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In poplar (Populus spp.) a 32-kilodalton bark storage protein (BSP) accumulates
during the fall and winter, and is thought to be a major storage form of overwintering
nitrogen. BSP is induced by short-day (SD) photoperiod, and under natural conditions
BSP accumulation coincides with the induction of dormancy. Because BSP accumulates
to high levels during the fall and winter, this protein may play an important role in
internal nitrogen cycling. In these studies, the relation among plant growth, nitrogen
fertilization and BSP accumulation was examined.
Poplar clones native to different latitudes were grown under natural and controlled
environmental conditions to investigate the relationship between dormancy induction and
BSP accumulation. SDS-PAGE, protein gel blot, and RNA gel blot analysis showed a
seasonal variation in the amount of BSP and BSP mRNA present in bark and buds. The
highest levels of BSP were found during the winter and coincided with bud dormancy.
Differences in the time of BSP accumulation were found among clones. A decline in the
levels of BSP in bark and buds was observed at budbreak. SD photoperiod induced BSP
accumulation in bark and buds of all poplar clones. After 4 weeks in SD BSP levels
increased in the bark tissue, and at the same time plants began to develop dormancy.

Dormancy induction and BSP accumulation occurred at the same time, which suggests
that the environmental factors that trigger these phenomena are probably the same.
The effect of nitrogen fertilization on plant growth, protein content, NH^ and
NO3" and BSP accumulation was studied in poplar plants grown under controlled
environmental conditions.

Plants were grown under either long-day (LD) or SD

photoperiods, and different levels of NH4N03.

High nitrogen (50 mM NH4NO3)

fertilization increased the levels of nitrate, ammoniun and total soluble proteins in bark
and leaves of plants grown under both LD and SD photoperiods. Plant growth rate was
negatively affected by the high nitrogen application. When plants were treated with low
and normal levels of fertilization the highest concentration of NH4 and NO3 were found
in leaves. Under high nitrogen (50 mM NH^NOj), the highest concentration of NH* and
NO3 were found in the bark, and in mature leaves, respectively. During SD exposure,
the levels of NH4 and NO3 decline in bark. BSP accumulation was also enhanced by high
nitrogen level, under both photoperiods. However, under SD conditions a higher level
of the protein was detected in the bark of all nitrogen treatments, as compared with the
levels in LD grown plants.
As a result of these experiments, it was concluded that the allocation of the
different nitrogen metabolites, is affected by the nitrogen status of the plants, and also
by photoperiod. BSP accumulation in response to high levels of nitrogen fertilization,
under both favorable (LD) and unfavorable (SD) growing conditions suggest that this
protein may act as a short term, as well as long term nitrogen storage compound,
depending on the growing conditions and the nitrogen status of the plant.
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Nitrogen and Environmental Factors Influence Bark
Storage Protein Gene Expression in Poplar

CHAPTER 1

Introduction and Literature Review

Deciduous woody perennial plants undergo a seasonal alternation between active
growth and dormancy. Specific physiological and metabolic events characterize each of
these stages. Genetic and environmental factors, as well as cultural practices, affect the
time and degree in which these changes occur. The study of the individual factors
affecting those changes will lead to a better understanding of the growth and development
of woody perennials species.
Poplar {Populus spp.) represents a model system for physiological and genetic studies
of woody plants because of their fast growth, ease of propagation and genetic diversity.
Since poplars are distributed from northern to southern latitudes, genetic diversity of
growth and developmental responses to environmental factors exists. In this study,
growth and BSP gene expression of different poplar ecotypes in response to
environmental factors under both natural and controlled environmental conditions were
examined. In addition, the effect of nitrogen application on bark storage protein gene
expression, was also determined.

1. Dormancy Status of Woody Plants

Dormancy is defined as the temporary suspension of visible growth of any plant
structure containing a meristem (Lang et al., 1987).

Bud dormancy in trees is

characterized by three different stages: 1) quiescence: where the absence of growth is
regulated by environmental factors, 2) correlative inhibition: where the absence of
growth is regulated by internal plant factors, but outside the dormant organ; and 3) rest
or true dormancy: defined as dormancy regulated by the internal factors of the affected
structure (Romberger, 1963). Buds at the stage of rest can remain dormant for a long
period of time even if environmental conditions are favorable for growth, or inhibitor
organs are removed. In true dormancy buds require prolonged exposure to chilling
temperatures to resume growth.
Daylength is one environmental factor regulating the induction of dormancy (VincePrue, 1975). Under natural conditions dormancy induction occurs when days begins to
shorten in late summer and fall.

Short day photoperiods induce or accelerate the

development of dormancy in poplar plants under natural, as well as controlled
environment conditions (Pauley and Perry, 1954). Ecotypes with different photoperiodic
responses, relative to their place of origin, have been described in poplar (Pauley and
Perry, 1954; Vaart, 1960). Such ecotypes differ in the critical photoperiod required to
trigger the physiological changes leading to growth cessation and the onset of dormancy,
(Pauley and Perry, 1954). During the induction of dormancy, a series of physiological
and metabolic changes take place in the plant, including cessation of vegetative growth,
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remobilization of leaf nitrogen to storage organs, decrease in the respiration rate and
accumulation of proteins and carbohydrates (Westwood, 1978).

2. Nitrogen Reserves

Nitrogen (N) is an important nutritional factor in plant growth and development.
The level of N reserves in temperate deciduous woody perennial species has been
associated with physiological and biochemical changes such as vegetative growth (Taylor
and May, 1967; Millard and Neilsen, 1989), flowering, fruit set (Taylor and Van den
Ende, 1969) and winter hardiness (Pomeroy and Siminovitch, 1970).

Seasonal

fluctuations in nitrogen content is characteristic of most perennial plant species (Cote and
Dawson, 1968; Greenwood et al., 1990; Kang and Titus, 1980; 1982; Tromp and Ovaa,
1971). Both total nitrogen content and composition undergo seasonal changes in different
plant tissues of trees (Chapin and Kedroski, 1983; Gezelius, 1986; Van den Driessche
and Webber, 1977). In deciduous woody plants much of the leaf N is translocated to
overwintering storage sites during late summer and early autumn, (Cote and Dawson,
1986; Greenwood et al., 1990; Kang and Titus , 1980; Tromp and Ovaa, 1973). Stored
N is used in the following spring to support early growth. Plants receiving no fertilizer
N in the spring rely entirely on stored N reserves to support early spring growth (Millard
and Nielsen, 1989). Taylor and May (1967) found that in peach trees, N reserves are
used during the first two months of shoot growth, after which time the plant begins to
use newly uptake nitrogen. In walnut trees, N derived from storage accounted for more
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than 50% of xylem sap N during the bloom period and throughout spur leaf expansion
(Deng et al., 1989). These results suggest that N reserves play a major role in new
growth.
The level of N reserves is dependent on root uptake during late summer and autumn,
and on the remobilization of leaf N prior to abscission (O'Kennedy et al., 1975; Titus
and Kang, 1982). The ability to translocate nitrogen from leaves to storage sites is an
important factor in nitrogen use efficiency of trees. In apples, for example, the protein
content in leaves declines about 50% during senescence, while at the same time the
protein content of bark increased 240%, suggesting that, even though leaf protein is an
important N source for N reserves, protein continuous to accumulate after leaf fall
(Kang and Titus, 1980). In apple trees, the changes in N levels in leaf and bark occur
three to four weeks prior to abscission, while in peach trees such changes occurred when
growth ceased (Taylor and May, 1967). Mumeek and Logan, (1932) proposed that the
proportion of N in reserves that comes from remobilized leaf N, will depend on the total
N content of the tree. Trees with high total N content, will retranslocate only a small
proportion of leaf nitrogen to the woody tissues, whereas low N trees will translocate a
larger amount. Nutrient retranslocation rate from senescing leaves differs considerably
between tree species and cultivars, and appears to be genetically controlled (Staaf and
Stjemquist, 1986).

In a recent report in pine trees Nambair (1991) showed that

retranslocation of nutrients occur during the entire growing season, and not just during
the fall. It was proposed that the strength of the new sink, such as developing leaves,
has the major influence on retranslocation, and not the nutrient status of the foliage
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(Nambair, 1991). Whether the same phenomena occur in deciduous perennial species
is not yet known.

2.1 Sites of Nitrogen Storage

Bark and wood tissues of stem and roots are considered to be the major storage sites
for overwintering nitrogen reserves in woody perennial plants. The relative abundance
of reserves in root vs. shoots is still inconclusive, and is generally dependent upon plant
species. Taylor and May (1967), reported that 60-80% of the total nitrogen in dormant
peach trees was found in the roots. In Moms alba L., the increase in nitrogen levels
in buds and stems coincides with leaf senescence (Suzuki, 1984). In apple trees,
application of nitrogen in the autumn increased the level of total N and protein nitrogen
in stem bark (O'Kennedy et al., 1975). The concentration of total N in the bark often
declines rapidly during early growth season, suggesting that the major N reserve for
spring growth is located in bark. Oaks et al.(1991) studying the seasonal fluctuation of
nitrogen compounds in bark and wood tissues in maple, found that dormant shoots tissues
are the main storage organs in the plant. They proposed that roots may act as a
temporary storage organ, since the amount and timing of N accumulation in root tissues
are about half that observed in shoot tissues, and the accumulation occurs in September
and in April, times when proteins in the shoot bark are either accumulating or mobilized.
These results imply that roots may not be the main N storage organ during
overwintering, but rather roots serve as sites for temporary nitrogen storage which
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supports shoot protein synthesis during autumn and retention of mobilized nitrogen in
spring (Oaks et al., 1991).
In poplar, wood and bark tissues of stems and roots are thought to be the major N
storage sites (Sauter et al., 1989; Pregitzer et al., 1990). The highest protein content in
the fall was found in the 1-year-old shoots, reaching 11.3-13.5 ng mg1 DW in the wood,
and 31.9 fig mg"1 DW in the bark, as compared with 12.7 /*g mg-1 DW and 8.8 /tg mg"1
DW in wood and bark of 2-year-old roots, respectively (Sauter et al., 1989). One-yearold shoots are also the place where the generative and vegetative buds are located.
Therefore, N storage in the one-year-old shoots has the advantage of the short distance
for translocation, and thus to provide the growing buds with a rapid supply of nitrogen
compounds (Sauter et al., 1989). After budbreak a rapid decline in the amount of protein
in 1-year-old shoot bark is detected (Langheinrich and Tischner, 1991). Even though
high protein levels are also found in roots during overwintering, the decline in the spring
is not as marked as in bark, suggesting that shoot-bark is probably the preferred source
of N for the new spring growth of trees.

2.2 Composition of Storage Compounds

Nitrogen reserves in woody plants have been generally divided into two major
groups: "soluble compounds" such as amino acids, nitrate, ammonium and ureides, and
"insoluble compounds", such as proteins. Early studies suggest that amino acids and
amides are the major forms of overwintering storage N, especially amino acids rich in
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amines, amides and guanidine groups (Oland, 1954; Taylor and Van den Ende, 1970;
Sagisaka, 1974; Tromp and Ovaa, 1971). Taylor and Van den Ende (1970) suggest that
arginine, and to a lesser extend asparagine and glutamine, are the major forms of storage
N in peach trees. The molecular structure of arginine explains why it is theoretically the
most efficient form of storage N. It contains 4 nitrogen and 6 carbon atoms in the side
chain resulting in a high N/C ratio (Titus and Kang, 1982). Although early reports
favored the soluble free amino acid fraction as the major form of storage N, more recent
evidence suggests that proteins may be of primary importance in N storage.
Proteins are found at high levels in shoot bark of many tree species during the
dormant period (Tromp and Ovaa, 1973; O'Kennedy and Titus, 1979).

By late

November 90% of the N in apples trees is in the protein fraction and only 10% in the
soluble fraction (Kang and Titus, 1980). Kyung-Ku et al., (1973) concluded that foliar
urea application is more efficient than soil urea application primarily because of the
higher efficiency of the incorporation of urea-N into the protein fraction of the bark. In
a recent study in Acer, seasonal fluctuations in total N, proteins, amino acids, nitrate,
nitrite and ammonium levels were monitored throughout the year in the bark and wood
tissues of shoots and roots (Oaks et al., 1991). They found that shoot bark was the
primary site of overwintering nitrogen storage and, of the various N compound analyzed,
proteins represent a significant high percentage of the total overwintering N-reserves.
In poplar 95 % of the N during overwintering is found in the protein fraction (Hollwarth,
1976) especially in 1-year-old shoots (Sauter et al., 1989).
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All these results indicate that proteins, especially in the shoot bark, are the major
form of overwintering N reserves in trees.

3. Bark Storage Proteins

Storage proteins are present in seed, bulbs and tubers of annual plants (Stegemann,
1975) and in bark and wood tissues of woody perennial plants. The definition of storage
protein differs depending on the organ in which they are present. In seeds, storage
proteins are defined as proteins that accumulate in significant quantities in developing
seeds which upon germination are rapidly hydrolyzed to provide a source of reduced
nitrogen for early stages of growth (Higgins, 1984). In deciduous woody perennial trees,
bark storage proteins (BSP) are defined as proteins that accumulate to high levels during
autumn and winter in the bark, decline during the spring, and are absent during the
summer (Titus and Kang, 1982). In both seeds and bark, storage proteins are utilized
during the early phases of growth. Storage proteins are generally rich in arginine,
lysine and asparagine, and both amount and composition can be markedly affected by the
level of nitrogen available to the plant (Higgins, 1984; Huang et al., 1991). Recently,
storage proteins have also been identified in vegetative tissues of soybean and potato
(Paiva, et al., 1983; Staswick et al.,1991) and termed vegetative storage proteins (VSP).
In soybean vacuolar glycoproteins accumulate in the bundle sheath parenchyma cells of
leaves and petioles in developing seeds pods and in germinating cotyledons. In potato,
patatin, a storage protein that is generally present in tubers, can accumulate in petioles
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and stems when axillary buds and tubers are removed (Paiva, et al., 1983). VSP and
VSP mRNA levels in soybean leaves are correlated with the amount of N provided to
the plant. The RNA levels decline as leaves mature, but high levels of nitrogen delay this
decline (Staswick et al.,1991; Huang et al, 1991). VSPs may play an important role in
temporary nitrogen storage during vegetative growth.
In woody plants, BSPs were first described in apple and proposed to have an
important role as N reserves in the plant (Tromp and Ovaa, 1973). BSPs have been
found in the bark of many temperate hardwoods and softwoods species, including Malus
(Tromp and Ovaa, 1973), Acer, Populus, Salix (Sauter and Wellenkamp, 1988; Wetzel
et al, 1991), Pinus sylvestris L., Pinus strobus L., Larix decidua M. (Wetzel and
Greenwood, 1989), Fagus sylvatica L., Fraxinus americana L., Tilia americana L.,
Alnus gliuinosa [L.] Gaemt., Betula papyfera Marsh, Quercus rubra L. (Wetzel and
Greenwood, 1991), Prunus persica [L.] Batsh (Lang and Tao, 1992; Arora, 1992).
Histological studies indicate that in poplar (Van Cleve et al., 1988), Acer, Salix (Wetzel
et al., 1989) and willow (Sauter and Wellenkamp, 1988) BSPs are located in the inner
bark parenchyma and are sequestered in protein storage vacuoles. These storage vacuoles
are similar to storage vacuoles found in cells of mature seeds.

During spring and

summer these protein storage vacuoles are replaced by a large central vacuole,
presumably as a result of the hydrolysis and mobilization of the storage protein and
fusion of the tonoplasts (Greenwood et al., 1990).
The development of protein storage vacuoles in the bark during the fall and their
disappearance in spring coincides with the change in the total protein content of the stem.
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The levels of extractable proteins in bark tissue of 1-year-old shoots of apple trees
declined dramatically during spring growth, while amino acids increased (Kang and
Titus, 1980).

Little is known about the degradation of BSPs during spring regrowth.

However, structural changes observed at that time in the bark are very similar to those
found in germinating seeds (Sauter and Van Cleve, 1990). In vitro activity of an acid
endoprotease increased rapidly upon regrowth, and may be coincident with the decline
in BSP at budbreak (Kang and Titus, 1980). However, whether the in vivo levels of
specific BSPs endoproteases increase upon regrowth, is still not known. In a recent
study Coleman et al. (1992, in preparation), demonstrated that the presence of buds is
required for BSP degradation in the bark of poplar plants grown under controlled
environment conditions. Further studies related to enzymes involved in BSP degradation,
and whether BSP degradation occurs before budbreak or is triggered by budbreak are
needed.

3.1 Poplar Bark Storage Protein

In poplar, a 32-kilodalton BSP accumulates to high levels in the stem bark and wood
during late summer and early autumn, and declines during the spring (Sauter et al., 1989;
Sauter and Van Cleve, 1990; Van Cleve et al., 1988; Coleman et al., 1991). This
protein is also found in bark and wood tissues of old structural roots and in wood of
stems (Langheinrich and Tischner, 1991; Van Cleve et al., 1988). Electron microscopic
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studies revealed that this 32-lcD protein is accumulated in protein storage vacuoles of
inner bark parenchyma and ray cells during autumn and winter (Van Cleve et al., 1988).
The 32-kD poplar BSP is induced by short-day photoperiods (Coleman et al., 1991;
Langheinrich and Tischner, 1991). BSP can be detected after 14 days of exposure to SD
and is accompained by an increase in BSP mRNA. Coleman et al. (1991) showed that
32-kD BSP represents more than 50% of the total soluble protein present in the bark
after 24 days of exposure to SD. In contrast, plants grown under LD photoperiod
contain low levels of BSP and BSP mRNA.

Under natural field conditions the

accumulation of BSP begins in mid-August, and is also correlated with increased levels
of BSP mRNA.

Maximun levels of BSP mRNA occurred in September and then

declined (Clausen and Apel, 1991; Coleman et al., 1991). Poplar BSP is rich in serine,
leucine, phenylalanine and lysine (Coleman et al., 1992).

DNA gel blot analysis

suggests that poplar BSP is encoded by a multigene family of about 3-5 genes (Coleman
et al. 1992).
Two other proteins of 36- and 38-kilodalton have been identified in several Populus
species and are also considered to be storage proteins (Langheinrich and Tischner, 1991;
Stepien et al., 1992). The 32- and 36-kilodalton polypeptides are glycosilated, they have
the same isoelelectric point of 7.2 and both consist of at least three isoforms. It is
thought that the 32- and 36-kilodalton proteins are glycoforms differing only in the extent
of glycosylation (Langheinrich and Tischner, 1991). The relative molecular mass of the
native storage protein is estimated at 58 kilodaltons, and may occur as a heterodimer
composed of one 32- and one 36-kilodalton subunit after some modification of their
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structure (Langheinrich and Tischner, 1991). Whether these three BSPs are part of a
larger storage protein complex, or if they are glycoforms of each other is still not clear.
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4. Research Objectives

Information on qualitative and quantitative changes in N compounds during the growing
cycle of the plant will lead to a better understanding of nitrogen metabolism and cycling
in woody plant species. Such information will be the basis for more efficient use of
nitrogen fertilizers and reduce the negative environmental impact of excess nitrogen
application.
Using poplars as a model system, the major objectives of this thesis were:
1. To examine clonal variation of BSP gene expression at different growth stages in
poplar.
2. To determine the effect of nitrogen application on the levels of BSP, ammonium
and nitrate in different plant tissues.
3. To determine the interaction between photoperiod and nitrogen in the induction
of poplar BSP gene expression.
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CHAPTER 2

Bark Storage Protein Accumulation
During Different Growing Stages of Poplar

Abstract

In poplar (Populus species) a 32-kilodalton bark storage protein (BSP)
accumulates during the fall and winter, and is a major form of stored nitrogen during
overwintering. Under natural conditions the accumulation of poplar BSP coincides with
the induction of dormancy. Since both BSP and dormancy are induced by short-day (SD)
photoperiods, it was desirable to establish the relationship between plant development and
BSP levels. Poplar clones native to different latitudes were grown under natural and
controlled environment conditions and analyzed for changes in the levels of protein and
RNA, and for changes in dormancy. SDS-PAGE, protein and RNA gel blot analyses
showed a seasonal variation in the amount BSP and BSP mRNA in bark and bud tissues
of all clones. Under natural conditions the highest level of BSP was detected between
January and March and coincided with bud rest. Differences in the levels of BSP and
BSP mRNA during the season were also detected among poplar clones. The levels of
BSP in bark and buds declined rapidly after bud break. Short-day photoperiods induce
the accumulation of BSP in both bark and buds. After 4 weeks under SD increased
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levels of BSP mRNA in bark and BSP in bark and buds was detected in all the clones.
Dormancy initiation was detected after 5, 7 or 8 weeks of SD exposure, depending on
the clone. These results suggest that BSP gene expression and dormancy induction are
independent events induced by the common signal of SD photoperiods.

16
Introduction

Poplar (Populus spp.) plants undergo a seasonal alternation between active growth
and dormancy, characteristic of temperate woody perennial species.

Short-day

photoperiods induce or accelerate dormancy development in poplar (Pauley and Perry,
1954; Downs and Borthwick, 1957; Vaart, 1960). The critical photoperiod to induce
dormancy differs among Populus clones depending on their place of origin. Dormancy,
defined as the temporary suspension of visible growth of any plant structure containing
a meristem (Lang, 1987) is characterized by three major stages: quiescence, correlative
inhibition, and rest or true dormancy (Romberger, 1963).

For practical purposes,

dormancy refers to the inability of a plant to grow under optimal conditions (Fuchigami
and Nee, 1987). Several physiological and metabolic changes occur during the induction
of dormancy, including growth cessation, remobilization and storage of nutrients,
decreased respiration rate, and accumulation of proteins and carbohydrates in woody
tissues (Westwood, 1978).
A group of proteins termed bark storage protein(s) BSP(s), which accumulate in
the bark during the fall and winter is the major form of nitrogen storage during
overwintering in woody plants (Titus, 1982,). BSPs are sequestered in protein storage
vacuoles in the inner bark parenchyma (Van Cleve et al., 1988).

Specific storage

proteins have been found in the bark of many temperate hardwoods and softwoods
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(Tromp and Ovaa, 1973; Sauter and Wellenkamp, 1988; Wetzel and Greenwood, 1991;
Wetzel and Greenwood, 1989; Lang and Tao, 1992; Arora, 1992).
In poplar a 32-ldlodalton bark storage protein accumulates to high levels in the
bark tissue during late summer and early autumn, is present during overwintering and
declines during the spring (Van Cleve et al., 1988; Sauter et al., 1989; Sauter and Van
Cleve, 1990; Coleman et al., 1991). BSP is induced by SD photoperiods (Coleman et
al., 1991; Langheinrich and Tischner, 1991). The accumulation of BSP is correlated
with an increase in the level of BSP mRNA in both natural and controlled environment
conditions (Coleman et al., 1991; Calusen and Apel, 1991; Coleman et al., 1992).
Since the accumulation of BSP coincides with the induction of dormancy, it is of
interest to determine if the accumulation of BSP and dormancy induction are related.
The objective of this study was to determine if the accumulation of the 32-kD BSP is
correlated with dormancy in poplar clones native to different latitudes when grown in
natural and controlled environment conditions.
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Materials and Methods

Plant Material and Treatments

Poplar (Populus deltoides Bartr. ex Marsh.) clones 172-2 (native to Minnesota,
44°20'), S7C4 (native to Texas, 30o30'N), and NC5339 (native to Minessota 44o20'N)
were propagated by greenwood stem cuttings. Plants were grown in individual 3.8 liter
pots in a soilless medium consisting of a 1:1:1 mixture of vermiculite, peat moss and
sand, under LD (16 h light 8 h dark) greenhouse conditions using high-pressure sodium
lamps as a supplemental light source. Plants were grown for 5 months before being used
for experiments. One group of plants was moved to controlled environment conditions
for short-day (SD) photoperiod experiments, and the other was grown under natural
environment conditions in Corvallis, OR (44.63°N). For the controlled environment
experiment, plants from all three clones were grown for 8 weeks under SD (8 h light 16
h darkness) photoperiod and 25 ° C in a growth chamber. Samples of bark and buds were
collected at weekly intervals from three plants of each clone and immediately frozen in
liquid nitrogen and stored at -70°C until analyzed. At each sample date, an additional
set of three plants of each clone were moved to greenhouse conditions at
25+3°C/20±3°C (day/night) to determine dormancy status.

Plants were manually

defoliated and the apical buds removed. Dormancy status was measured as number of
days to first bud break and percent bud break, defined as percent of buds broken after
80 days in the greenhouse. For a second group, plants of the S7C4 and NC5339 clones
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were moved to natural environmental conditions in March. Samples of bark and bud
were taken at either monthly or biweekly intervals from three plants per clone from
August 1991 to May 1992. Sample collection and determination of dormancy status were
the same as those described for the other group.

Protein Analysis

Soluble proteins were extracted from replicate samples of bark and buds (2 g
fresh weight) according to the method described by Coleman et al. (1991). The tissue
was ground to a fine powder in liquid nitrogen in a prechilled mortar and pestle. The
powder was then transferred to 5 volumes (w/v) of extraction buffer (50 mM sodium
borate, 50 mM ascorbic acid, 1 % J3-mercaptoethanol [pH 9.0] and ImM PMSF in a 30
ml polypropylene tube and homogenized for 50 sec at 4°C with a Tekmar tissumizer.
The homogenized samples were centrifuged for 30 min at 35,000 x g and 40C. Five
volumes of 0.1 mM ammonium acetate were added to the supernatant and the proteins
were precipitated overnight at -20°C. The protein pellet was collected by centrifugation
at 10,000 x g for 20 min at 40C and resuspended in Laemmli (1970) lysis buffer, boiled
in water for 5 min, and cooled to room temperature. Protein content was determined by
the method of Bradford (1976) using BSA as a standard. Samples were stored at -20°C
until analysis.
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PAGE and Inmunoblotting

Protein extracts were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Gels consisted of a 4% stacking and 12% separation gel,
and were electrophoresed at 20 mA per gel for 3.5 h. Proteins were visualized by
staining the gels with 0.1% coomasie blue R-250 in 40% methanol-5% acetic acid and
destaining in 50% methanol-10% acetic acid. For immunoblotting analysis, proteins
from SDS-PAGE were transferred to a nitrocellulose membrane (Trans-Blot, Bio-Rad
Corp.) in 25mM Tris, 190 mM glycine and 5% methanol at 12 V for 45 min. The
membranes were incubated overnight at 40C with 5% dry milk in TTBS (50 mM Tris
pH 7.5, 150 mM NaCl, 1% tween 20). Blots were then washed with TTBS, and
incubated with a 1:5000 dilution of BSP polyclonal rabbit antiserum in TTBS and 1 % dry
milk, for 1.5 hr. The blots were washed with TTBS and incubated for 1 h with a 1:3000
dilution of goat anti-rabbit alkaline phosphatase-conjugate IgG (Bio-Rad, Richmond, CA).
Cross reacting proteins were visualized with nitroblue tetrazolium and 5-bromo-4-chloro3-indolyl phosphate in alkaline phosphatase buffer (100 mM Tris pH 9.5, lOOmM NaCl
and 5mM MgCy.

Analysis of RNA

RNA was extracted from samples of bark as described by Huges and Galau (1988)
and as modified by Coleman et al. (1991). Bark samples (2.5 g) were ground to a fine
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powder in a prechilled mortar and pestle in liquid nitrogen. The frozen powder was
transferred to 10 volumes (w/v) extraction buffer (20 mM Tris pH 8.5, 300 mM LiCl,
10 mM Na EDTA, 1.5% Li Do DSO4, 1% Na deoxycolate, 1% NP-40, 5 mM thiourea,
ImM aurintricarboxylic acid, and 10 mM dithiothreitol), and homogenized for 1 min
with a Tekmar tissumizer. The homogenized samples were placed on ice for 5 minutes
and then frozen at -70 "C. Samples were then thawed in a 37 °C water bath and 1/3
volume cold 5 M potassium acetate (pH 6.5) was added to the tubes, mixed by repeated
inversions and incubated on ice for 15 minutes. Samples were centrifiiged at 5,000 x g
for 20 min at 4°C, and the supernatant filtered through one layer of Miracloth.

One

fourth volume of 10 M LiCl was added to the sample and incubated at 40C overnight to
precipitate RNA. The pellet was collected by centnfugation at 10,000 x g for 30 min
at 4°C,

washed two times with 70% ethanol, and air dried.

Samples were then

resuspended in DEPC-treated water and extracted with phenol/chloroform.

After

centrifiigation for 5 min at 14,000 x g, the aqueous phase was re-extracted with
chloroform and centrifuged for 5 min at 14,000 x g. RNA was precipitated with 0.1
volume of 3 M sodium acetate and 2 volumes of cold ethanol at -20 °C overnight,
pelleted by centrifiigation at 10,000 x g for 30 min at 4°C, washed with 70% ethanol and
air dried. RNA was resuspended in DEPC-treated water and stored at -70 °C. The
amount of RNA in each sample was determined by reading absorbance at 260 nm.
Total RNA (5 /xg/lane) was separated in 1.5% agarose gel containing 2.2 M
formaldehyde, and electrophoresed at 40 V/gel for 1.5 h. RNA samples were transferred
to a nylon membrane (Zeta probe) and prehybridized at 65 °C with 0.25 M Na2HP04
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(pH7) and 7% SDS for 1 h.

32

P-labelled 'Khol-Ecol fragment of BSP cDNA was used

as a probe for hybridization. Autoradiograph were exposed overnight at -70° C.

23
Results

Changes in Dormancy Status

Changes in plant dormancy status were determine for two poplar clones S7C4 and
NC5339 grown under natural conditions in Corvallis OR from August 1991 to May
1992, and for three clones: S7C4, NC5339 and 172-2 grown in a SD growth chamber.
Under natural conditions, and for both S7C4 and NC5339, bud break occurred 8 days
after plants were transfer to the greenhouse for the sample collected in August (Fig. 2.1).
In December these same two clones required 60 (S7C4) or 120 (NC5339) days in the
greenhouse to break bud (Fig. 2.1A). Percent bud break, after 80 days in the greenhouse
declined from 85 % in August to 4 % in December for clone S7C4, and from 50 % in
August to 0 % in December for clone NC5339 (Fig. 2.1 A). Under natural conditions
bud break occurred on March 1st for clone S7C4 with 1,970 chilling units accumulated,
calculated according to Richardson (1974), and on March 25 for clone NC5339 with
2,225 chilling units accumulated.
Under control environmental conditions, short-day photoperiod induced dormancy
in all the clones analyzed, however the three clones differed in the degree of dormancy
after 8 weeks of SD treatment. At week 8 of SD treatment clone 172-2 obtained the
highest degree of dormancy and required 211 days to bud break, while clone S7C4
acquired the lowest degree of dormancy and required 30 days for bud break, and clone
NC5339 was intermediate and required 150 days for bud break (Fig. 2. IB). The rate
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of dormancy initiation varied among clones. For clone 172-2 dormancy initiation began
after 5 weeks of SD, while clone NC5339 required 7 weeks and clone S7C4 8 weeks
of SD to initiate dormancy. The percent of bud break declined for all three clones with
continued SD exposure and was less than 10% for all clones after 6 weeks of SDs.

Seasonal Changes in BSP gene Expression

In clone S7C4 total soluble protein increased from 0.9 mg protein gr FW "' in
August 19, to 3.5 mg protein gr FW ^in March 12 and then decline to 1.6 mg protein
gr FW1 in May 8 (Fig. 2.2). In clone NC5339 total soluble protein content of bark
increased from 0.8 mg protein gr FW "' in August 19, to 2.5 mg protein gr FW ^ in
February 27 and then decline to 0.8 mg protein gr FW ^ in May 8 (Fig. 2.2).
SDS-PAGE and protein gel blot analyses revealed a seasonal variation in the
accumulation of the 32-kD BSP (Figs. 2.3 and 2.4). The relative abundance of BSP with
respect to the total soluble protein changed during the season in both clones S7C4 and
NC5339. BSP represented approximately 50 % of the total soluble proteins in the bark
during winter as estimated from the coomasie blue stained gels (Fig. 2.3). In clone S7C4
BSP was present in the bark during the entire sampling period (August to May), however
increased levels were detected between December and March (Figs. 2.3A and 2.4A), and
the highest levels were detected between January and March. Total soluble proteins and
BSP levels in bark declined 2 weeks after bud break in clone S7C4 (March 9). The
declined in BSP levels coincided with the appearance of two small polypeptide of about
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16- and 12- kilodalton that cross reacted with BSP antiserum, suggesting that these
polypeptides may represent degradation products of BSP (Fig. 2.4A lane 9-13). BSP was
also present in buds of clone S7C4 from the first sampling date (in August) through bud
break. The highest levels of BSP in buds was detected during the dormant period (Fig.
2.4B).
In clone NC5339, BSP begins to accumulate in the bark in November. The
highest level was detected between December and March (Fig. 2.3A and 2.4A). A
decline in BSP levels in bark of clone NC5339 was observed after bud break (March 25).
BSP was detected at low levels in April and May (Fig. 2.4A). The appearance of two
small polypeptides (12- and 16-kD) after bud break was also observed in the coomasie
stain gel of bark samples in clone NC5339 (Fig 2.3A). However, in protein gel blots
these small polypeptides were visualized only when higher amounts of protein (2 fig
protein/lane) were loaded (data not shown). BSP was detected in bud samples of clone
NC5339 collected in August until bud break, with the highest levels occurring in January
and February. Compared to bark samples, BSP levels in buds were generally lower.
The seasonal fluctuation in BSP levels was also less pronounced in buds than in bark.
Changes on BSP mRNA levels in bark were determined by RNA gel blot analysis
using

32

P-labelled BSP cDNA as a probe. BSP mRNA was detected in bark of clone

S7C4 during the entire season, with the highest levels occurring between October and
February (Fig. 2.4). In clone NC5339 BSP mRNA was only present between November
and March with the maximum levels occurring between November and December (Fig
2.5).
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BSP gene Expression under Controlled Environment Conditions

Total soluble protein and levels of BSP accumulation was determined in three
poplar clones (172-2, NC5339 and S7C4) grown in SD photoperiods and 25 °C. An
increase in amount of total soluble protein with SD exposure was observed in all three
clones (fig. 2.6). SDS-PAGE and protein gel blot analysis showed that SDs induced the
accumulation of BSP in bark and buds of all three clones. In all clones BSP levels
increased in the bark after 4 weeks of exposure to SD (Fig. 2.7) which coincided with
bud set and with a decline in plant growth rate (see results in Chapter 3). BSP was
detected in the buds of all three clones at the beginning of the experiment however, SD
exposure increased the level of BSP in buds (Fig. 2.7B)
BSP mRNA levels were low in clone NC5339 until 3 weeks of SD exposure (Fig.
2.5). After 4 weeks of SDs high levels of BSP mRNA were detected in bark of clone
NC5339, and remained high throughout the duration of the experiment (Fig. 2.8). In
clone 172-2 BSP mRNA levels increased after 1 weeks of SD and continued to increase
with SD exposure (Fig. 2.8). High levels of BSP mRNA were detected in clone 172-2
after 4 weeks of SD exposure (Fig. 2.8).
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Discussion

Photoperiod influences many phases of woody plant growth and development.
Short-day photoperiods induce the development of dormancy in poplar (Pauley and Perry,
1954; Vince-Prue, 1975). In this study the expression of poplar BSP and the dormancy
status of poplar clones native to different latitudes, was determined under natural and
controlled environment conditions. Differences between clones native to northern and
southern latitudes were found in the timing of BSP accumulation and in the development
of dormancy when plants were grown under natural conditions. SDS-PAGE analysis of
bark proteins collected from August through May indicate that in clone S7C4 BSP was
present in the bark during the entire season, but the highest levels were detected between
December and March.

In clone NC5339,

BSP started to accumulate in bark in

November, and coincided with the initiation of plant dormancy. BSP was also present
in bud tissues of both clones from August until bud break. The levels of BSP in buds
were much lower than that in bark. Although BSP accumulation was detected in buds
during the winter, the seasonal variation was not as marked as that in bark. RNA gel
blot analysis showed that in clone S7C4, BSP mRNA was present throughout the year,
while in clone NC5339 BSP transcripts were only detected in bark samples collected
between November and March.
The reason for BSP accumulation in buds is not known. It is likely that once
buds are formed, they accumulate reserves immediately, allowing them to reassume
growth any time. At the time of budbreak, BSP in buds is probably the first N source
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to support new growth. As the shoot continues to develop, N reserves mobilized from
bark are then used to support further shoot growth.

The results obtained in this

experiment seem to support this theory. The presence of two small polypeptides that
cross react with BSP antiserum coincided with the decline of BSP in bark after budbreak,
suggesting that they may be degradation products of BSP. Langheinrich and Tischner
(1991), working with P. trichacarpa also detected the presence of small polypeptides
that cross reacted with BSP antiserum at the time of budbreak, and also speculated that
the small polypeptides are products of BSP. Further analysis of the enzymatic changes
occurring during budbreak, and determination of the amino acid sequences of the small
polypeptides may confirm this hypothesis.
Under natural conditions both clones used in this study develop deepest dormancy
in December, however they differed in the degree of dormancy, determined as the
number of days to first budbreak. At deepest dormancy, clone S7C4 required 60 days
for bud break, while clone NC5339 required 120 days for first bud break (Fig 2.1).
Differences in the accumulation of BSP and in the degree of dormancy development in
these two clones, could be in part explained by a differential response to changes in
daylength.

Clone S7C4 native to Texas and may be less responsive to changes in

daylength when compared to NC5339 which is native to Minnesota. How this response
could result in the presence of BSP in clone S7C4 throughout the season is not known
however such differences may be related to plant vigor, efficiency in nutrient use, and
responses to environmental effects other than photoperiod. It is intriguing to speculate
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that clone S7C4 is more efficient in either nitrogen assimilation or use which may result
in increased levels of nitrogen and storage in BSP.
In controlled environment conditions and SD photoperiods, BSP gene expression
was similar among clones (Fig 2.7 and 2.8). In all three clones BSP accumulated in the
bark after 4 weeks of exposure to SD. In buds, BSP was detected in plants in all SD
treatments. SD increased the level of BSP in buds however, the increased was much less
than in bark. Similar to the result in plants grown under natural conditions, BSP was
always detected in buds which may allow the bud to reassume growth when the
conditions are favorable.
Although BSP accumulation was similar among all three clones, the initiation of
dormancy and the degree of dormancy varied among them. Clone 172-2 enter dormancy
after 5 weeks in SD, while clone NC5339 required 7 weeks, and the clone S7C4 required
8 weeks. In terms of the degree of dormancy, clone 172-2 developed the deepest rest
(200 days to bud break), as compared to 150 and 40 days for the clone NC5339 and
clone S7C4, respectively (Fig 2.1). Because the SD used in this study is considered a
'very short day' (Vaart, 1960), it is expected that most poplar clones will stop growth
and develop bud rest. Therefore it is not surprising that all the clones used in this
experiment developed dormancy.
These results suggests that the accumulation of BSP is one of the metabolic
changes that occurs before the onset of dormancy. Because the accumulation of BSP was
similar among the three clones in SDs, but the initiation of dormancy was different
among them suggests that BSP accumulation is independent of dormancy. This is further
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supported bey the observation that significant BSP levels were detected in clone S7C4
in natural conditions throughout the season.
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Fig. 2.1. Changes in the dormancy status of poplar clones grown under (A) natural
conditions from August 1991 to March 1992 and (B) under growth chamber conditions
in short-day photoperiods for 8 weeks. Budbreak (%)= number of buds broken/total
number of buds, verticals bars indicate SE; lack of bars indicate low SE.
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Fig. 2.2. Changes in soluble protein content in poplar clones grown under natural
conditions from August 1991 to May 1992. Vertical bars indicate SE; lack of bars
indicate low SE.
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Fig. 2.3. SDS-PAGE analysis of the relative abundance of soluble protein of poplar
clones S7C4 and NC5339 grown under natural conditions. Proteins were extracted from
(A) bark and (B) buds from August 1991 to May 1992. Each lane was loaded with 5 fig
of total soluble protein. Proteins were visualized using coomasie blue stain. Molecular
markers are indicated in the left.
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Fig. 2.4. Protein gel blot analysis of the seasonal changes in the relative BSP abundance
in poplar clones S7C4 and NC5339. Protein samples were extracted from (A) bark and
(B) buds of plants grown under natural conditions from August 1991 to May 1992. Each
lane was loaded with 0.5 ng of total soluble protein. BSP was detected using BSP antiserum.
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Fig. 2.5. RNA gel blot analysis of the seasonal changes in BSP mRNA abundance in
poplar clones S7C4 and NC5339 grown under natural conditions. RNA was extracted
from bark samples collected from August 1991 to May 1992. Each lane was loaded with
5 ng of total RNA, electrophoresed in formaldehyde agarose gels, transferred to
nitrocellulose membranes, and hybridized with 32P-labeled Xho-EcoRL fragment of BSP
cDNA.
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Fig. 2.6. Changes in soluble protein content in poplar clones grown under SD growth
chamber conditions for 8 weeks. Vertical bars indicate SE; lack of bars indicate low SE.
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Fig. 2.7. Protein gel blot analysis of the relative abundance of BSP in poplar clones
S7C4, NC5339 and 172-2 grown under SD photoperiod for 8 weeks. Protein samples
were extracted from (A) bark and (B) buds at weekly intervals for 8 weeks. Each lane
was loaded with 0.5 fig of total soluble protein. BSP was detected using BSP antiserum.
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Fig. 2.8.

RNA gel blot analysis of BSP mRNA levels in poplar clones 172-2 and

NC5339 grown under SD conditions. RNA was extracted from bark at weekly intervals
for 8 weeks. Each lane was loaded with 5 fig of total RNA, electrophoresed in
formaldehyde agarose gels, transferred to nitrocellulose membranes, and hybridized with
32

P-labeled Xho-EcoRL fragment of BSP cDNA.
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CHAPTERS
Effect of Nitrogen Fertilization and Photoperiod
on the Nitrogenous Compounds and Growth of Poplar

Abstract

Plant growth, total soluble protein content, ammonium and nitrate content were
measured in poplar plants grown in either long-day (LD) or short-day (SD) photoperiods,
and fertilized with different levels of NH4NO3 for 8 weeks. Under LD conditions,
growth rate was constant, and was influenced by the level of NH4NO3 application. After
4 weeks of SD conditions, growth ceased in all N treatments.

Soluble protein,

ammonium and nitrate concentration increased with the NH4NO3 application in bark and
leaves of plants grown in either LD or SD. For each NH4NO3 application, soluble
protein content increased in bark throughout the duration of the experiment in both LD
and SD conditions. However a greater augment was observed in the bark of SD treated
plants compared with LD plants. In leaves of LD and SD plants, soluble protein content
augment with the NH4NO3 application was after 8 weeks of treatment. High levels of
NH4NO3 application resulted in an increase of NH/ concentration in bark and leaves.
The greatest increase was detected in the bark of plants treated with 50 mM NH4NO3.
NH4+ content declined in bark and mature leaves in SD condition, irrespective of the
level of NHjNOs treatment.

High NH4NO3 (50 mM) treatments increased the
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nitrate concentration was found in mature leaves of plants treated with 50 mM NEySKV
These results indicate that both high NH4NO3 application and photoperiod affect total
soluble protein, ammonium and nitrate content in bark and leaves of poplar.
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Introduction

Nitrate (NO3*) and ammonium (NHL,"1") are the two major forms of nitrogen
assimilated by plants. Although nitrate is the most common form of readily available
nitrogen in the soil, evidence indicates that plant growth can be increased when both
NOj" and NH4+ are available to the plant (Pilbeam and Kirby, 1992). However, when
plants are supplied with both NO3' and NH/ uptake of NO3" is often reduced by the
presence of NH,"1" (Mengel and Viro, 1978).
In woody plants, the reduction of NO3" to NH4+ can occur in roots and leaves.
Recent reports indicate that most of the reduction and assimilation of nitrate occurs in
leaves (Gebauer and Stadler, 1990). Several enzymes are involved in the reduction and
assimilation of NO3" and NH4+. Initially nitrate is reduced to nitrite by the action of
nitrate reductase (NR), and then to ammonium by nitrite reductase (NiR). NR activity
is influenced by the amount of nitrate present in the media (Beevers and Hageman,
1980), and by light (Reins and Held, 1992). NR is present in the cytosol of leaves and
roots, while NiR is found in either chloroplasts or root plastids. After reduction NHt"1"
is assimilated principally into asparagine, glutamine or ureides. The assimilation of
NH4+ is mediated by glutamine synthetase (GS), glutamate dehydrogenase (GDH) and
carbamoylphosphate synthetase (CPS).

GDH and CPS are both located in the

mitochondria, whereas GS is located in chloroplasts or root plastids. Both the abundance
and activity of these enzymes play an important role in regulating the relative abundance
of NHj"1", NO3", amino acids and proteins. Environmental factors, such as temperature
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and photoperiod also influence the distribution of N compounds plants. For example,
NH^ may accumulate when the carbon skeletons required for amino acids synthesis are
lacking (Titus and Kang, 1982). SD photoperiods reduced both nitrate uptake and nitrate
concentration in leaves of poplar (Langheinrich and Tischner, 1991).
Since poplar BSP is the major overwintering N storage compound, and BSP
induction is associated with SD photoperiods it is possible that additional changes in
nitrogen metabolism occur in response to SDs. The objective of this study was to
examine the effects of NH4NO3 application on plant growth parameters, soluble protein,
nitrate and ammonium content of LD and SD treated poplar plants.

47
Materials and Methods

Plant Material

Poplar (Populus deltoides Bartr. ex Marsh, clone 172-2) were propagated from
greenwood cuttings. Plants were grown in individual 3.8 1 pots in a soilless medium
consisting of 1:1:1 mixture of vermiculite, peat moss and sand, in a greenhouse under
LD conditions (16 h light 8 h dark) using high-pressure sodium lamps as a supplemental
light source. Plants were grown for 5 months before being used for experiments. Plants
were watered with 250 ml/pot of 1 mM NH4NO3 solution once a week, unless otherwise
specified.

Treatments

For nitrogen and photoperiod experiments, uniform greenhouse grown plants were
moved to a growth chamber at 25X, 80% RH and 1000 jtM nr2 s2. In the first
experiment, plants where grown in long-day (LD) photoperiods (16h light and 8 h
darkness) and watered with either 1, 5, or 50 mM NH4NO3 solutions three times a week
for 8 weeks. In the second experiment, plants were watered with either 0, 5 or 50 mM
NH4NO3 solutions and grown in a LD growth chamber for 4 weeks, and then moved to
short-day (SD) photoperiods (8 h light and 16 h darkness) for an additional 8 weeks.
Samples of bark, mature leaves, and young leaves were harvested at weekly intervals,
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immediately frozen in liquid nitrogen, and stored at -70 C until used for protein, nitrate
or ammonium analysis.
Plant growth rate (cm/week), number of new leaves (leaves/week), and intemode
length (plant height/node number) were measured weekly for 3 plants per treatment for
both experiments.

Protein Determination

Frozen samples ( 2 g fresh weight) of bark, mature and young leaves were ground
to a fine powder in a mortar and pestle with liquid nitrogen. The frozen powder was
transferred to 5 volumes (w/v) of extraction buffer (50 mM sodium borate, 50 mM
ascorbic acid, 1% 6-mercaptoethanol [pH 9.0]; ImM PMSF was added just before
homogenizing) and homogenized for 50 sec at 4°C with a Tekmar Tissumizer. The
homogenized samples were then centrifiiged for 30 min at 35,000 x g and 4°C. Five
volumes of 0.1 mM ammonium acetate were added to the supernatant and the proteins
were precipitated overnight at -20°C. The protein was pelleted by centrifugation at
10,000 x g for 20 min at 4<'C, and resuspended in Laemmli (1970) lysis buffer. Samples
were boil in water for 5 min, and cooled to room temperature. Protein content was
determine by the method of Bradford (1976) using BSA as a standard.
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Ammonium Determination

Frozen samples of bark, mature leaves, and young leaves were ground to a fine
powder in a mortar and pestle with liquid nitrogen, and then dried at 60°C for 48 h.
Dried powder (0.1 g) was placed in tubes containing 5 ml 2% acetic acid (v/v), and the
tubes were incubated for 30 min at room temperature with vigorous shaking. Samples
were then filtered through an in-tube serum filter (Plasma/serum separator, Karlan Chem.
Corp., Torrence, CA). Ammonium concentration were determined using an Ammonium
analyzer (Wescan Ammonium Analyzer Model 360, Alltech., Inc./Wescan Instruments,
San Jose, CA).

Nitrate Determination

For nitrate determination, 0.5 g of dried powder of bark, mature leaves and
young leaves was extracted with 10 ml 2% acetic acid. Samples were shook for 10 hr
at room temperature, and filtered through an in-tube, serum filter. Samples were sent
to the Plant Tissue Analysis Laboratory of the Oregon State University for nitrate
analysis. Nitrate concentration was determined using a Rapid flow analyzer (RFA300,
ALPKEM Corporation, Clackamas, OR).
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Results

Plant Growth

Plant growth rate, number of new leaves per week, and intemode length were
measured weekly in three plants per treatment for each of the experiments. In LD
conditions growth rate was reduced by the application of 50 mM NE^NOj (Fig. 3.1 A).
Growth rate was approximately 9 cm/week for the 1 and 5 mM NHtNOj treated plants
and varied little throughout the experiment. Initially the 50 mM NH4NO3 treated plants
grew similar to the 1 and 5 mM NH4NO3 plants but after 5 weeks a significant reduction
in plant growth rate to approximately 3 cm/week, was observed (Fig. 3.1 A).
Coinciding with reduced growth of the 50 mM NH4NO3 treated plants was the
development of symptoms of NH4+ toxicity in young leaves. No differences in intemode
length were observed among the NH4NO3 treatments and it was constant and
approximately 2.5 cm (Fig. 3. IB). No clear differences were detected in the number of
new leaves per week for any of the NHtM^ treatments under LDs (Fig. 3.1C).
Growth rate was rapidly reduced when plants were moved from LD to SD
conditions for all NH4NO3 treatments (Fig. 3.2A). After 4 weeks in SD, plant growth
rate approached 0 cm/week for all treatments. Intemode length did not change much in
for all NH4NO3 treatments (Fig. 3.2B). However, plants treated with 50 mM NH4NO3
had the shortest intemode length. Upon exposure to SD, the development of new leaves
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was reduced after 2 weeks. No new leaves were observed after 4 weeks in SD (Fig.
3.2C) at which time terminal bud set was observed.

Protein Content

Under both LD and SD conditions, total soluble protein content increased in bark
(Fig. 3.3) and in leaves (Fig. 3.4) with the increasing levels of NH4N03. For LD grown
plants, soluble protein content in bark increased from 0.4 mg g FW'1 at the beginning of
the experiment to 0.7, 1.1, and 2.0 mg g FW"1 after 8 weeks of treatment for the 1, 5
and 50 mM NH4NO3 treated plants, respectively (Fig. 3.3A). The level of total soluble
protein in bark was higher for all NH4NO3 treatments when plants were grown in SD
conditions compared to LDs (Fig. 3.3). In young and mature leaves, protein levels
increased with time for all NH4NO3 treatments after 8 weeks in LDs (Fig. 3.4).

Ammonium Content

High NH4N03 (50 mM) incresed the concentration of NH^ in bark, mature and
young leaves in plants grown under both LD (Fig. 3.5) and SD (Fig. 3.6) conditions.
The highest NH4+ levels (272 /xmol NH4+ gDW-1) was detected in bark of plnats treated
with 50 mM NH4NO3 for 4 weeks. No significant changes in NH4+ concentration were
detected with 1 or 5 mM NHjNC^ treatments in either bark or leaves (Fig. 3.5).
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A decreased in the NH4+ concentration in bark and mature leaves was observed
when plants treated with 50 mM NH4NO3 were moved from LD to SD conditions (Fig.
3.6).

Nitrate Content

No significant differences in nitrate content were detected in bark in either SD or
LD conditions for any of the NH4NO3 treatments (Fig. 3.7 and 3.8).

Nitrate

concentration in mature and young leaves increased in plants treated with high NH4NO3,
in both LD (Fig. 3.7) and SD (Fig.3.8) conditions.
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Discussion

The effect of NH4NO3 application and photoperiod on plant growth, soluble
protein, ammonium and nitrate content was studied. Plant growth rate was affected by
both the level of nitrogen fertilization and photoperiod. Under LD conditions and high
NH4NO3 application growth rate was reduced after 4 weeks of treatment, accompanied
with symptoms of ammonium toxicity (such as marginal necrosis in young leaves) were
detected in the plants. This indicates that the 50 mM NHtNOa treatment used in this
experiment may be toxic to the plant. This is not surprising since poplars are sensitive
to high levels of ammonium, and grow best when nitrate is the sole N source (Peuke and
Tishner, 1990). SD photoperiod reduced plant growth rate, independent of the nitrogen
treatment (Fig. 3.2). These results in combination with the previous study (Chapter 2)
show that the induction of dormancy by SD photoperiod is preceded by a rapid cessation
of growth and formation of a terminal bud. Unlike dormancy which required 6 weeks
of SD exposure to be initiated, growth reduction occurred within 1 week of SD and
growth cessation after 4 weeks of SDs. Previous results (Chapter 2) indicate that BSP
gene expression occurs between 1 and 4 weeks of SD exposure and is independent of
dormancy development. The relationship between BSP gene expression and growth
cessation is not known, but these results suggest a possible correlation.
The concentrations of total soluble protein, ammonium and nitrate, in bark,
mature leaves and young leaves increased with high levels of NUtNC^ application in both
LD and SD photoperiods. In SD grown plants protein content increased in bark for all
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NH4NO3 application. The greatest increase was observed in 50 mM NH4NO3 treated
plants. Protein content in mature or young leaves did not change much with the NUNOs
application after 8 weeks of SD. It is possible that under SD conditions bark bacomes
a stronger N sink than leaves, and part of the leaf proteins are being remobilized to the
bark. The magnitude and time of the N remobilization may be influenced by the nitrogen
status of the plant. In contrast, in LD grown plants leaf protein increased with high
NH4NO3 application, suggesting that under LDs leaves are the major N sink. These
observation support the hypothesis that SD photoperiod change the nitrogen sink from
leaves to bark.
Ammonium and nitrate content in bark and leaves were also influenced by both
NH4NO3 application and photoperiod.

Ammonium accumulated in bark and nitrate

accumulated in mature leaves, in plants treated with high levels of NH4NO3. Under LD
photoperiod the accumulation of NH,* in bark coincided with the accumulation of BSP
(see Chapter 4). In contrast, under SD conditions NH, concentration decreased with time
in all the analyzed tissues. On the basis of these results it does not appear to be a direct
correlation between NH,,"1" and NO3- concentration, and BSP accumulation.
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Fig. 3.1. Effect of NHtNOs application on (A) plant growth rate, (B) intemode length
and (C) number of new leaves per plant in poplar plants grown under LD conditions for
8 weeks. Vertical bars indicate SE; lack of bars indicate low SE.
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Fig. 3.2. Effect of NH4NO3 application on plant (A) growth rate, (B) intemode length
and (C) number of new leaves per plant in poplar plants grown under LD conditions for
4 weeks and then SD for 8 weeks. Vertical bars indicate SE; lack of bars indicate low
SE.
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Fig. 3.5. Effect of NH4NO3 application on the ammonium content in bark, mature leaves
(ML) and young leaves (YL) collected from poplar plants grown under LD conditions.
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CHAPTER 4

High Levels of NHiNOa Induce Bark Storage Protein
Accumulation in Poplar

Abstract

In poplar (Populus deltoides) a 32-kilodalton bark storage protein (BSP)
accumulates during the fall and is a major form of overwintering storage nitrogen. BSP
is induced by short-day photoperiod and may play an important role in the nitrogen
cycling within the plant. To determine the effect of plant nitrogen status on BSP gene
expression, poplar plants were grown in a controlled environment chamber under either
long (LD) or short-day (SD) photoperiods and watered with different NH4N03
concentrations, ranging from 1 to 50 mM, for 8 weeks.

SDS-PAGE, protein gel blot

and RNA blot analyses indicate that the expression of BSP was enhanced by high levels
of NH4NO3 application under both LD and SD conditions. SDs further increased the
levels of BSP and BSP mRNA above the levels induced by high nitrogen alone. These
results demonstrate that in addition to SD, high NHjNOs application can also induce the
accumulation of BSP.
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Introduction

Nitrogen (N) is an important nutritional factor in plant growth and
development. The levels of N reserves in temperate deciduous woody perennial
species have been associated with physiological and biochemical changes such as
vegetative growth (Taylor and May, 1967; Millard and Neilsen, 1989), flowering and
fruit set (Taylor and Van den Ende, 1969) and winter hardening (Pomeroy and
Siminovitch, 1970). Seasonal fluctuation in N reserves is a characteristic of most
deciduous perennial plant species (Cote and Dawson, 1986; Greenwood et al., 1990;
Kang and Titus, 1980; Kang et al, 1982; Tromp and Ovaa, 1971). During late
summer and early autumn, leaf nitrogen is translocated to overwintering storage
sites (Cote and Dawson, 1986; Greenwood et al., 1990; Kang and Titus, 1980;
©'Kennedy and Titus, 1979). A large portion of N reserves accumulates as protein
in stem bark, wood, and in old roots (Hollwarth, 1976; Kang and Titus, 1980; Oaks,
et al.,1991). A group of proteins termed bark storage proteins (BSP), has been
identified as an important form of storage nitrogen during overwintering in woody
plants (Titus and Kang, 1982). BSPs are found in the inner bark parenchyma,
sequestered in protein storage vacuoles, of many temperate hardwood and softwood
plant species (Tromp and Ovaa, 1973; Sauter and Wellenkamp, 1988; Wetzel and
Greenwood, 1989; Wetzel and Greenwood, 1991; Lang and Tao, 1992; Arora, 1992).
In poplar, roots and stem bark are the major N storage organs (Pregitzer et al.,
1990). During overwintering 95 % of the N in poplar plants is found in the protein
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fraction (Hollwarth, 1976) especially in 1-year-old shoots (Sauter et al., 1989). A 32kilodalton BSP accumulates to high levels in the bark of poplar during late summer and
early autumn, and declines during spring (Sauter et al., 1989; Sauter and Van Cleve,
1990; Van Cleve et al., 1988; Coleman et al., 1991). BSP is also present in roots and
wood of several poplar species (Langheinrich and Tischner, 1991; Van Cleve et al.,
1988). This protein is induced by short-days (Coleman et al., 1991; Langheinrich and
Tischner, 1991).

BSP can be detected after 14 days under SD conditions and is

correlated with an increase in BSP mRNA (Coleman et al., 1992). In contrast, in plants
grown under LD photoperiod, low levels of the protein and its mRNA are detected
(Coleman et al., 1991). Poplar BSP is rich in serine, leucine, phenylalanine and lysine
(Coleman etal., 1992).
Bark storage proteins are thought to play an important role in the nitrogen cycling
in the plant. It is hypothesized that plants under excess N, either by an increase in N
uptake or by reduced consumption, will store excess N in a protein form, such as BSP.
If this hypothesis is true, the N level of the plants may affect the expression of BSP.
Using poplar BSP as a model, N levels were experimentally manipulated by increasing
the N supply to the plants. The results demonstrate that high N induced the accumulation
of BSP.
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Materials and Methods
Plant Material
Poplar (Populus deltoides Bartr. ex Marsh.) clone 172-2 was propagated from
greenwood cuttings. Plants were grown in individual 3.8 1 pots in a soilless medium
consisting of 1:1:1 mixture of vermiculite, peat moss and sand, in a greenhouse under
long-day (LD) conditions (16 h light 8 h dark) using high-pressure sodium lamps as a
supplemental light source. Plants were grown for 5 months before being used for
experiments. Plants were watered with 250 ml/pot of 1 mM NH4NO3, solution once a
week, unless otherwise specified.
Growth Conditions and Treatments
Uniform greenhouse grown plants were transferred to a growth chamber for all
experiments (25°C, 80% RH and 1000 /xM m2 s"2). In the first experiment, plants were
grown under LD photoperiods and watered with either 0 (control), 1, 2.5, 5, 10, 25, or
50 mM NH4NO3, three times a week for 8 weeks. In the second experiment, plants were
fertilized with either 0, 5, or 50 mM NH4NO3 solutions and grown under LD conditions
for 4 weeks to produce three groups of plants with different nitrogen contents. Plants
were then moved to a SD (8 h light and 16 h dark) growth chamber for 8 weeks. In the
third experiment, plants were divided into two groups. Plants of the first group received
water only, while plants in the second group were watered with 5 mM NI^NC^ three
times a week for 4 weeks under LD conditions.

Plants were then moved to SD

conditions for 8 weeks, where plants of both groups were subdivided into two subgroups.
Each subgroup was fertilized with either 0 or 5 mM NHtNOa. Three plants from each
experiment and treatment were randomly collected at 2-week intervals. Samples of bark,
mature leaves, and young leaves were harvested from the plant, immediately frozen in
liquid nitrogen, and stored at -70oC until analyzed for protein or RNA content.
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Protein Analysis
Soluble proteins were extracted from replicate samples of bark, mature leaves and
young leaves (2 g fresh weight) according to the method described by Coleman et al.
(1991). The tissue was ground into a fine powder in liquid nitrogen in a prechilled
mortar and pestle. The powder was then transferred to 5 volumes (w/v) of extraction
buffer (50 mM sodium borate, 50 mM ascorbic acid, 1% B-mercaptoethanol [pH 9.0];
and 1 mM PMSF) and homogenized for 50 sec at 4° C using a Tekmar Tissumizer. The
homogenized samples were then centrifiiged for 30 min at 35,000 x g at 4°C. Five
volumes of 0.1 mM ammonium acetate were added to the supernatant and the proteins
were precipitated overnight at -20°C. The protein was pelleted by centrifiigation at
10,000 x g for 20 min at 4°C and resuspended in Laemmli (1970) lysis buffer. Samples
were placed in boiling water for 5 min, and then cooled to room temperature. Protein
content was determine by the method of Bradford (1976) using BSA as a standard.
Samples were stored at -20"C until used for analysis.
PAGE and Immunoblotting Analysis
Protein extracts were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

Acrylamide gels consisted of 4% stacking and 12%

separation gels and were electrophoresed at 20 mA per gel for 3.5 h. Proteins were
visualized by staining with 0.1% Coomasie blue R-250 in 40% methanol-5% acetic acid
and destaining in 50% methanol-10% acetic acid. For immunoblotting analysis, proteins
from the SDS-PAGE gels were transferred to nitrocellulose membrane (Trans-Blot, BioRad Corp.) in 25mM Tris, 190 mM glycine and 5% methanol at 12 V for 45 min. The
membranes were incubated overnight with 5% dry milk in TTBS (20 mM Tris pH 7.5,
150 mM NaCl, 0.05% Tween 20).

The blots were then washed with TTBS and

incubated with a 1:5000 dilution of BSP polyclonal antiserum in TTBS and 1 % dry milk
for 1.5 hr. The blots were washed with TTBS and incubated for 1 h with a 1:3000
dilution of goat anti-rabbit alkaline phosphatase-conjugate IgG (Bio-Rad, Richmond, CA).
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Blots were developed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate in alkaline phosphatase buffer (100 mM Tris pH 9.5, lOOmM NaCl, and 5mM
MgCla).
Analysis of RNA
RNA was extracted from samples of bark, mature leaves and young leaves, as
described by Huges and Galau (1988) and as modified by Coleman et al. (1991). The
tissue (2.5 g) was ground to a fine powder in a prechilled mortar and pestle in liquid
nitrogen. The frozen powder was transferred to 10 volumes (w/v) extraction buffer (20
mM Tris pH 8.5, 300 mM LiCl, 10 mM Na EDTA, 1.5% Li Do DS04, 1% Na
deoxycolate, 1% NP-40, 5 mM thiourea, 1 mM aurintricarboxylic acid, and 10 mM
dithiothreitol) and homogenized for 1 min with a Tekmar Tissumizer (setting at 80). The
homogenized samples were placed on ice for 5 minutes and then frozen at -70°C.
Samples were thawed in a 37 °C water bath and 1/3 volume of cold 5 M potassium
acetate (pH 6.5) was added to the tubes, mixed by repeated inversions and incubated on
ice for 15 min. Samples were centrifiiged at 5,000 x g for 20 min at 4°C, and the
supernatant was transferred through one layer of Miracloth. One fourth volume 10 M
LiCL was added to each sample and incubated overnight on ice to precipitate RNA. The
pellet was collected by centrifiigation at 10,000 x g for 30 min at 4°C, washed 2 times
with 70% ethanol, and air dried. The samples were then resuspended in DEPC-treated
water and extracted with Tris equilibrated phenol/chloroform. After centrifugation for
5 min at 14,000 x g, the aqueous phase was re-extracted with chloroform and centrifuged
for 5 min at 14,000 x g. RNA was precipitated with 0.1 volume 3 M sodium acetate and
2 volumes of cold ethanol at -20 °C overnight.

The RNA pellet was collected by

centrifugation at 10,000 x g for 30 min at 4°C, washed with 70% ethanol and air dried.
RNA was resuspended in DEPC-treated water and stored at -70° C. RNA concentration
was estimated by determining absorbance readings at 260 nm.
Total RNA (5 fig/lane) was separated in a 1.5% agarose gel containing 2.2 M
formaldehyde and electrophoresed at 40 V/gel for 1.5 h. RNA samples were transferred
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to a nylon membrane (Zeta probe GT), and then prehybridized at 65 "C with 0.25 M
Na2HP04 (pH 7) and 7% SDS for 1 h. A 32P-labelled BSP cDNA Xhol-Ecol fragment
was used as a probe for hybridizations. Autoradiographs were exposed for 8 h at -70° C.
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Results
Effect of NH4NO3 Application on BSP Gene Expression
The effect of NHjNOs application on BSP gene expression was studied in poplar
plants grown in a growth chamber under LD photoperiod using six different NH4NO3
levels (1, 2.5, 5, 10, 25, and 50 mM NH4NO3) for 8 weeks. SDS-PAGE and protein
gel blot analysis of bark proteins indicated that BSP levels increased in response to
increased levels of NH4NO3 (Fig. 4.1). For all treatments except the control plants (0
NHtNOs) low levels of BSP were detected in the bark after 2 weeks of NHjNC^
application. After 2 weeks of treatment BSP accumulation was similar for all NH4NO3
treatments. However after 6 weeks, increased levels of BSP were detected in bark of
plants treated with 25 or 50 mM NByNC^. RNA gel blot analysis also showed that BSP
mRNA levels increased with increased NH4NO3 application (Fig. 4.2).
Low levels of BSP were also detected in young leaves after 8 weeks of NH4NO3
treatment.

However, BSP levels in young leaves did not appear to increase with

increasing levels of NH4NO3. In mature leaves, BSP was detected only in those plants
treated with 50mM NHjm, for 8 weeks (Fig 4.5).
Interaction Between SD Photoperiod and NH4N03 Application on BSP Gene
Expression
To study the interaction between NH4NO3 and SD photoperiod on BSP
accumulation, poplar plants were watered with either 0, 5 or 50 mM NiySTC^ for 4
weeks under LD conditions, and then moved to SD for 8 weeks (Experiment 2). SDSPAGE and protein gel blot analysis showed that BSP was present in bark of LD plants
treated with 5 or 50 mM NI^NOj for 4 weeks (Fig. 4.3). Upon exposure to SDs, BSP
levels increased further and were higher than detected in the same NfyNOj treatment
under LD (Fig. 4.3).

RNA gel blot analysis showed that BSP mRNA abundance
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followed the same trend as BSP (Fig. 4.4). The highest levels of BSP transcripts were
detected in the 5 and 50 mM NHjNOa treatments after 6 weeks in SD.
Low levels of BSP were also detected in young leaves of plants treated with 5
or 50 mM NH4NO3 irrespective of photoperiod treatment (Fig. 4.5). In mature leaves
BSP was detected only in plants that received 50 mM NH4NO3 for 8 weeks. The levels
of BSP in leaves were much lower than in the bark.
In the third experiment, plants were treated with either 0 (ON/LD) or 5 (5N/LD)
mM NH4NO3 and grown under LD for 4 week. The plants were then moved to SD and
each group was divided into two subgroups and watered with 0 (ON/SD) or 5 (5N/SD)
mM NH4NO3. SDS-PAGE and protein gel blot analysis showed that BSP accumulated
to low levels in the bark of 5N/LD plants but not in the ON/LD plants (Fig. 4.6). After
transferred to SD, BSP levels increased in all treatments (Fig. 4.6). In the 5N/LDON/SD and 5N/LD-5N/SD plants, BSP accumulated to higher levels than in the 0N/LDON/SD and 0N/LD-5N/SD treated plants. The highest level of BSP was detected in the
5N/LD-5N/SD treatment. RNA gel blot analysis indicated that BSP mRNA levels
increased in the bark when plants were exposed to SD for all the treatments. The highest
levels of BSP transcripts were found at week 6 of SD and in the 5N/LD-5N/SD treatment
(Fig. 4.7).
In young leaves, BSP was present at low levels in plants treated with 5 mM
NH4NO3 under LD conditions. In mature leaves BSP was detected after 8 weeks and
only in the 5N/LD-5N/SD treated plants (Fig. 4.8).
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Discussion
The results of these experiments indicate that high NH4NO3 application induce
BSP accumulation in the bark of plants growing under LD conditions. BSP was also
detected in mature leaves of plants treated with 50 mM NH4NO3, however the levels
were much lower than those observed in bark. Low levels of BSP were present in young
leaves irrespective of the NH4NO3 application. The level of BSP accumulation appears
to be correlated with the level of NH^NOj application.

This suggests that under

favorable growing conditions, N availability and the relationship between N sinks and
sources will determine the accumulation of BSP. When high levels of NH4N03 are
applied, the excess N is probably stored in BSP. Under this condition BSP may function
in temporary storage of nitrogen. The levels of BSP transcripts were also enhanced by
increasing levels of NH4NO3. These results suggest that the expression of the genes
involved in BSP synthesis are influenced by the N levels in the plant. Similar results
have been also reported in soybean, where the levels of VSP in leaves are closely
associated with the amount of N supplied to the plant (Staswick, et al., 1991).
It is known that BSP is induced by SD photoperiod (Coleman et al., 1991;
Langheinrich and Tischner, 1991). In this experiment the main objective was to study
the interaction between high N application and SD photoperiod in the accumulation of
BSP. It was found that SDs further increased the accumulation of BSP in the bark of
plants treated with high NH4NO3 levels, compared to plants grown under LD conditions
(Fig. 4.3). The highest level of BSP mRNA was detected in the high N treatments and
after 6 weeks under SD conditions. SD seem to alter the sink/source relationships in the
plant. Under active growing conditions, developing leaves and shoots are the strongest
sinks, while under SDs storage organs, such as bark, seem to be the main N sink. SD
treatment results in the reduction of plant growth and initiation of dormancy (as indicated
in Chapter 2). Under these conditions the demand for N to support growth, would
decline, and the majority of the newly acquired N and N remobilized from leaves will
probably be translocated to storage organs for BSP synthesis.
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In the third experiment, in which plants were grown for 4 weeks under LD
conditions with either 0 or 5 mM NH4NO3 and then moved to SD, BSP was detected in
the bark of 5N plants after 4 weeks, but not in the ON treated plants. SD photoperiod
increased the amount of BSP present in the bark in all N treatments, with the highest
levels of accumulation in the 5N/LD-0N/SD and 5N/LD-5N/SD treatments.

Small

differences in the levels of BSP accumulation were found between the ON/LD-ON/SD and
0N/LD-5N/SD, and between the 5N/LD-0N/SD and 5N/LD-5N/SD treatments,
respectively. These results indicate that the N taken up during the LD conditions was
critical in determining the final levels to which BSP accumulated during SD. In the
ON/LD-ON/SD treatment, BSP was probably synthesized at the expense of N remobilized
from the leaves, since leaf senescence was detected in those plants after 4 weeks under
SD, as compared with the 5N/LD-5N/SD.
The results presented here suggest that BSP accumulation can be induced not only
under SD photoperiod (dormancy inductive conditions), but also under LD (favorable
growing conditions), but SD appears to be the main inductive factor. The alteration of
N sink/source relationship in the plant may also be involved in regulating the synthesis
of BSP. Furthermore the N status of the plant appears to influence the N source for BSP
accumulation.
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Fig. 4.1. Protein gel blot analysis of BSP accumulation in bark of poplar plants (Populus
deltoides, clone 172-2) grown under LD conditions and different levels of NI^NOs .
Protein were extracted from bark every 2 weeks for 8 weeks. Each lane was loaded with
0.5 iig of total soluble protein. BSP was detected using BSP antiserum. W2, W4, W6
and W8 refer to the 2, 4, 6, or 8 weeks of treatment, respectively
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Fig. 4.2. RNA gel blot analysis of BSP mRNA accumulation in bark of poplar plants
grown under different levels of NH4NO3 and LD photoperiod. RNA samples were
extracted from bark every 2 weeks for 8 weeks. Each lane was loaded with 5/tg of total
RNA, electrophoresed in formaldehyde agarose gels, transferred to nylon membranes,
and hybridized with a 32P-labeled Xho-EcdRI fragment of BSP cDNA.
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Fig. 4.3. Protein gel blot analysis of BSP accumulation in bark of poplar plants {Populus
deltoides, clone 172-2) grown under either SD or LD photoperiod with different levels
of NH4NO3. Proteins samples were extracted from bark every 2 weeks for 8 weeks.
Each lane was loaded with 0.5 fig of total soluble protein. BSP was detected using BSP
an ti serum.
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Fig. 4.4. RNA gel blot analysis of BSP mRNA accumulation in bark samples of poplar
plants grown under different levels of NH4NO3 and SD photoperiod. RNA samples
were extracted from bark every two weeks for 8 weeks. Each lane was loaded with S^tg
of total RNA, electrophoresed in formaldehyde agarose gels, transferred to nylon
membranes, and hybridized with 32P-labeled Xho-EcoRI fragment of BSP cDNA.
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Fig. 4.5. Protein gel blot analysis of BSP accumulation in young leaves (YL) and
mature leaves(ML) of poplar plants (Populus deltoides, clone 172-2) grown under either
LD or SD photoperiod and different levels of NH4NO3 for 8 weeks. Protein samples
were extracted after 8 weeks of treatment. Each lane was loaded with 1.0 /xg of total
soluble protein. BSP was detected using BSP antiserum. Bark protein (B) from the week
4 SD sample was used as a positive control.
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Fig. 4.6. Protein gel blot analysis of BSP accumulation in bark of poplar plants (Populus
deltoides, clone 172-2) grown under LD for 4 weeks and then SD photoperiod for 8
weeks. Different levels of NH4NO3 were applied to the plants. Protein samples were
extracted from bark samples every 2 weeks. Each lane was loaded with 0.5 ^g of total
soluble protein. BSP was detected using BSP antiserum.
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Fig. 4.7. RNA gel blot analysis of BSP mRNA accumulation in bark samples of poplar
plants grown under different levels of NH4NO3 and LD for 4 weeks and then SD for 8
weeks. RNA samples were extracted from bark every two weeks for 8 weeks. Each lane
was loaded with S/tig of total RNA, electrophoresed in formaldehyde agarose gels,
transferred to nylon membranes, and hybridized with32P-labeled Xho-EcdBl fragment of
BSP cDNA.
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Fig. 4.8. Protein gel blot analysis of BSP accumulation in leaves of poplar plants
(Populus deltoides, clone 172-2) grown under either LD or SD photoperiod and different
levels of NH4NO3 for 8 weeks. Protein samples were extracted from young leaves (YL)
and mature leaves (ML) at week 8 of treatment. Each lane was loaded with 1.0 /-ig of
total soluble protein. BSP was detected using BSP antiserum. Bark protein (B) from the
week 4 SD sample was used as a positive control.
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