases and 

nucleosides for nucleotide production. Increased mount of nucleotides during the early 

stages of germination might be necessary to carry out DNA synthesis, associated with the 

resumption of mitotic activity in the apical meristems of the embryos. 



CFLAPTER SIX 

The effects of ascorbic acid on nucleic acid synthesis of germinating 
white spruce somatic embryos. 

Introduction 

Alterations of the endogenous level of ascorbic acid (AA) affect the ability of 

white spruce somatic embryos to convert into viable plantlets. Exogenous applications of 

AA increased the conversion frequency of white spruce somatic embryos of the (E)WS 1 

line (Chapter 3), whereas inhibition of the AA de novo biosynthetic pathway with 

lycorine. had an opposite effect on the embryos of the (E)WSC line (Chapter 4). These 

observations. together with the increased salvage of purine precursors in .U-treated 

embryos (Chapter 5) clearly suggest that cellular =M might be involved in cell division 

processes. The post-embryonic performance of white spruce somatic embryos is strictly 

dependent upon the reactivation of the apical rneristems at germination. During the early 

stages of germination, resumption of DNA synthesis, followed by cell division, occurs in 

both shoot and root apical poles, thus allowing the growth of the embryo. Therefore, a 

positive correlation between endogenous AA level and resumption of mitotic activity of 

germinating wMe spruce somatic embryos seems to exist. 

Seved studies conducted on both animal and plant systems have documented the 

participation of .4A during DNA replication and cell division processes. .4pplications of 

ascorbic acid have been found to amplify tumor promotion in rat bladder carcinognesis 

(Fukushima et al., 1988). as well as to promote DNA synthesis in chemically induced 

forestomach nunors (Shibata et d., 1992). In pIants, AA has been found to induce ceil 

division in severaI systems. including tobacco cultured cells (de Pinto et al.. I999), 

Lup im albus seedlings (Arrigoni et al., 1993, Allium cepa roots (Liso et al.. 1984), and 

corn roots (Kerk and Feldman, 1995). Although the mode of action of -4A during the cell 

cycle is not well understood, -4A may be required for the progression of cells through the 

G,/S and G@l transitions in both onion and pea roots (Liso et al., 1984; Citterio et aI.. 



1994). Furthermore, quiescent embryo cells speeded up the GJG, transition during 

germination in the presence of AA (Citterio et at.. 1994). The utilization of AA as a 

cofactor during the synthesis of hydroxyproline-rich glycoproteins. many of which 

participate in cell cycle events, M e r  supports these findings (De Gara et al., 199 1). 

The specific incorporation of labeled thymidine into DNA has been frequentIy 

used as a measure of DNA synthesis in both anirnd (Bianchi et al.. 1997) and piant 

(Kameyarna et al.. 1985) systems. In plant cells. utilization of thymidine for DNA 

synthesis is regulated by the activity of the salvage and degradation pathways. which are 

mutually competitive (Fig. 6.1). .An operative salvage pathway is often observed in tissue 

undergoing intense go%*. including germinating wheat grains (Rejman and Buchowicz 

1971) and white spruce zygotic embryos (StasolIa a al.. unpublished observation). 

Therefore, estimation of the activity of thpidine salvage and degradation pathways is 

indicative of the ability of cells to undergo DNA replication. 

The main objective of this study was to determine whefier the endogenous levels of 

rW affect the conversion frequency of white spruce somatic embryos by regulating (I) 

thymidiie metabolism and (2) DEjA synthesis in the apical meristems. In order to test 

this hypothesis. in vivo tracer experiments and autoradiographic studies using 

radiolabeled thpidine were performed in dissected root and shoot segments of 

germinating embryos. cultured in the presence of exogenous .AA and L. - 

Materials and methods 

Plant material 

Establishment and maintenance of whire spruce ce N cultures 

Establishment and maintenance of the (E)WSC Iine, utilized in this study, were 

those described in Chapter 4. 



Fig. 6. I, Proposed salvage and degradation pathways for thymidine in root and 

shoot segments of white spruce somatic embryos. Enzymes corresponding to the 

numbered reactions are: (1)  deoxynucleoside-monophosphate kinase andlor TMP 

kinase: (2) nucleoside diphosphate kinase: (3) DNA polymerase: (1) thymidine 

phosphorylase andlor nucleosidase: (5) dehydroxyuraciI dehydrogenase: (6)  

dehydropyrimidinase: (7) P-ureidopropionase: (8) unknown enzyme. NPT. 

nucleoside phosphonansferase; TMP, thymidiie monophosphate: TDP. thymidine 

diphosphate: TTP. thymidine triphosphate: TK. thymidine kinase. 
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Somatic embryo development, partial drying marmenr, and germinurion 

Culture conditions for somatic embryo maturation and germination were similar 

to those described in Chapter 3. 

Alterations of the endogenous AA levels and tissue samnlina, 

AppIications and concentrations of exogenous ascorbic acid (.a) and Iycorine 

(L). utilized for altering the endogenous AA Level of germinating embryos. have been 

described in Chapter 4. For this experiment. however, root and shoot apices ( I  mm in 

length) were dissected from the embryos at day 6 and day 12 after germination and 

utiIized for tracer experiments and autoradiographic studies. 

['l-'"Clthqmidine (specific activity. 1.85 MBq. umol-I). and [methyl-'H]thymidine 

(specific activity. 2.2MBq. prnol*') were obtained from Moravek Biochemicals hc .  

(Brea CA. USA). 

Metabolism of "C-thymidine 

Administration of labeied thymidine was carried out as previously described 

(Chapter 5). Tissue (60 root or shoot se-ments) was incubated with 10 ,uM [2- 

'JC]thymidine for 2 hours at 22' C. Extraction and analysis of IabeIed metabolites were 

performed as described in Chapter 5. 



E r n e  assavs 

The extraction procedure for the enzyme assay was similar to that described in 

Chapter 5. For each enzyme assay 33' 6 of desalted extract was incubated for 2.5, and 

10 min at 30" C in the foilowing reaction mixtures (total volume 100 4). 
I) Thymidine kinase (TK). This was determined in a reaction mixture containing 

30 rnM HEPES-NaOH buffer (pH. 7.6),10 mM MgCl,, 1 mM DITI j.75 mM ATP, and 

45 ph4 of [2-"Clthymidine) (Kameyama et al.. 1985). 

II) Nucleoside phosphotransferase (NPT). The reaction mixture was similar to 

that utilized for thymidine kinases. except that ATP was replaced by 3.75 mM AMP 

(Kameyama et al.. 1985). 

Termination of reaction and visualization of the product on TLC plates was 

carried out as described in Chapter 5.  More than three independent experiments were 

performed. Specific activity of the enzymes was expressed as pkat mg" protein. 

Statistical analvsis 

StatisticaI analysis was carried out as described in Chapter 2. 

Autoradiography of [merhyt-%]thymidine was carried out as described by Yeung 

(1984b). Dissected root and shoot segments were incubated in the presence of [methyl- 

'qthymidine (I .5 pCi/ml) for 24 hours, and washed in distiIIed water. After fixation in 

FAA (formaldehyde-ethanol-acetic acid (1 0%-50%-5%]), the samples were dehydrated in 

an ethanol series, and embedded in Historesin. Serial IongitudinaI sections were cut at a 

thickness of 4 pm. The selected Aides were dipped into photographic emulsion (Kodak 

NTB2) diIuted to half the original concentration using warm distilled water. After a 10- 

day exposure at 4" C in the dark. the slides were developed and fixed using Kodak D-19 
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developer and in Kodak fixer respectively, according to Yeung (1984b). The sections 

were stained in a 0. I% TBO (toluidiie biue 0 solution) buffered in benzoate (pH 4.4) for 

3 min. The preparations were examined and photographed with a Leitz Aristoplan light 

microscope. 

Results 

The effect of AA on DNA synthesis was srudied by following the metabolic fate 

of exogenously supplied "C-thymidme in root and shoot segments of white spruce 

somatic embryos germinated in the presence of ascorbic acid (AA) and/or lycorine (L). 

As reported in Chapter 4. treatments with L reduced the conversion frequency of the 

embryos to 21 .I%, compared to 88.5% of controI (C) embryos (Table 4.1. Chapter J), as 

weli as the endogenous AA content (Fig. 4.1, Chapter 4). Such effects were partially 

reversed when AA was added to lycorine (AA+L). Applications of AA did not enhance 

the conversion frequency of the embryos. but increased the endogenous level of ascorbic 

-acid (Table 4. I and Fig. 4.1. Chapter 4). 

Total u~take of '"C-labeled thvmidine 

At day 6, the total uptake of exogenously supplied thymidine was similar for all 

treatments (between 16 and 19 pmoi per shoot segment and between 43 and 53 pmol per 

root segment (Fig. 6.2). At day 12 the amount of thymidie taken up by the shoot 

segments did not change significantly among the treatments. In control roots, as well as 

in A.4- and AA+L-treated roots. the total uptake declined below 35 pmol explant". 

whereas it remained high for L-treated roots. As revealed by statistical analysis. 

si-gnificant differences in uptake values were observed beween control and L-treated 

roots at day 12 (Fig. 6.2). 



Fig. 62. Total uptake of labeled thymidine in shoot (.4) and root (B) segments 

of white spruce somatic embryos. Values are mean i SE of three independent 

experiments. C. control: L. Iycorine: .U. ascorbic acid: M - L .  ascorbic acid 

plus lycorine. 





Metabolic fate of "C-labeled thvmidine 

A large percentage of fed thymidine taken up by both root and shoot se-ments 

was catabolized to degradation products. i.e. CO, and P-ureidoisobutyric acid (Fig. 6.1 

and Table 6.1). At day 6, more than 70 % and 0.7% of radioactivity fiom I4C-labeled 

thymidine taken up by the root segments was recovered as COz and P-ureidoisobutyric 

acid respectively. At day 12. however. the percentage of radioactivity released as CO, 

decreased in C, and in AA-, and AA+L- treated root segments, where a larger portion of 

thymidine remained unmetaboIized (data not shown), whereas it remained high in L- 

treated root segments. The difference in "CO, released fiom control and L-treated root 

segments at day 13 was statistically significant. Extensive degradation of fed thymidine 

was also observed in shoot segments. At both day 6 and day 12. more than 66% of 

radioactivity from [Z1'C]thymidine was released as CO, in all treatments (Table 6.1 ). 

Only a small fraction of thymidine was salvaged to nucleic acids (DNAiRNA) 

and nucleotides (TMP. TDP, and TTP) (Fig. 6.1. and Table 6.2). Compared to the control 

counterparts. the amount of radioactivity from [2-"C]thymidine recovered as salvage 

products was significantly lower in L-treated root segments at boh day 6 and day 12. 

Intermediate values of thymidine salvage were observed in AAiL-treated roots (Table 

6.2). Compared to the control, the incorporation of thymidine into the nucleic acid 

tiaction of AA-treated roots was significantly higher at both day 6 and day 12. 

In shoot segments. lycorine (L) treatments resulted in the lowest utilization of 

thymidine for nucleic acid synthesis at day 12. No major differences in thymidine 

salvage were observed among the other treatments (Table 6.2). 



Table 6.1. Incorporation of "C-labeIed thymidine into the two major degradation 

fractions of root and shoot segments of white spruce somatic embryos. Values = SE are 

expressed as percentages of total incorporation. C. control; L, lycorine: .&I. ascorbic 

acid: .4Af L. ascorbic acid plus lycorine. 

ROOT SHOOT 

day 6 day I2 day 6 day 12 

COz 

C 70.7k8.0 52,9=3.9 75.4=4.5 76. I =  1.5 

L 78.1r6.7 8 1.4S.6 71.6k10.4 7?.Ok6.5 

AA 73 3 9 . 6  48.I=I.8 68.4k0.9 66.3k3.2 

AA-L 77.35 1.3 62.926 75.5=7.4 73-15.6 

P-ureidoisobutyric acid 

C 1.5kO. 1 1.1*0.4 I .3k0.2 O.bO.2 

L 1.1*0.1 0.7=0.7 0.910.2 0.4k0.2 

AA I .ZiO. l 1.4k0.2 1.4*0.1 O.kO.0 

AAi-L 0-7M.3 1.1k0.1 I.li0.1 0.2k0.1 



Table 6.2, Incorporarion of 'JC-labeled thymidine into the different salvage products of 

root and shoot segments of white spruce somatic embryos. Vaiues i SE are expressed as 

percentages of total incorporation. C. control: L. lycorine: Ail. ascorbic acid: .k4-L. 

ascorbic acid plus Lycorine. 

ROOT SHOOT 

day 6 day 12 day 6 day 12 

NUCLEIC ACIDS 

C 1.7=0.2 4.6=0.3 1.6=0.2 4.k0.3 

1 0.8iO.l O.J=O. I 1.9=0.1 l.5+0.1 

AA 5.5kO -2 7.4=0.3 2.l+O.1 5.7=0.3 

AA+L I .6*0.1 3 .W.2 2. I i0.3 4.20.1 

NUCLEOTIDES 

C 1.W0.2 l.kO.2 3.7k0.1 3.5k0.2 

L 1.73.1 O.7kO.Z 3.7k0.3 3 .%0.4 

AA 2.3iO.2 I 2 O . I  3.84.7 4-5=0.3 

AA+L 1.kO.i 2. I =0-3 3.4i0.3 3.8=0. I 



E m e  assavs 

The activities of the two thymidine salvage enzymes, thymidine kinase (TK) and 

nucleoside phosphotransferase (NPT), measured with thymidine as a substrate and AMP 

as a phosphate donor, were detected in both shoot and root segments (Figs. 6.1 and 6.3). 

At day 12, the activity of TK was lowest in L-treated shoot and root segments. whereas 

similar activities of this enzyme were measured for the other treatments. The activity of 

NPT was always Lower compared to that of TK (Fig. 6.3). 

Autoradioma~hic studies 

At day 6. both control and .&\-treated embryos where characterized by the presence 

of an emerging shoot primordium and an elongated radicle. Many of the cells within the 

shoot and root apices were heavily labeled with [methyl-'H)thymidine (Fig. 6.4 A-D). 

Shoot primordium and radicle emergence where delayed in both L- and AA-L-treated 

embryos. In these embryos only a few meristematic cells were able to incorporate 

thymidine in their nuclei (Fig. 6.4 E-H). 

After 12 days of germination. root and shoot continued to develop in both control 

(C) and A4-treated embryos. Although less pronounced than that observed at day 6. 

incorporation of thymidine in the cells of the shoot apical region occurred in both 

treatments. Accumulation of label was also observed in root cells. especially those of 

AA-treated embryos (Fig. 6.5 A-D). No incorporation of thymidine was found in shoot 

and root cells of L-treated embryos. which were unable to develop further (Fig. 6.5 E. F). 

In contrast. AA+L treated embryos were able to incorporate thymidine (Fig. 6.5 G, H). 

Throughout the course of the experiment both shoots and roots of AA+L-treated embryos 

were more labeled than those of the L-treated counterparts. 



Fig. 63.  Specific activity of the two major salvage enzymes: thymidine kinase 

(TK) and nucfeoside phosphotransferase (NTP), in root and shoot segments of 

white spruce somatic embryos. Values. expressed as pkat mg-' protein. are means 

+ SE of three independent experiments. - 





Fig. 6.1. Autoradio_pphs showing the incorporation of 'H-thymidine in shoot 

and root apices of white spruce somatic embryos 6 days after germination. The 

embryos were incubated for 24 hours in the presence of [methyl-'H-thymidine 

(1 -5 pCi/mL). Incorporation of labeled thymidine into the nuclei of shoot and root 

apices could be found in all treatments at this time. Shoot and root of control (A, 

B) and AA-treated (C, D) embryos were mitotically active. as indicated by a large 

number of labeled nuclei. On the contrary. the shoots and roots of L- (E, F) and 

.&I-L- (G, K) treated embryos had fewer nuclei labeled. ,411 scale bars = 10 pm. 





Fig. 6.5. Autoradiographs showing the incorporation of 'H-thymidine in shoot 

and root apices of white spruce somatic embryos 12 days after germination. The 

embryos were incubated for 24 hours in h e  presence of [methyl-'H-thymidine 

(1.5 pCi/ml). Both shoots and roots of contro1 (A, B) and .4A-treated (C, D) 

embryos incorporated labelled thymidine in the nuctei. Little incorporation was 

observed in both shoot and root segments of L-treated embryos (E, F). whereas 

mitotic activity was present in both shoot and root cells of .4A+L-treated embryos 

(G, H). All scale bars = 40 p. 





Discussion 

In order to determine how changes in the endogenous Ievel of AA affect nucleic acid 

synthesis, thyrnidiie metabolism was investigated in root and shoot segments of white 

spruce somatic embryos germinated in the presence of AA, andlor L. As shown in Fig. 

6 2 .  similar uptake values were observed in both root and shoot segments for all 

treatments, except after L apprications at day 12. At day 12. in fact, thymidine uptake in 

L-treated shoot and root segments was the highest. This result is possibly due to the fact 

that besides reducing growth. exogenous applications of lycorine caused a swelling of the 

apical regions of the embryos. thus increasing the amount of thymidine taken up by each 

segment. If expressed as pmol get.' fresh weight, in fact. no differences in total uptake 

were observed among treatments (data not shown). 

As documented by the tracer experiments. a Iarge hction of thymidine taken up 

by the dissected roots and shoots was degraded. as little was salvaged for nucleotide and 

nucleic acid synthesis (Table 6.1 and 6.2). Large catabolism of fed thymidime was also 

reported in sugarcane cells in suspension cultures (Lesley et ai., I980), as weii during 

maturation of white spruce somatic embryos (Stasofla et al.. unpublished observation). 

Although first reported in 1961 (Evans and .&elrod. 196 I), the mechanisms of thymidine 

de-padation during radioactive labeling experiments in piants have not been fully 

investigated. From these results. it appears that the catabolic pathway of thymidine 

proceeds through thymine. dihydrothymine. P-ureidobutyrate and then. with LOSS of the 

''C label as CO,. as unlabeled P-arninoisobutyric acid (Table 6.1). A similar thymidine 

catabolic pathway was also documented in carrot suspension cultures (Siabas et d.. 1980) 

and in rape seedlings (Evans and Axelrod. 196 1). 

Data emerging fiom this study suggest that in roots and shoots of germinating 

white spruce embryos, the activities of the saIvage and degradation pathways. as well as 

DNA synthesis. appear to be related to the cellular .4A level. When the endogenous AA 

level of the embryos is experimentally lowered by iycorine, the activities of the 

degradation and salvage pathways measured in root segments increase and decrease. 



respectively. These effects are reversed if the cellular AA content is maintained at high 

levels, as observed in AA+L-treated embryos. Similarly, the low thymidine salvage. 

measured in shoot segments of L-treated enibryos, can be increased. dose to controI 

levels, by AA+L treatments (Tables 6.1 and 6.2). The poor utilization of hymidine for 

nucleic acid synthesis, observed in L-treated root and shoot segments. is also supported 

by autoradiographic studies. Mitotic activity. as estimated by the accumdation of silver 

grains. is low in L-treated embryos, whereas it is high in both roots and shoots of .U+L- 

treated embryos (Figs. 6.4 and 6.5). Regulation of the cell cycle by cellular AA is well 

documented in literature. Liso et al. (1983) reported that lycorine induced a profound 

inhibition of cell division in the G, phase in onion root meristem. They also reported that 

treatments of onion roots with AA caused quiescent cells to undergo DNA synthesis. and 

they suggested that a higher ascorbate level reduced the duration of the cell cycIe by 

shortening the G, phase (Liso et al.. 1988). This interpretation was also substantiated by 

additional studies. which documented a positive correlation between endogenous .k4 

level and cell proliferation (Citterio et al.. 1993: Kerk and Feldman, 1995: Arrigoni et d.. 

1997). Despite these findings, however. to date no convincing evidence is avaiIable on 

the molecular mechanisms behind this effect. From the present study it appears that high 

levels of cellular AA may be required for maintaining a high actiiity of TK. The activity 

of this enzyme, in fact, is decreased in L-treated shoot and root segments (Fig. 6.3). 

Thymidine kinase activity is required for the conversion of thymidine to TMP, the first 

step towards the synthesis of DNA (Fig. 6.1). The participation of TK during DNA 

replication has been well documented. PJthough the activity of this enzyme was not 

detected in several systems, including Phaseotus mungo seedlings (Karneyama et aI. 

1985) and potato extracts (Arima et al.. 1971). possibly due to the dilution effect caused 

by the heterogeneous population of cells found in these tissues. TK activin; appears to be 

strictly related to DNA synthesis. Hotta and Stem (1963) demonstrated a precise 

switching on of the TK activity in developing lily microspores just prior to an increase in 

DNA content of the cells. Similarly, in bacterial and other animal systems, TK activity 

has been shown to be closely associated with the biochemical events culminating in DNA 



synthesis and cell proliferation. In synchronized CEM cells. in fact, the activity of this 

enzyme was low outside the S phase. and increased just after the entry of the cells in S 

phase (Bianchi et d., 1997). It is therefore suggested that the activity of TK. regulated 

by the availability of AA in the system, may determine the fate of thymidine. A low 

enzymatic activity, as measured in L-treated embryos, would result in extensive 

thymidine catabolism and poor salvage and DNA synthesis. An opposite utilization of 

thymidine is observed in il4tL-treated embryos. which have higher levels of endogenous 

AA arid higher TK activity. It must be mentioned, however. that exogenous applications 

of ascorbic acid alone (AA) do not increase the activity of TK (Fig. 6.3). as well as the 

percentage of thymidine salvaged in shoot segments (Table 6.2). This can be ascribed to 

the already high endogenous level of -44 present in control embryos. As mentioned in 

Chapter 3. in fact. the cellular AA is higher in the embryos of the (E)WSC line. utilized in 

this experiment. than in the embryos of the (E)WS 1 line. for which applications of -4.4 

improve their post-embryonic performance (see Chapter 3). 

The invoIvement of AA in the modulation of enzymes required for DNA synthesis 

has also been tentatively suggested in previous investigations. Although without any 

direct evidence, Cinerio et al. (1994) proposed that ascorbate may increase the activity of 

deoxyribonucleotide reductase. an Fe2'-requiring enzyme responsible for the conversion of 

nucleotides to deoxyribonucleotides. possibly through the release of iron from the storage 

protein phytoferritin. Deoxyribonucleotide reductase. as also observed for TK. is an S- 

phase specific enzyme (Bianchi et al.. 199T). This finding further substantiates the 

hypothesis that AA may modulate the activity of major key enzymes of thymidine 

metabolism, thus regulating DNA synthesis and cell division. 

In conclusion by experimental manipuiations of the endogenous AA content it has 

been demonstrated that AA is an important metabolite involved in the cell cycIe 

progression of meristematic cells of white spruce somatic embryos. When the endogenous 

AI content is lowered by lycorine, thymidine degradation is increased in root segments, 

whereas thymidine salvage and DNA synthesis is reduced in both shoots and roots. These 

effects can be reversed by applications of exosenous .4A. Therefore. it is suggested that 



cellular AA may affect DNA replication by regdating the rate of thymidine catabolism 

and anabolism, possibly through the modulation of the activity of TK. 



CHAPTER SEVEN 

Summary and future studies 

One of the most fundamental processes to occur during the early stages of 

germination is the reactivation of the shoot and root apical meristems. In white spruce, 

such a process, normally occurring in germinating zygotic embryos is not always 

observed in their somatic counterparts. Specifically. the resumption of mitotic activity in 

rneristematic cells of somatic embryos is strictly genotype dependent, as different 

percentages of conversion are often reported in different cell lines. Thus. treatments that 

improve embryo conversion could have important practicai implications. 

In the past few years a Lot of attention has been directed towards the role played by 

ascorbic acid (AA) in fundamental cellular processes. including cell division. This 

metabolite, commonly present at reIatively high concentration in both symplastic and 

apoplastic compartments has been found to stimulate cell proliferation in both plant and 

animal systems (see Chapter I). Thus, it was hypothesised that AA plays an important 

rok during the embryogenic process of white spruce and that alterations in the 

endogenous AA level S e c t  the ability of the somatic embryos to convert into viable 

plantlets at germination. 

Studies on AA metabolism conducted in Chapter 2 have revealed that AA is 

needed to carry out important morphogenic events chancterized by active cell 

proliferation, including embryo development and germination. Furthermore. differences 

in AA metabolism were also observed between zygotic and somatic embryos. During the 

late stages of embryo maturation, characterized by the naturaliy occurring desiccation 

period in zygotic embqos and by the imposed partial drying treatment in the somatic 

counterparts, the ability to synthesize AA de novo decreased in the former and increased 

in the latter. In addition, the activiq of one of the major M-recycling enzymes, 

dehydroascorbate reductase (Dm) was ody  detected in zygotic embryos. Therefore, 

the in vitro environment may alter the overail AA metabolism of the embryos, affecting 



their post-embryonic performance. Additional comparative studies between somatic 

embryos of different cell lines also indicated that during gemination, a positive 

correlation between cellular AA content and conversion kquency exists. Specifically. 

the embryos of the (E)WS I line, characterized by a low percentage of conversion. had 

lower IeveIs of endogenous AA, compared to those measured in the embryos of the 

(E)WS2 Line. which had a higher conversion Frequency. Based on these observations. it 

was proposed that experimental manipulations of the germination medium that increase 

the cellular .a. would enhance the post-embryonic performance of the embryos. 

As documented in Chapter 3. inclusions of .4A during gemination doubled the 

number of embryos that were able to convert into viabie plantlets. Ascorbic acid (AA) 

had a more pronounced effect on shoot conversion than on root emergence. Structural 

mdies also revealed hat applications of AA were able to induce mitotic activity in 

poorly organized shoot apical meristems, thus promoting the formation of one or more 

shoot primordia fiom the original apical meristern or fiom the base of the cotyledons. 

The promotive effect of AA on shoot formation. also described during tobacco 

organogenesis (Joy et aI.. 1988). is likely due to the reduced accumulation and/or cross- 

linking of phenoiic compounds within h e  merisematic cells of -4.4-treated embryos. .As 

shown in Chapter 3. increased deposition of phenolics in the shoot apical meristerns of 

convoI embryos always preceded meristern abortion. 

The idea that ceiiular AA might reguiate the cross-[inking of phenolic substances 

by modulating the activity of cellular peroxidases was tested in Chapter 4. Through 

experimental manipulation of the cellular AA. it has been demonstrated that a lowering of 

the endogenous AA IeveI resuIts in increased activities of both puaiacol and ferulic acid 

peroxidases, as well as an increased accumuiation of phenolics in the meristematic cells 

at the shoot pole. Opposite resuits were obtained when the endogenous A4 content of the 

embryos was increased. It was therefore concluded that AA may be involved in the 

reduction of cell wail cross-linking, by modulating the activities of several peroxidases. 

The inhibitory effect of AA on the in vivo and in vitro activities of both guaiacoI and 

feruiic acid peroxidases. both of them involved in the cross-linking of the ceII wall 



components, substantiates this idea. The AA-prevention of cell-wall stiffening would be 

necessary to allow cell elongation and division of the meristernatic cells. 

The effect of AA on cell division was tested by ~nvestigating nucleotide and 

nucIeic acid biosynthesis during gennination. As documented in Chapter 5. applications 

of AA resulted in an increased ability of the embryos to utilize (salvage) purine bases and 

nucleosides for nucleotide and nucleic acid synthesis. The activities of the salvage 

enzymes of adenine and adenosine, adenine phosphoribosyltransferase (APRT) and 

adenosine kinase (AK), were in fact higher afier AA applications. The promotive effect 

of AA on purine salvage is critical for germination, as it provides the embryos with a 

large availability of nucleotides, before the reactivation of the de novo bioqnthetic 

pathway. Inefficient production of purine nucleotides From adenine and adenosine may. 

in fact.. be the cause of unsuccessful conversion of control embryos. Besides being 

utilized for bio-energetic processes. increasing production of purine nucleotides in .%A- 

treated embryos may be necessary to sustain DNA synthesis and cell division during 

gemination. 

As reported in Chapter 6. cellular AA seems to play a direct role in the regulation 

of DNA replication and cell division of meristematic cells of both root and shoot apices. 

Studies on thymidine metabolism and autoradiographic techniques have revealed that 

high levels of AA increase the salvage of thymidine by modulating the activity of the 

respective salvage enzyme thymidine kinase (TK) in both shoot and root poles. Opposite 

results were observed when the endogenous AA was experimentally lowered in the 

germinating embryos. 

In conclusion, the findings of this thesis clearly indicate that AA plays different 

roles during the gennination of white spruce somatic embryos. The complexity of .4A 

metabolism and the participation of AA in basic cellular processes. including cell 

expansion and division. make any attempt to identify its mode of action elusive. As 

such, it is not surprising that despite the interest directed towards this metabolite in both 

animal and plant systems, to date there is not much information concerning the molecular 

mechanisms of its action. This thesis, however, represents one of the most 
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comprehensive studies on the possible involvement of AA on cell division processes, 

Furthermore, these results also provide valuable insights into the physiological aspects of 

meristern reactivation at germination. This information could be utilized for improving 

the conversion process of somatic embryos. 

The findings emerging fiom this work provide the framework for many future 

investigations. 

1) It would be interesting to determine how AA affects the expression pattern of 

other proteins involved in the cell cycle. including proliferating cell nuclear antigen 

(PCNA), a component of the RNA polymerase machinery. or cyclins. 

2) As cellular AA seems to be involved with cell division. it would be useful to 

determine whether changes in endogenous AA affect gene expression by modulating 

DNA methylation. HPLC methods for measurement of methylated cytidine and anti- 

methylation drugs are currently available. 

3) The involvement of the reduced (AA) and oxidized (DHA) forms in the control 

of the cell cycle would f h h e r  clarify the physiological significance of the M H . 4  ratio 

observed during morphogenic events. Does a high AADHA ratio represent a specific 

sensor for cell division and/or for other cellular events? For this purpose, a synchronized 

cell culture system, such as tobacco BY-2 cells will be useful. 

3) As the AA-DHA redox pair seems to participate in several cellular processes. it 

would be interesting to investigate the involvement of other redox pairs, such as 

dutathione (GSH) and glutathione disdfide (GSSG), or pyridine nucleotides WADH and - 
NAD') during the morphogenic events in culture. Does the redox state of the cell affect 

embryo maturation and germination? 
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