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Abstract

The stratospheric ozone layer depletion causes an increase in solar
ultraviolet-B radiation (UV-B, 290-320 nm) reaching the earth’s surface. This may
adversely affect agricultural and forestry production because enhanced UV-B
may inhibit photosynthesis. The nuclear genes encoding light-harvesting complex
Il proteins (lhcb), which are components essential for the first step of
photosynthesis, are extremely sensitive to UV-B. It is possible that UV-B down-
regulates /hcb genes by damaging chioroplasts, for the transcription of these
genes requires intact chloroplasts, the intracellular organelles most fragile upon
UV-B exposure. in order to test this hypothesis, pea (Pisum sativum L.) seedlings
were treated with norflurazon, an inhibitor of carotenoid biosynthesis, to increase
the sensitivity of chloroplasts to photo-oxidative stress. The norflurazon-treated
plants were grown under dim red light to exclude complexity caused by
photoreceptors other than phytochromes. Opposite to the hypothesis that
damage to chioroplasts may increase the sensitivity of /hcb gene expression to
UV-B, UV-B exposure increased rather than reduced /hch transcript
accumulation under dim red light in seedlings after chloroplasts were partially
photobleached by norflurazon and white light exposure. Thus, mature, intact
chloroplasts are required for UV-B to exert an inhibitory effect on pea /hch mRNA
accumulation. Using reverse transcription polymerase chain reaction, all seven
members of the /hchb family were found to respond similarly to UV-B; that is,
mRNA accumulation for each gene decreased in green leaves but increased in
etiolated buds. The UV-B response of these pea /hcb genes divided them into the
same two subfamilies as defined by their response to red light, suggesting a
possible link between the signal transduction pathways mediating UV-B and red
light effects on the genes. As determined by examination of /hcb1*2 and Ihcb1*4
mRNA accumulation, a carotenoid-related component may mediate UV-B
inhibition of both subfamilies, while a chiorophyli-related component may only
mediate UV-B inhibition of the subfamily represented by /hcb1*2. However, a
carotenoid-related component only mediated red light effects on the subfamily
represented by /hcb1*2, while a chlorophyll-related component mediated the red
light effects on both subfamilies. Moreover, UV-B protected the red light-linked
chloroplast components against white light-induced photodamage, suggesting
that the UV-B and red light pathways are not identical. In addition, cDNA clones
of six UV-B-responsive genes were identified in pea using rapid amplification of
3’ cDNA ends by the polymerase chain reaction. Among them, psUVzinc,
psUVRub and psUVDeh were UV-B-repressible, and psUVaux, psUVglu, and
psUVrib were UV-B-inducible. The nucleotide sequence of psUVzinc was not
closely related to any gene registered in GenBank, representing a novel UV-B-
responsive gene in pea. The other clones shared sequence similarity with genes
encoding Rubisco activase, B-1,3-glucanase, the pea dehydrin cognate B61,
some 40S ribosomal proteins and a putative auxin-repressed protein of apricot,
respectively. The cloning of these UV-B-responsive genes has generated new
ideas concerning how UV-B affects plant growth and development.
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l. Introduction

1.1  Global increase in solar ultraviolet-B radiation reaching the earth’s
surface

Stratospheric chiorines, including the fabricated chlorofluorocarbons, halons
and other halogenated compounds, generate reactive fragments and therein
destroy ozone molecules (Hayman, 1997). Although the consumption of these
chemicals is restricted world wide, their accumulation in the stratosphere is
predicted to continue for at least the next 70 years (Coldiron, 1996). Because
chlorines are long lasting (Tevini, 1994), stratospheric ozone depletion will probably
proceed for several hundred years (Coldiron, 1996).

Ozone efficiently absorbs all irradiation within the solar spectrum shorter
than 290 nm, but its absorption coefficient drops in the ultraviolet-B (UV-B, 290-320
nm) region and it hardly absorbs irradiance longer than 320 nm (Frederick and
Lubin, 1994). Therefore, depletion of the stratospheric ozone layer will preferentially
increase UV-B transmission of solar irradiance through the atmosphere.
1.2  Effects of UV on plant gene expression

UV affects numerous aspects of plant growth and development (Tevini,
1994; Jordan, 1993; Jenkins et al., 1995; Manning and Tiedemann, 1995). Such
effects may resuit from UV-induced inhibition or stimulation of gene expression.
A good example of this is the correlation between UV-B-induced repression of
photosynthesis-related genes and photosynthesis efficiency (Jordan, 1996). On
the other hand, UV probably increases the resistance of plants to UV and/or

pathogen by activation of the genes encoding phenylpropenoid-pathway

1



2
enzymes that catalyze biosynthesis of UV-screening pigments, and pathogen-

related proteins (references in Table 1). Thus, to understand the mechanisms in
this regard, a few studies were carried out before the early 1990's to look at the
effects of UV on plant gene expression, using either UV-C (<290 nm), UV-A
(320-400 nm) or the combination of UV-A and UV-B (Table 1). In recent years,
such studies tended to focus on UV-B (Jordan, 1996) or to compare UV-B with
other light qualites (Merkle et al., 1994; Jenkins et al., 1995). Although these
three wavebands may affect plant gene expression in similar patterns, signal
transduction pathways mediating their effects may, at least partially, differ from
one another (Christie and Jenkins, 1996).

UV-responsive plant genes identified to-date either encode transcription
factors (Kircher et al., 1998), photosynthesis-related proteins (Jordan, 1996),
pathogen-related proteins (Brederode et al., 1991), enzymes for phenylpropanoid
metabolism (Douglas et al., 1991) or cell cycle-related proteins (Logemann et al.,
1995). Additionally, cloning of two UV-responsive genes encoding molecular
chaperones in the cyanobacterium Synechocystis sp. suggests that plants may
possess other UV-regulated genes (Chitnis and Neison, 1991 ). Effects of UV on
genes are variable, with some repressed and others induced (Table 1). The UV-
repressible genes are mostly photosynthesis- or cell cycle-related, while the
inducible genes are normally pathogen- or defense-related. The magnitude of
UV-induced repression or induction differs from gene to gene. As one example,
transcripts of the nuclear genes encoding light-harvesting complex Il proteins

(Ihcb) are reduced to low levels after only 4 h of UV-B treatment and are



Table 1. UV-responsive genes in plants

Gene Species Radiation Transcription Encoded protein Reference
CPRF1 parsiey UV-Aand UV-B noresponse  transcription factor  Kircher et al., 1998
CPRF2 parsiey UV-Aand UV-B noresponse  transcription factor  Kircher et al., 1998
CPRF4a parsley UV-Aand UV-B noresponse  transcription factor  Kircheret al., 1998
CG-1 Petroselinum UV-containing  inducible DNA-binding protein da Costa, 1994
crispum white light
Ihch pea uv-8 repressible light-harvesting Jordan et al., 1991
complex [l protein
psbA pea uv-8 repressible photosystem [| Jordan et al., 1991
center D1 protein
H2A parsiey 300-400nm repressible Histone Logemann et al., 1995
H2B parsley UV-containing  repressible Histone Logemann et al., 1995
H3 parsley white light repressible Histone Logemann et al., 1995
Ha parsiey repressible Histone Logemann et al., 1995
p34cdc2 parsiey repressible Protein kinase Logemann et al., 1995
cyclin parsley repressible Mitotic cyclin Logemann et al., 1995
PAL parsiey repressible Phenylalanine Logemann et al., 1995
ammonia-lyase
chs Antirhinum  UV-B inducible Chalcone synthase  Staiger et al., 1989
majus
soybean UV-Aor UV-B inducible Wingender et al., 1989
pea NA* inducible Ito et al., 1997
pea uv-8 inducible Jordan et al., 1994
PR tobacco uv-Cc inducible Pathogen-related Brederode et al.,
protein 1991
chi bean uv-C inducible Chitinase Margis et al., 1993
chit4 peanut uv-C inducible Chitinase Herget et al., 1990
oMT barley NA* inducible O-methyitransferases Gregersen et al.,
1994
PI-II potato, NA* inducible Type [l proteinase Balandin et al., 1995
tomato, inhibitor
tobacco
Adh potato uv-C inducible Alcohol Matton et al.,
dehydrogenase 1980
STS peanut uv-8 inducible Stilbene synthase Hain et al., 1990
CPR parsiey UV-containing  inducible NADPH:cytochrome  Koopmann and
white light P450 oxidoreductases Hahlbrock, 1997
APX3 Arabidopsis  UV-A inducible Peroxisomal Zhang etal., 1997
membrane-bound
ascorbate peroxidase
Cat2 maize UV-A, UV-B inducible Catalase-2 Boldt and Scandalios,
Cat3 maize UV-A, UV-B inducible Catalase-3 1897
4CL-1 parsley 300 - 400 nm inducible 4-coumarate:CoA Douglas etal., 1991
UV-containing ligase
white light
SOD pea uv-8 repressible  superoxide dismutase Strid, 1993
GR pea uv-8 inducible glutathione reductase  Strid, 1993

NA*, UV wavelengths are unknown.



4
undetectable after pea seedlings are exposed to UV-B for 3 days. In contrast,

mRNA of the chloroplast gene psbA that encodes the D1 subunit of the
photosystem Il reaction center, aithough reduced in amount, is still present in
these plants (Jordan et al., 1991).

Differences in response to UV also extend to individual members of
muitigene families (Table 2). For example, in the family encoding chitinases, the
chit 3 gene is constitutively expressed at a low level and shows no response to
UV-C nor to other stimuli, while chit 4 gene is induced by UV-C, and both chit 1
and chit 2 genes are activated by stimuli other than UV-C (Herget et al., 1990).
Additionally, differential UV responses of individual genes have been observed in
the muitigene families encoding NADPH:cytochrome P450 oxidoreductases
(Koopmann and Hahlbrock, 1997), and chalcone synthase (lto et al., 1997). The
biological significance for plants of such selective responses within the multigene
families is unknown. However, for cyanobacteria, induction of psbA genes by
differential transcription in response to UV-B provides these bacterial cells with
identical proteins or isoforms to replace UV-B-damaged proteins, thereby
increasing the resistance of the organism to UV-B radiation (Campbell et al.,
1998; Mate et al., 1998).

The effects of UV-B on gene expression may be developmentally
regulated. Upon UV-B irradiation, /hch transcripts decrease in green apical buds
and fully expanded leaves (Jordan et al., 1994, 1996), but increase in etiolated
tissues. It seems that this developmentally regulated UV-B response correlates

with chloroplast maturation (Mackerness et al., 1996). If chiorophyll accumulates



Table 2. Differential UV-B responses of muitigene family members

Family Genes Radiation Species

Transcription Reference

Chit chit 1 uv-C Peanut
chit2
chit3
chit4

CPR CPR1 UV-containing Parsiey

CPR2 white light

CHS CHS1,2,3, Uv-B Pea
4,5 and 8
CHS6, 7

no response
no response
no response
inducible

inducible
no response
inducible

no response

Herget et al., 1990

Koopmann and
Hahibrock, 1997

Ito etal., 1997

Refer to Table 1 for the protein that each gene encodes.
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to some extent, UV-B reduces /hchb mRNA, otherwise transcription is increased.

Interactions between UV and other stresses have been documented for
many biological and biochemical processes in piants (Jordan, 1996). This may
be due to the fact that UV-responsive genes aiso respond to stimuli such as heat
shock, oxidative stress (Chitnis and Nelson, 1991), pathogens and wounding
(Douglas et al., 1991) (Table 3). The responses of the genes to these stimuli are
more lasting and stronger than to UV (Logemann et al., 1995; Margis et al.,
1993), however, UV may elicit a much faster reaction, as demonstrated by
transfection of a groundnut (Arachis hypogaea) stilbene synthase gene into
tobacco cells (Nicotiana tabacum). The stilbene synthase mRNA was detectable
30 minutes after the onset of chemical elicitor treatments and 10 minutes after
UV irradiation (Hain et al., 1990).

UV affects mainly transcription. In cyanobacteria, fusion of the promoter
regions of psbA2 and psbA3 genes to firefly luciferase (luc) reporter gene
indicates that transcription of psbA2/luc and psbA3/luc transgenes is elevated by
UV-B, similar to that of endogenous psbA genes (Mate et al., 1998).
Transcription experiments carried out in isolated nuclei demonstrated that UV-B-
induced regulation of /hcb mRNA accumulation occurs transcriptionally (Soheila
A.-H. Mackerness, personal communication). However, the transcription of some
UV-responsive genes is unaffected by UV irradiation, and their expression is
regulated in transiation. The best examples are the CPRF (common plant
regulatory factor) transcription factor genes. CPRF4a binds specifically as a

homodimer to the ACGT-containing cis-element in the promoter region of the



Table 3. Other stimuli that regulate UV-B-responsive genes

Gene Encoded protein UV  pathogen wound Reference

4CL-1 4-coumarate:CoA ligase + + + Douglas et al., 1991
P3-ch chitinase + + NE Margis et al., 1993
P4-ch chitinase + + NE

P5-chi chitinase + + + Melchers et al., 1994
OMTs O-methyitransferases + + NE Gregersen et al., 1994
PI-t proteinae inhibitor | + NE + Linthorst et al., 1993
PI-lI proteinae inhibitor Il + + + Balandin et al., 1995
H2A histone - - NE Logemann et al., 1995
H2B histone - - NE Logemann et al., 1995
H3 histone - - NE Logemann et al., 1995
H4 histone - - NE Logemann et al., 1995
p34cdc2 protein kinase - - NE Logemann etal., 1995
cyclin mitotic cyclin - - NE Logemann et al., 1995
chs chalcone synthase + NE + Wingender et al., 1989
STS stilbene synthase + + NE Schubert et al., 1997
PR pathogen-related protein + + NE Brederode et al., 1991
+, induced; -, repressed; NE, not examined.
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parsley chs /l gene and forms heterodimers with CPRF1 but not with CPRF2. In

protoplasts from suspension culture cells, UV irradiation did not increase the
amount of CPRF1, CPRF2 or CPRF4a mRNA, whereas the corresponding CPRF
proteins accumulated within 15 min of light treatment. Furthermore, the rapid
light-mediated increase in CPRF proteins was insensitive to transcriptional
inhibitors, suggesting that a post-transcriptional mechanism controls CPRF
accumulation, at least in the short term (Kircher et al., 1998).

13  Mechanisms by which UV affects expression of plant genes

1.3.1 DNA damage

UV radiation damages DNA molecules by inducing two major classes of
pyrimidine dimers, the pyrimidine [64] pyrimidone photoproduct (6-4
photoproduct) and the cyclobutane pyrimidine dimer (CPD). Therefore, it is
possible that UV-induced repression of gene expression is due to DNA damage.
However, several observations suggest this is not the case. For example, the
effects of UV-B are gene-specific (Jordan et al., 1991; Strid, 1993; Kubasek et
al., 1992), and white light induces recovery of UV-B-reduced pea /hcb mRNA via
a photosynthesis-dependent rather than a DNA repair-dependent mechanism
(Mackerness et al., 1996).

Additionally, plants have at least two mechanisms, known as light repair
and dark repair that remove UV-induced DNA damage rapidly. Many plants
produce photolyases that specifically bind to CPD and 6-4 product dimers,
splitting them in a UV-A/blue light-dependent manner and reversing damage

(Nakajima et al., 1998). Photolyase also stimulates dark repair processes in
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Chlamydomonas reinhardtii via pathway(s) exclusive of nucleotide excision repair
(NER) that normally functions in darkness (Vicek et al., 1995). By employing
enzymes other than photolyases, NER removes DNA damage including that
induced by UV radiation and chemical mutagens. Several NER enzymes have
been identified in different plant species (Sturm and Lienhard-S, 1998; Xu et al.,
1998; Machado et al., 1996). Of these, RAD23 proteins are putative assembly
factors of the NER complex required for transcription-coupled repair as well as
efficient overall genome repair (Sturm and Lienhard-S, 1998). Two isoforms of
RAD23 from carrot complement the UV-sensitive phenotype of a rad23 deletion
mutant of yeast, indicating that homologous polypeptides may catalyse NER in
both plants and yeast (Sturm and Lienhard-S, 1 998). Such sequence and
function similarities of other identified NER proteins further suggest that the NER
mechanism is conserved in yeast, animals and higher plants (Xu et al., 1998). In
addition to these proteins, enzymes for the biosynthesis of thiamine are involved
in these processes, although the actual mechanisms are not clear (Machado et
al., 1996). In further support of the idea that DNA damage is not a cause for UV-
induced modulation of gene expression, both light and dark repair are active in
correcting UV-C-induced DNA damage in the nuclear-encoded RbcS gene. In
contrast, only a light-dependent repair process functions for the chloroplast-
encoded psbA gene and it is much slower than the photolyase-mediated light
repair of RbcS damage (Cannon et al., 1995). UV-induced damage can,
therefore, be removed from RbcS rapidly, but remains at high level in psbA.

However, as mentioned above, in response to UV-B, RbeS mRNA decreases in
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amount much more quickly than does psbA mRNA (Jordan et al., 1991;
Mackerness et al., 1996), suggesting that DNA damage has a minor effect on

UV-regulated transcription.

1.3.2 Perception and transduction of UV signais

For light to exert its biological effect in plants, the first event is believed to
be perception of the photons by wavelength-specific photo-receptors. It has been
well established that phytochromes, via conversion between their red- and far-
red-absorbing forms, function as red and far-red photoreceptors triggering
numerous important biochemical processes in plants. Phytochromes aiso absorb
UV-B (Pratt and Butler, 1970), UV-A and blue light (Batschauer et al., 1996),
undergoing photo-conversion between their red- and far-red-absorbing forms
(Pratt and Butler, 1970). However, it is evident that UV-A and blue light-regulated
biological events in plants are initiated by UV-A/blue light photoreceptors
(cryptochrome) other than phytochromes (Batschauer et al., 1996). It is unclear
how plants perceive UV-C signal, and the role of phytochromes as UV-B
photoreceptors remains controversial (Beggs and Wellmann, 1994; Ballaré et al.,
1991, 1995). Investigations using wild-type, UV-A/blue light photoreceptor- and
phytochrome-deficient Arabidopsis seedlings suggest that either phytochrome A
or phytochrome B is required for UV-B-induced hypocotyl growth inhibition and
cotyledon expansion (Kim et al., 1998). In contrast, in cucumber and tomato
seedlings, UV-B-induced inhibition of hypocotyl growth is mediated by UV-B-

specific photoreceptors other than phytochromes (Ballaré et al., 1991; Ballaré et
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al., 1995), probably requiring flavin as a chromophore (Ballaré et al., 1995).

Furthermore, the UV-B-induced transcription of chs in Arabidopsis seems to be
mediated by a UV-B-specific photoreceptor instead of the UV-A/blue light
photoreceptor CRY1 cryptochrome (Fuglevand et al., 1996).

Following photon perception, UV-triggered signals are transduced through
intermediates to their final targets. Current information on such intermediates is
mainly derived from surveys on the potential involvement of pathways or
signaling components known to mediate responses of plants to other stimuli. For
example, UV-C induces the expression of several plant defensive genes in
tomato leaves that are normally activated by wounding through the octadecanoid
pathway. As shown either by an inhibitor or a tomato mutant, UV-C must trigger
the octadecanoid pathway to activate the genes (Conconi et al., 1996),
demonstrating that UV-C and wounding share the octadecanoid pathway.
Similarly, red light and UV-B share the photomorphogenesis repressor proteins,
COP1 and DET1, which work downstream of phytochromes, to inhibit hypocotyl
growth and induce cotyledon expansion in Arabidopsis (Kim et al., 1998). In other
cases, however, UV signal transduction pathways differ, at least partially, from
those mediating other stimuli. UV-B induces the chs gene via a pathway that is
different from those either linked to the Arabidopsis UV-A/blue light photoreceptor
CRY1 (Fuglevand et al., 1996) or phytochromes as proposed in other species
(Christie and Jenkins, 1996). Moreover, the signal transduction pathway
mediating UV-B-regulated chs and PAL gene expression in pea differs from the

one requiring nicotinamide or trigonelline as signaling compounds (Kalbin et al.,
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1997).

UV-B radiation may influence gene expression by generating active
oxygen species through stimulation of membrane-localized NADPH-oxidase
activity and inhibition of catalase activity (Rao et al., 1996). UV-B-induced
increase in active oxygen species is correlated with the induction of pathogen-
related proteins (Green and Fluhr, 1995) and repression of /hch genes (Henkow
et al., 1996), suggesting that plant oxidative systems are components of UV
signal transduction pathways. However, this may not be the case, at least for UV-
B induction of the pea chs gene, since non-oxidative low UV-B doses activate its
transcription (Kalbin et al., 1997). In summary, most of the details concerning
signal transduction mechanisms that mediate UV responses remain elusive, and

more extensive investigation is needed.

1.3.3 Involvement of UV-responsive cis- and trans-acting factors

Interaction between cis- and trans-acting factors may be the uitimate
event in UV signal transduction pathways regulating gene expression. In this
regard, cis-acting elements have been identified for some UV-inducible defense-
related genes, especially chs, from several plant species (Table 4), but no such
information is available for UV-repressible genes. Although divergent light
qualites regulate gene expression via distinct photoreceptors and signal
transduction pathways, these pathways may, at least for chs genes, merge prior
to transcription (Schulze-Lefert, 1989; Merkle et al., 1994; Hartmann et al., 1998).

This is supported by the evidence that UV-B and UV-A/biue light share cis-acting



Table 4. Plant genes with UV-responsive cis-elements identified

Gene* Species Reference
chs parsiey Schulze-Lefert, 1989
Weisshaar et al., 1991
Merkle et al., 1994
chst soybean Wingender et al., 1990
chs Arabidopsis thaliana Hartmann et al., 1998
chs Antimhinum majus Staigeret al., 1989
PAL parsley Takeda et al., 1997
PAL1 carrot Takeda et al., 1997
PAL1 pea Yamada et al., 1994
PAL2 pea Yamada et al., 1994
4CL-1 parsley Lois et al., 1989

Douglas et al., 1991

*Refer to Tables 1 and 3 for proteins encoded by the genes.

13
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elements and cause the same pattern of protein-DNA interaction on chs
promoters. UV-induced genes also share common cis-acting elements with
pathogenic elicitors, which may be separated from what are essential for tissue-
specific transcription of the genes (Douglas et al., 1991; van der Meer et al.,
1990). Thus, in addition to its minimal promoter, sequences located in the
encoding region are required for both elicitor and UV activation of 4CL-1, a plant
defense gene encoding 4-coumarate:CoA ligase, but the minimal promoter is
sufficient for tissue-specific expression (Douglas et al., 1 991). Besides the cis-
acting elements that are common to different stimuli, others may specifically
respond to UV. This may be why, in the soybean chs? promoter, the same
sequences affect pathogen elicitor and UV-light inducibility, but in contrast to the
pathogen elicitor induction, UV light loses its inductive capacity when sequences
downstream of -75 are replaced by a heterologous minimal promoter
(Wingender et al., 1990).

The minimal promoter regions essential for UV-induced transcription are
fairly short, and they include basic leucine Zipper- (ACGTGGC) (Weisshaar et al.,
1991; Hartmann et al., 1998) and MYB transcription factor-binding sites
(Hartmann et al., 1998), and sequences like CTCCAACAAACCCCTTC and
ATTCTCACCTACCA (Lois et al., 1989). These elements are located near
transcription initiation sites (Schuize-Lefert, 1989: Wingender et al., 1990; Mate
et al., 1998; Yamada et al., 1994; Takeda et al., 1997), and their orientation is
critical for action (Weisshaar et al., 1991). Other short cis-acting elements

located either in the upstream vicinity of (Schulze-Lefert, 1989; Weisshaar et al.,
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1991; Takeda et al., 1997) or regions distal to the transcription initiation sites

(Hartmann et al., 1998; Yamada et al., 1994) enhance transcription. The
upstream distal sequences may functionally resemble cis-acting elements in the
proximal regions, and this is exemplified by the observation that two transcription
factor-binding sites within the minimal promoter of the Arabidopsis thaliana chs
gene are partially complemented by upstream elements (Hartmann et al., 1998).
Additionally, as mentioned above, sequences located in the encoding regions
may be required for both pathogen elicitor and UV activation (Douglas et al.,
1991).

The overall UV response of a full-length promoter usually results from
cooperation between dispersed regulatory components (Takeda et al., 1997),
and sometimes this type of cooperation is essential for UV-induced transcription
(Schulze-Lefert, 1989; Weisshaar et al., 1991). One example involves the DNA-
binding sites, Box | and Box II, within the minimal promoter region of parsley chs
gene. These elements act as one cis-acting unit and both are necessary for the
minimal, UV-responsive chs gene promoter. Replacement of 10 bp within either
of these sequences leads to a complete loss of UV responsiveness (Schuize-
Lefert, 1989; Weisshaar et al., 1991).

The transcription machinery mediating UV responses is conserved across
plant species, as suggested by the fact that the soybean chs? promoter directs
UV radiation inducibility in parsiey protoplasts (Wingender et al., 1990).
Additionally, two distinct CG-1 proteins have been identified as transcription

factors bound to UV-responsive CG-containing cis-elements. The CG-1 found in
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several dicotyledonous plant species, including Nicotiana tabacum, Antirrhinum
majus, Petunia hybrida, Arabidopsis thaliana, and Glycine max, specifically
recognizes a hexameric motif with internal dyad symmetry, CACGTG. This motif
is required for UV light-induced expression of the chs gene of A. majus. Binding
of CG-1 is influenced by C-methylation of the CpG dinucleotide in the recognition
sequence (Staiger et al., 1989). The parsley CG-1, in contrast, binds to a UV-
responsive CGCG element. The mRNA encoding this CG-1 accumulated rapidly
and transiently in cultured parsley cells after treatment with UV-containing white
light (da Costa, 1994).
14 Light-harvesting complex Il protein (Lhcb) genes
1.4.1 |hcb multigene family in pea

Among UV-B-responsive genes, those encoding Lhcb proteins are of great
interest because their products are critical components of plant photosystem Il and
transcription of these genes is severely repressed upon UV-B irradiation (Jordan,
1996; Soheila A.-H. Mackemess, personal communication). The Lhcb proteins
capture light and the trapped energy is transferred to the reaction center of
photosystem Il. Lhcb polypeptides are the most abundant members of light-
harvesting chiorophyll a/b proteins which include 4 types of the Lhca protein, 6
types of Lhcb proteins and early light-induced proteins (Green et al., 1991;
Jansson, 1994; White and Green, 1987). In all plant species studied to date, Lhcb
proteins are encoded by multigene families located in the nucleus. There are seven
known /hch genes in pea (White et al., 1992). Of them, five are classified as type |
(AB96, AB80, AB66, Cab-8, Cab-9 = Ihcb1*1, Incb1*2, Ihcb1*3, Inch1*4, Ihcb1*5 in
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the nomenclature of Jansson et al., 1992, respectively); one as type Il (Cab-215 =

Ihcb2*1) and one as type Ill (Cab-315 = Ihcb3*1).

1.4.2 Expression of /hcb genes

The expression of /hcb genes is stimulated by light in a process mediated by
phytochromes and a UV-A/blue light receptor (Marrs and Kaufman, 1991: Karlin-
Neumann et al., 1988; Gao and Kaufman, 1994; reviewed in Briggs and Liscum,
19897). The responses of individual members of the /hch gene family to light vary
and they are dependent on the developmental stage of the plant (Karlin-Neumann
et al,, 1988; White et al., 1992; 1995). For example, Cab 1 but neither Cab 2 nor
Cab 3 in etiolated Arabidopsis plants is stimulated by either a single red (Karlin-
Neumann et al., 1988) or blue (Gao and Kaufman, 1994) light pulse, and the /hcb
genes expressed during de-etiolation are different from those expressed in 5-week-
old mature green leaves (Karlin-Neumann et al., 1988). In pea, the seven lhch
genes are divided into two groups according to their response to light pulses, with
Ihcb1*1, Incb1*4, Ihcb2*1, and Ihcb3*1 more sensitive to red and biue light than
Ihcb1*2, Ihcb1*3 and Ihcb1*5 (White et al., 1992; 1995).

14.3 Signal transduction pathways mediating /hch gene expression
Phytochromes are currently the best characterized photoreceptors in plants,
and they are the first components in signal transduction pathways for regulation of
certain genes by red and far-red light (Kaufman et al., 1984: Karlin-Neumann et al.,
1988; Bowler and Chua, 1994; Deng, 1994). Two phytochrome-dependent signal
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transduction pathways have been proposed in tomato and soybean cells, with one
requiring calcium/caimodulin and the other cGMP. /hch genes are activated by the
caicium/caimodulin-dependent pathway and repressed by the one dependent on
cGMP (Bowler and Chua, 1994). /hcb genes are also regulated by blue light via a
UV-Ahblue light photoreceptor (Warpeha and Kaufman, 1990). The first gene
encoding a UV-A/blue light photoreceptor, namely CRY1, has been characterized
in detail (Fuglevand et al., 1996; Christie and Jenkins, 1996). However, it is not
known if Ihcb genes are regulated by UV-A/blue light through CRY1 and the related
signaling process.

Chloroplasts possess components of the signal transduction pathways that
regulate the expression of /hch genes and other nuclear genes encoding
chloroplast proteins, but not those for the expression of most nuclear genes
encoding cytosolic proteins (Blackbourn, 1997; Bolle et al., 1994: Taylor, 1989). If
chioroplasts are photo-damaged or transcription in the chloroplasts is inhibited,
transcription of /hcb genes stops (Bolle et al., 1994; Taylor, 1989; Hess et al.,
1994). G-proteins, protein kinase C (Blackbourn, 1 997), plastd RNA and
intermediates of the chlorophyll biosynthesis pathway (Hess et al., 1994) may be
intermediates of the chloroplast-dependent signal transduction pathway.
Additionally, chloroplast factor-responsive cis-acting elements have been identified
in the 5'-flanking regions of several genes in spinach (Bolle et al., 1994) and
Arabidopsis (Vorst et al., 1993), and three loci coupling the transcription of nuclear
genes encoding chloroplast proteins to intact chioroplasts occur in the nuclear

genome of Arabidopsis (Susek et al.,1993).
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1.5 Role of chioroplasts in the regulation of /hcb genes by UV-B

UV-B damages chioroplast components and functions, including thylakoid
membranes, photosystems, chloroplast pigments, electron transport, photo-
phosphorylation, and photosynthetic enzymes (Chow et al., 1992; Melis et al.,
1992; Jordan, 1996; Teramura, 1983). Among them, rupture of chioroplast
thylakoid membranes is the earliest detectable effect of UV-B on plants (Jordan et
al., 1994). Transcription of /hcb genes is extremely susceptible to both chioroplast
photodamage (Sagar et al., 1988; Taylor, 1989; Bolle et al., 1994) and UV-B
iradiation (Jordan, 1996; Soheila A.-H. Mackemess, personal communication).
Therefore, it is possible that UV-B represses nuclear genes encoding chioroplast
proteins by damaging the chloroplast factor(s) essential for their expression.

To test this hypothesis, chioroplasts were modified by inhibiting carotenoid
biosynthesis and then photobleaching the carotenoid-free seedlings with white light.
Pea, as one of the plant species most sensitive to UV-B (Jordan et al., 1994), was
used to examine the relationship between the chioroplast modifications and UV-B
effects on /hcb mRNA accumulation under dim red light. Contrary to our
expectations, the experiments indicated that UV-B inhibiton of /hcb mRNA
accumulation under dim red light is not dependent on damage to the putative red
light-responsive chioroplast components. Instead, intact chioroplasts are required
for UV-B-induced repression of /hcb genes. Moreover, individual /hch genes
respond differentially to UV-B irradiation and chloroplast aiterations. UV-B- and red
light-induced signal transduction pathways are different from one another at least in

terms of their dependence on chioroplast components. In addition to these
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findings, cDNA fragments of six UV-B-responsive genes were cloned. UV-B

increased the amount of mRNA from three of the genes and reduced the mRNA
from the other three, suggesting explanations at the molecular level for stress-

related phenomena observed by other researchers.



ll. Materials and Methods

2.1 Plant materials and growth conditions

Three pea (Pisum sativum L.) cultivars, Feltham First, Extra Early Alaska
and Alaska were used in this study. When detecting UV-B responses of individual
Ihcb genes, Feltham First seedlings were grown in a Weiss controlled environment
cabinet, with 12 h light (22 °C), 12 h dark (16 °C) cycles, at 70% humidity for 17
days prior to UV-B treatment. Incident radiation was provided by Philips warm white
fluorescent tubes giving an irradiance of 150 umol m3s™ photosynthetically active
radiation (PAR). For experiments using etiolated buds, pea seedlings were grown in
the dark (22 °C) for 6 days prior to UV-B treatment.

In other experiments, Alaska and Extra Early Alaska seedlings were grown
in a Weiss growth chamber, at 22 °C under 12 h light (110 umol m2sec™), 12 h
dark cycles or continuous dim red light (0.2 umol m'z-sec") for 6-9 days before
treatment with UV-B. Dim red light was obtained by filtering white light from two 40-
W incandescent bulbs (Litemor, Canada) through 2 sheets of laser jet paper and a
sheet of red acrylic filter (Plexiglas MC, AtoHaas, PA, USA). The two incandescent
bulbs were installed 52 cm apart and 30 cm above the red filter, with the red filter
35 cm above the top of the seedlings. The space above the red filter was wrapped
with cardboard and black plastic to block light-leakage. Aluminium foil was applied
to the chamber walls to ensure even irradiation.

The planting procedures were previously described (Liu et. al, 1998). Briefly,
20 seeds were surface sterilized with 10% commercial Javex for 10 min, rinsed with

distiled water 3 times and then sown in a tray (13 x 11 x 6 cm) containing
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vermiculite or Pre-mix potting soil. The vermiculite and potting soil in each tray were
wetted with 100 and 200 ml of distilled water, respectively, prior to planting. The
plants were irrigated with 100 ml distilled water immediately after sowing and once
every 48 h.
22 Generation of carotenoid-free seedlings

Carotenoid-free seedlings were generated basically as described by Sagar
et al. (1988). Norflurazon (Zorial Rapid 80, Sandoz Agro. Inc., Greenville, MS, USA)
was dissolved in distilled water according to the manufacturer’s instructions. After
surface sterilization with Javex and soaking in 100 uM of norflurazon solution for 3
h in darkness, 20 seeds of Extra Early Alaska or Alaska were planted in trays (13 x
11 x 6 cm) that contained vermiculite pre-wetted with 100 ml of the norflurazon
solution. Each tray was irrigated with 100 mi of 100 yM norflurazon immediately
after sowing and once every 48 h. The containers were maintained in the growth
chamber for continuous exposure to dim red light. All steps were conducted with
the laboratory lights off to prevent photodamage to embryos.
23 Partial photobleaching of carotenoid-free seedlings

Six- or seven-day-old carotenoid-free seedlings were irradiated for 3 h with
white light (110 umol m?s™) before or after UV-B treatment to partially photobleach
the plants. The white light was generated by two 100-W incandescent bulbs
(Phillips, Canada) and two 40-W warm white fluorescent tubes (Sylvania, Canada).
The vertical distance between the plants and the incandescent bulbs was 20 cm.
The white light intensites were measured with a Li-Cor LI-170

quantum/radiometer/photometer (Li-Cor, Lincoin, Nebr., USA), and the recorded
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intensities were the averages of six or more measurements taken at random
locations at the height of plant terminal buds.
24 UV-B Treatment

In the experiments detecting UV-B responses of individual /hcb genes, after
growing for 17 days, plants were exposed to UV-B radiation for the entire light
period of the 12 h light/12 h dark cycle (Mackerness et al., 1998). UV-B irradiation
was generated from two UV-B lamps (Philips TL 12, 40 W) wrapped with one sheet
of cellulose acetate to remove wavelengths shorter than 290 nm. The control plants
were treated in the same way as the UV-B-irradiated plants except that the UV-B
lamps were off.

In other experiments, UV-B treatments of 3 h were carried out on the 6th or
7th day after sowing. The UV-B radiation was obtained from one FS20T12/UVB
tube (Light Sources, Milford, CT, USA) wrapped with one sheet of cellulose acetate
(0.05 mm). The UV-B lamp was placed between two fluorescent tubes when
treating plants grown under light/dark cycles. Alternatively, it was located 21 cm
below the red filter and aligned parallel with the light fixture when exposing the
continuous dim red light-grown plants to UV-B. The control plants were treated the
same way except that UV-B lamp was off. The plants were placed 15-20 cm below
the UV-B tube and UV-B intensity was adjusted by varying the distance between
the plants and the lamp. UV-B and UV-A intensities were measured using an
Erythema UV & UVA Intensity Meter (Model 3 D V2.0, Solar Light CO.,
Philadelphia, USA). The UV-B fluence used was ~2.9 minimal erythemal dose

(MED) k', which was ~85% of the outdoors solar UV-B fluence measured in
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Halifax at noon of a clear summer day in 1996. The background UV-A in the growth

chambers was always less than 0.01 mW cm™. Control plants were kept under the
same conditions except that the UV-B lamp was not tured on.
2.5 Plantsample collection

When using Feltham First to detect UV-B responses of individual /hch
genes, either apical buds from etiolated plants or the third leaflets from the base of
green seedlings were collected at the time points indicated in the text. in all other
experiments, either the apical buds or the first two leaflets of the top leaf were
harvested from 8-40 plantsireatment, § or 21 h after UV-B exposure. Samples
were placed in a 50-ml Falcon tube on ice, frozen in ethanol at -90 °C and stored at
the same temperature until RNA extraction. All experiments were independently
duplicated or triplicated as indicated in the text, and the samples were taken at
random from different parts of the cabinet and from separate plants.

26 Quantification of chiorophyils, carotenoids and UV-B-absorbing
pigments

To quantitate photosynthetic and UV-B-absorbing pigments, either terminal
buds or the first two leaflets from the first leaf, harvested from 10 plants for each
treatment, were placed in a pre-weighed 1.5 mi microcentifuge tube on ice. After
the samples were weighed, plant materials were ground in 400 i of 95% ice-cold
ethanol for two min with a mortar and pestle. The homogenate was transferred to a
microcentrifuge tube, and the mortar and pestle were rinsed with 200 pl of ethanol
three times, with each rinse transferred to the microcentrifuge tube. After storage at

-20 °C overnight, the homogenates were centrifuged in a microcentrifuge (3200



25
Eppendorf, Germany) at 4 °C for 10 min in darkness. The supermnatant was

transferred to a fresh 1.5-ml tube and its volume was adjusted to 1 mi with 95%
ethanol. The tubes were wrapped with aluminium foil and stored on ice until optical
densities were determined with a Hewlett Packard 8452A Diode Array
spectrophotometer (Hewlett-Packard Canada Ltd., Orangeville, Ontario, Canada).
Duplicate measurements were done for each sample, and 4 replicate samples were
analysed for each treatment. All of these procedures were carried out with all lab
lights off and the curtains closed. The concentrations of photosynthetic pigments
were calculated by use of the Lichtenthaler formula (1 987):

Chlg = 13.36Ass42— 5.19Ag456 ,

Chlp = 27.43Asi86— 8.12A¢s4 2 ,

Cx+c = (1000A470-2.13C, — 97.64Cy) / 209,
where Chl,, Chip and C,.. are the concentrations, in ug mi™ plant extract solution, of
chiorophyll a, chiorophyll b and carotenoids, respectively; A is absorbance of the
extract measured at the wavelength (nm) as indicated in subscript. Absorbance at
295 nm of 1 ml ethanol extract containing 1 g of fresh leaf or bud samples was
taken as the concentration of UV-B-absorbing pigments. Multiple comparisons of
the pigment levels between treatments were conducted using the Tukey test (Zar,
1996).
2.7 Isolation of total RNA

Total RNA was purified as described previously (Horwitz et al., 1988; Elliott
et al, 1989) with the following modifications. Briefly, about 1 g of sample was
homogenised in 8 ml of 1:1 ice-coid RNA extraction buffer:phenol reagent
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(Appendix I) for 1.5 min on ice. The homogenates were centrifuged at 4 °C for 10

min at 7,000 rpm in an HS3 clinical centrifuge. After adding 12 M LiCl to a final
concentration of 2.7 M in 3 ml of the aqueous fraction, RNA was precipitated on ice
overnight. Following centrifugation for 10 min at 7,000 rpm in the HS3 clinical
centrifuge at 4 °C, the supematant was discarded and pellet was dissolved in 1 mi
of resuspension buffer. The RNA was re-precipitated on ice ovemight by adding 12
M LiCl to a concentration of 3.04 M, and spun for 5 min in a microcentrifuge at 4 °C.
After two washes in 2.5-3 volumes of 0.2 M sodium acetate in 76% ethanol and air-
drying, the pellet was dissolved in 50 HM ATA (Appendix I). The quantity and quality
of RNA were monitored by measuring the absorbance at 230, 260, 280 and 340 nm
and it was then stored at -70 °C.
28 Removal of Genomic DNA from total RNA preparations

Genomic DNA was removed from the RNA preparations as described by
Liang and Pardee (1994). A 100 ul reaction mixture containing 40 mM Tris-CI (pH
7.6), 6 mM MgCl,, 0.2 unit ' human placental RNase inhibitor (Pharmacia), 0.2
unit uI* RNase-free DNase | (Pharmacia), and 200 ug of RNA was incubated at 37
°C for 30 min. The mixture was extracted with 1 volume of phenol/chloroform (3:1).
The RNA was precipitated ovemight with 0.1 volume of 3 M sodium acetate and 2.5
volumes of absolute ethanol at -70 °C. The pellet was washed with 70% ethanol,
air dried and dissolved in 50 uM ATA.
29 Isolation of MRNA

mRNA was purified using an mRNA Purification Kit (Parmacia Biotech,
Canada) following the manufacturer's instructions. Briefly, about 1.25 mg of RNA,
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isolated as just described, was heated at 65 °C for 5 min to remove secondary
structure, then applied to a pre-treated oligo(dT)-cellulose spun column. The
column was centrifuged at 350 x g, washed with high- and low-salt buffer, and the
mRNA was eluted. This procedure was repeated with another oligo(dT)-celluiose
spun column after which the mRNA was concentrated by ethanol precipitation in
the presence of glycogen and stored in 50 uM ATA at—80 °C.
2.10 Synthesis of full-length first strand cDNA
2.10.1 cDNA used for reverse transcription-polymerase chain reaction (RT-
PCR)

Full-length cDNA was synthesized using oligo dT;2.1g (Sigma, St Louis, MO,
USA) and MMLV H" reverse transcriptase (GIBCO BRL, Burlington, Ontario,
Canada) following the manufacturer’s instructions. Reverse transcription was
carried out at 42 °C for 1 h in a 20 pl reaction mixture containing 500 ng of oligo
dT12418, 1 g of total RNA, 1x reverse transcription buffer (Gibco BRL), 10 mM DTT,
0.5 mM dNTP mixture and 10 units of RNasin (Promega). After 20 ul stop buffer
(100 mM EDTA, pH 8.0) was added, first strand cDNA was separated from mRNA
templates by heating the reaction at 95 °C for 5 min and precipitation with 2
volumes of ethanol and 0.83 M (final concentration) ammonium acetate. The pellet
was dissolved in 200 ul of TE buffer (10 mM Tris-HCI, 0.1 mM EDTA, pH 8.0).
2.10.2 cDNA used for rapid amplification of 3' cDNA ends (3’ RACE) PCR

Full-length cDNA used for 3' RACE PCR (polymerase chain reaction) was

synthesized essentially as just described with the following modifications. An oligo

dT.r-adaptor primer (5-GACTCGTGACAACATAGCGTTTTITITTTITITI TT1-3)
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was substituted for the oligodT12.1s primer. In the 20 pl reaction mixture, 1000 ng of

oligo dTs7-adaptor primer, and either 1 pg of total RNA or 0.1 ug of mRNA were
included with the other components as described above. The synthesized cDNA
pellet was dissolved in 50 ul of TE to give a concentration of 2 ng/ul and stored at —
80 °C.
2.11 PCR amplification and labelling of cDNA for individual /hch genes

To quantitate the mRNA for individual members of the /hcb muitigene family,
the cDNA for each of the seven genes was individually amplified using PCR (White
et al., 1992) with the following modifications. The cDNA synthesised from 5 ng of
total RNA was added to each 50-ul PCR reaction mixture. The amount of internal
standard DNA (White et al., 1992) added to each reaction mixture was 0.25 pg for
Ihcb1*4, 0.025 pg for Ihcb1*2, 0.01 pg for hcb1*3, 0.08 pg for Ihcb1*1, 0.1 pg for
Ihcb3*1 and Ihcb2*1, and 0.005 pg for lhcb1*5. The mixtures for PCR contained, as
final concentrations, 200 nM of primers, 100 uM each of dTTP, dCTP, dGTP, 87.5
MM dATP (Promega, USA) and 125 uM biotin-14-dATP (GIBCO BRL).
Amplification was done with cycles of 1 min at 94 °C, 1.5 min at 42 °C and 2 min at
72 °C using a PHC-3 Dri-block thermal cycler with a heating lid attached (Techne,
New Jersey, USA). Sixteen cycles were used for Ihch1*4 and Ihcb1*1, 18 for
Ihcb2*1 and Ihcb3*1, and 20 for lhcb1*2, Ihcb1*3 and theb1*5.
212 Southern blotting of RT-PCR products

The amplified intemal standard and the cDNA were separated by
electrophoresis in 1% (w/v) agarose gels in 1 x TAE (Appendix I). The gels were
denatured in 0.2 M NaOH, 0.6 M NaCl for 15 min, neutralized in 25 mM sodium
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phosphate buffer (pH 6.5) for 45 min, then pressure-biotted onto positively charged

nylon membranes (Tropilon-Plus™ , Tropix, Bedford, USA) using a PosiBlot 30-30
Pressure Blotter and Pressure Control Station (Stratagene, La Jolla, CA, USA) at
75 mm Hg for 1 h following the manufacturer’s instructions. The membranes were
exposed to 120 mJ cm™ of UV radiation (Amax = 254 nm) in a FB-UVXL-1000 UV
Crosslinker (FisherBiotech, Ottawa, ON, Canada).
2.13 Chemiluminescent detection of biotinylated RT-PCR products

The biotinylated PCR products biotted onto the membranes were detected
with the Chemiluminescent Detection System for Biotin-labelled Probes with CDP-
Star™ substrate (Tropix, Bedford, USA) following the manufacturer’s instructions,
or with CDP™ substrate with the following modifications. The membranes were
immersed, for 1 h in a 1:30,000 dilution of streptavidin-alkaline phosphatase in
0.5% (wiv) I-block buffer. Following three washes (5 min each) in 0.2% (w/v) |-block
buffer, three washes (5 min each) in 1 x phosphate-buffered saline containing 0.5%
(wi) SDS, and two washes (5 min each) in assay buffer (0.96% diethanolamine,
PH 10, 0.02% (w/v) MgCl,), membranes were incubated for 5 min in 125 pM COP™
substrate (Tropix, Bedford, USA) which was diluted with the assay buffer. Moist
membranes were sealed in an airtight bag and kept at room temperature for 16-18
h. The membranes were exposed to Kodak BioMax MR film for 15-20 min, which
was processed in Kodak GBX developer and fixer. The blots shown in this thesis
are representatives of two or more experimental replicates. The quantitative data
were obtained by scanning the films with a GS-670 densitometer and analysis with
Molecular Analyst Software (Bio-Rad, CA, USA).
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214 3'RACEPCR

The oligonucleotide, bzip (5-AAYMGIGARTSNGCNAG-3') (Y=C+T:
M=A+C; I=inosine; R=A+G; S=C+G; N=A+C+G+T), based on the peptide NRESAR
(Chem et al, 1996), and a second oligonucleotide, zinc
(CAAGCWYTNGGWGGNCA) (W=A+T), designed on the basis of the peptide
QALGGH conserved in CzH, zinc finger proteins (Meissner and Michael, 1997),
were used as sense primers. The antisense primer was the oligonucleotide named
adapter (GACTCGTGACAACATAGCG). The 3' RACE PCR was performed in a
50-ul reaction containing 1x PCR buffer, 200 uM dNTP mix, 1x Q-solution (Qiagen),
0.2 uM adapter primer, 1 uM bzip or zinc primer, 1.25 units hot-start Taq DNA
polymerase (Qiagen) and 8 ng of first-strand cDNA. The mixture was covered with
46 ul of mineral oil. The reaction was performed in a PTC-100 thermal controller
(MJ Research, Inc., Watertown, Mass, USA). The conditions were one cycle at 95
°C, 15 min; 35 cycles at 95 °C, 50 seconds: 40 °C (for bzip) or 45 °C (for zinc), 2
min; 72 °C, 2 min; and one cycle at 72 °C, 10 min.

2.15 Cloning of UV-B-responsive PCR products

PCR reaction mixtures were electrophoresed in 1% agarose gels in 1x TAE
(Appendix I) and selected PCR fragments were purified using the GFX™ PCR DNA
and Gel Band Purification Kit from Pharmacia Biotech. The purified fragments were
cloned into pUC18 using the SureCloning™ ligation kit (Phamacia Biotech)
following the manufacturer’s instructions. In brief, the PCR fragments were blunt-
ended by removing the 3’ d(A) overhangs, phosphorylated at the 3’ end, and ligated
into the Sma | site of biunt-ended, dephosphorylated pUC18 vector using T4 DNA
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ligase. DH5a. Escherichia coli cells were transformed with the recombinant DNA by

standard protocols (Sambrook et al., 1989). White colonies from the X-gallPTG
plates were propagated for plasmid mini-preparation by incubation in 2 ml of
LB/ampicillin broth (Appendix I) at 37 °C overnight. The cells were collected by
centrifugation (Eppendorf 5414, Brinkmann, Westbury, NY, USA) for 30 s. The cell
pellet was resuspended in 100 ul of ZE lysis buffer (Appendix 1) and incubated at
room temperature for 3 min. After incubation in boiling water for 1 min, the mixture
was cooled on ice for 3 min, and cell wall debris was pelleted by centrifugation at 4
°C for 15 min in the Eppendorf 5414 centrifuge. The purified plasmid DNA in the
supematants was stored at —20 °C.

2.16 Probe preparations

2.16.1 Preparation of double-stranded probes by PCR:

The purified plasmids were used in probe production and labelling with PCR,
which was done essentially as described for 3' RACE PCR with the following
modifications. In each 12.5-ul reaction, 100 uM each of dTT P, dCTP, dGTP, 87.5
MM dATP (Promega, USA) and 12.5 uM biotin-14-dATP were included. Deionized
formamide (2.5% viv) and 0.3 units of recombinant Taq DNA polymerase
(Pharmacia) were substituted for the 1 x Q-solution (Qiagen) and hot-start Tag DNA
polymerase (Qiagen), respectively, while 0.01 ul of purified plasmid DNA was used
as template. The mixture was covered with 20 pl of mineral oil.

2.16.2 Asymmetrical PCR for single-stranded probes:
In order to determine which of the two strands in a cione hybridized to a UV-

B-responsive transcript on northem biots, asymmetrical PCR was performed to
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obtain individual single-stranded probes from each strand of the plasmid. Each 25-

pt PCR reaction contained 1x PCR buffer, 75 UM each of dTTP, dCTP, dGTP, 65.6
MM dATP and 9.4 uM biotin-14-dATP, 2.5% (viv) deionized formamide, 0.6 units of
recombinant Tag DNA polymerase and 5 ng of plasmid DNA. In one of the two
reactions for each plasmid, 0.2 uM adapter primer and 0.1 uM of either bzip or zinc
primer were included, while in the other reaction 0.02 uM adapter primer and 1 M
of either bzip or zinc primer were included. The mixture was covered with 30 ul of
mineral oil, and the reaction was performed in the PTC-100 thermal controller with
the cycling conditions as described for 3' RACE PCR.

2.16.3 Nick translation for double-stranded probes:

When conducting northem hybridization with psb A, probes were prepared
with the Nick Translation System (GIBCO BRL) following the manufacturer's
instruction. The psb A sequence is an 850 bp Hind lil fragment at the 3'-end
containing 60% of the spinach gene (Jordan et al., 1991). After enzymatic release
from plasmids, fragments were purified by electrophoresis in 1% agarose gel and
extraction with the GFX™ PCR DNA and Gel Band Purification Kit. Nick translation
was at 15 °C for 1 h in a 50-ul mixture containing 5 pl 0.2 mM dNTP Mix (minus
dATP), 2.5 ul 0.4 mM biotin-14-dATP, 37.5-112.5 ng of the purified DNA fragment
and 5 ul Pol I/DNase | Mix. The labeled probes were precipitated with 0.5 volumes
of 7.5 M ammonium acetate and 2 volumes of ethanol at —70 °C for 30 min. After
washing in 70% ethanol, the pellet was air-dried, dissolved in TE buffer (pH 8.0,
Appendix [) and stored at -80°.

2.17 Identification of cDNA clones from UV-B-responsive genes
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Five pt (20 or 50 ug) of total RNA extracted from leaves of control and UV-B-

treated plants was heated at 65 °C for 10 min in 5 ul of denaturing buffer (Appendix
[). The denatured RNA samples were resolved in 1% formaldehyde-denaturing
agarose gels with 2x MOPS running buffer (Appendix I) at 64 VV for2 h. A 0.24-9.5
kb RNA ladder (GIBCO BRL) was treated the same way and run on the gel in
parallel with the samples. The RNA samples were transferred overnight by capillary
action to Hybond™-N* positively charged nylon membranes (Amersham,
Amersham, UK) with 20x SSC, following the manufacturers instructions. After
baking at 80 °C for 2 h, the lane containing the RNA ladder was excised and
stained with methylene blue as described by Sambrook et al. (1989). The
remainder of each blot was stored between two pieces of filter paper wrapped in
aluminium foil until hybridization.

Biotin-labelled probes, prepared by PCR as described in section 2.15.1 ,
were employed in northern hybridization to detect UV-B-responsive transcripts.
Probes obtained from asymmetrical PCR were used without additional treatment,
while probes prepared by other methods were denatured at 95 °C for 5 min prior to
hybridization. The hybridization procedures described in the manual,
Chemiluminescent Detection System for Biotin-labelled Probes (Tropix), were
followed. Briefly, the biots were wetted in 0.25 M disodium phosphate buffer (pH
7.2), then prehybridized with hybridization buffer (Appendix [) for 60 min at 65 °C.
The blots were incubated in fresh hybridization buffer (50 ul cm®) containing the
probes (50 ng mr”) at 65 °C ovemight. The blots were washed twice for § min at

room temperature with 1x SSC containing 0.1% SDS (wh), once for 15 min at 65
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°C with 0.1x SSC containing 0.1% SDS and twice for 5 min at room temperature

with 1x SSC. The mRNA on the blots was detected with the chemiluminescent
detection procedures described in section 2.12.
2.18 Sequence analysis of cDNA clones

The 3' RACE PCR-isolated clones that hybridized to UV-B-responsive
transcripts were sequenced at NRC (Halifax, Canada) by either the Li-Cor DNA
Sequencer Long Readir 4200 (Li-Cor, Nebraska, USA), or the Applied Biosystems
373 DNA sequencer Stretch (CA, USA). The nucleotide and deduced amino acid
sequences from all six hypothetical open reading frames of each clone were
compared with genes registered in the databases at the National Center of
Biological Information (NCBI), by use of the Basic Local Alignment Search Tool
(BLASTN and BLASTX, Altschul et al., 1990). The similar gene sequences were
retrieved from NCBI databases using the Web browser based Entrez program.
Multiple sequence alignments were with ClustalW (Thompson et al., 1994), and the
output files of ClustaW were edited in Microsoft™ word. Analyses of DNA
sequences, including sequence editing and restriction enzyme mapping, were done

with Gene Runner (Hastings Software, Inc.).
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31 Individual /hcb mRNAs were differentially modulated by UV-B radiation
3.1.1 UV-B-induced increase in mRNA of etiolated buds divided /hch genes
into two groups

Transcript abundance for each of the seven pea /hch genes was separately
determined with gene-specific primers and RT-PCR. The genes fell into two groups
according to the amount of transcript in etiolated buds of 6-day-old Feltham First
pea seedlings. Specifically, Ihcb1*4, Ihcb2*1, Ihcb1*1 and Ihcb3*1 produced small
amounts of transcripts (Fig. 1), while transcripts of /hcb1*5, Ihcb1*3 and Ihch1*2
were undetectable. These two groups of genes also differed from one another in
response to UV-B. Although the transcripts encoded by all of the /hchb genes
increased during UV-B exposure, transcript accumulation of /hcb1 *S, lheb1*3 and
Ihcb1*2 lagged behind that of lhcb1*4, Incb2*1, Ihcb1*1 and Ihcb3*1 (Fig. 1).
3.1.2 UV-B-induced reduction of mRNA accumulation in green leaves
divided /hcb genes into the same two groups

Green leaves (Fig. 2) contained more transcripts of all the /hcb genes than
etiolated buds (Fig. 1). Exposure to UV-B reduced the amount of transcript for all of
these genes in green leaves of 17-d-old Feltham First pea seedlings (Fig. 2). The
UV-B-induced transcript reduction varied with genes, and the extent of repression
divided them into the same two groups as just described for etiolated buds.
Transcripts encoded by Ihcb1*S, Ihchb1*3 and Ihch1*2 were reduced by UV-B to a
larger extent upon exposure to UV-B, than were those for /hch1 *4, Ihcb2*1, Ihcb1*1

and /hcb3*1 (Fig. 2).

35
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Figure 1. Exposure to UV-B differentially increased the accumulation of
transcripts encoded by pea /hcb genes in etiolated buds

The RNA samples used in this experiment were provided by Dr. S. A.-H.-
Mackerness of the Horticultural Research International in England. Feltham first
pea seedlings were grown in the dark (22°C) for 6 days and then exposed to
continuous UV-B during light periods of 12 h light/12 h dark cycles. Apical buds
were collected from the seedlings at 0, 8 and 54 h after initiation of the UV-B
treatment and total RNA was extracted. The cDNA synthesised from 5 ng of total
RNA was amplified by PCR for each sample, and the transcripts for each gene
were individually detected as described in Materials and Methods. UV (h),
duration of UV-B treatment (hours); art, artefact; st, PCR-amplified internal
standard used to monitor PCR ampilification efficiency; cDNA, gene-specific PCR
amplified cDNA; C, PCR control lacking reverse transcriptase but containing total
RNA and internal PCR standard. The PCR standard for /hcb2*1 was larger than
the cDNA, while the standards for all the other genes contained an internal
deletion and were smaller than the cDNAs. The name of each /hch gene is

shown above each gel. M, biotinylated A/Hind lli size markers (23.1, 9.4, 6.6, 4.4,

2.3, 2.0 and 0.56 kb).
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Figure 2. Exposure to UV-B decreased the amount of transcript encoded by
pea /hcb genes in green leaves to different extents

The RNA samples were provided by Dr. S. A.-H.-Mackerness at the
Horticultural Research International in England. Feltham first pea seedlings were
grown in a Weiss controlled environment cabinet, with 12 h light (22°C), 12 h
dark (16°C) cycles, at 70% humidity for 17 days, then exposed to continuous UV-
B during the light portion of the light/dark cycle. The leaves were collected either
0 or 54 h after initiation of the UV-B treatment and total RNA was extracted.
Transcripts encoded by each gene were individually detected as described in
Materials and Methods. The symbols are the same as those in the legend to

Figure 1.
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To ensure that these variations were not due to a potential difference
between the genes with respect to sensitivity to the assay system, detection
thresholds for /hch1*4 and Ihcb1*2, one from each group, were determined. A 2-fold
serial dilution of the cDNA from green leaves sampled prior to UV-B treatment was
made. In parallel with 5 ng of cDNA from 54 h UV-B-treated green leaves (Fig. 3,
lane 6), the diluted cDNA samples (Fig. 3, lanes 1 -5) were amplified by PCR using
either lhcb1*4 or Ihcb1*2 primer. When the amount of cDNA included in the PCR
reaction mixture was reduced to 0.05 ng, it became undetectable for both /hcb1*4
and /hcb1*2 (Fig. 3, lane 5). The amount of /hchb1*4 mRNA in the 54-h, UV-B-
treated green leaflets was between quantities of the mRNA contained in 0.8and 04
ng of cDNA pools of the control leaves. In contrast, /hcb1*2 mRNA in the same
sample was at such a low level that its cDNA product was almost invisible on the
blot (Fig. 3, lane 6). 7
3.2 UV-B modulation of /hcb mRNA was affected by chloroplast
modifications
3.2.1 Norflurazon completely inhibited carotenoid biosynthesis in
chloroplasts

As a prerequisite for determining the role of chloroplasts in UV-B-induced
regulation of /hcb genes, carotenoid-deficient plants were obtained by growing pea
seedlings under continuous dim red light in the presence of 100 uM norflurazon in
vermiculite. Norflurazon-treated plants were pale green, while control plants grown
under the same conditions in the absence of norflurazon were yellowish-green (Fig.

4). Plant growth was not substantially affected by the norflurazon treatment until the



41

Figure 3. Quantitative comparison of transcripts encoded by /hcb1*4 and
Ihcb1*2 in UV-B-treated green leaves

Ihcb1*4 and Ihcb1*2 transcripts were individually amplified by RT-PCR.
Each PCR reaction was initiated with either 0.8, 0.4, 0.2, 0.1 and 0.05 ng of first
strand cDNA prepared from leaves not exposed to UV-B (lanes 1-5), or 5 ng of
first strand cDNA obtained from leaves that were exposed to the UV-B treatment
as described in Fig. 2 for 54 h (lane 6). tmp (ng), ng of first strand cDNA template
used in each PCR reaction; UV (h), duration (hours) of the UV-B treatment. Other

abbreviations are the same as indicated in the legends of previous figures.
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Figure 4. Norflurazon affected growth and pigmentation of pea plants
Extra Early Alaska pea seedlings were grown under continuous dim red
light in the presence (a and c) or absence (b and d) of norflurazon as described

in Materials and Methods. Pictures were taken on either the 7th (a and b) or 8th

day (c and d) after sowing.
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7th day after sowing (Fig. 4a and 4b), and the apical leaflets of the norflurazon-

treated plants started to expand when the seedlings were 8 days old while the
leaves of the control plants remained unexpanded (Fig. 4c and 4d).

Light absorption spectra of ethanol extracts prepared from either 6-d-old
apical buds or 7-d-old leaflets harvested just prior to UV-B irradiation were obtained
(Fig. 5). Compared to control seedlings, norflurazon altered the spectra of extracts
from both 6-d-old buds and 7-d-old leaflets. Differences between the ethanol
extracts of norflurazon-treated and control plants were obvious in two regions of the
spectra spanning from 190 to 800 nm. For 6-d-old buds, one of these two regions
was at approximately 280 - 330 nm and the other at 400 - 500 nm (Fig. 5a); for 7-d-
old leaflets, the two regions were 250 - 310 nm and 380 - 510 nm (Fig. 5b). The
absorption of the extracts from norflurazon-treated plants was higher than that of
the control plants within the UV region (250-330 nm), and lower in the biue light
region (380-510 nm). These data suggest that norflurazon exposure decreased the
amount of blue light-absorbing pigments, such as the carotenoids, and increased
UV-B-absorbing pigments.

Table 5 shows the quantitative comparison of chiorophyll a (Chi a),
chiorophyll b (Chi b), carotenoids and UV-B-absorbing pigments between
norflurazon-treated and control plants. Because the wavelength showing the
highest difference in the UV-B region of the absorption spectra between
norflurazon-treated and control plants was 295 nm (Fig. 1), absorbance at 295 nm
of a 1 ml extract containing 1 g of fresh leaf or bud samples (Lzes/ml-g) was taken

as the concentration of UV-B-absorbing pigments. As shown in Table 5, the
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Figure 5. Norflurazon inhibited carotenoid biosynthesis in pea plants
Absorption spectra of ethanol extracts were obtained from either terminal
buds of 6-d-old seedlings (a) or leaflets of 7-d-old Extra Early Alaska seedlings
(b). Duplicate spectra from replicate experiments are shown for each treatment.
The spectra were obtained from extracts diluted to 30 mg of fresh sample/mi.
Because the UV portion of these spectra was outside the linear range, additional
spectra were determined for each extract after dilution to 10 of mg fresh

sample/ml (inserts).
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Table 5. Norflurazon inhibited carotenoid synthesis without affecting

chlorophylis

Treatment Sample Chia Chib Chia/b Carotenoids UV-B pigments
(Mgg”") (ugg”) ratic  (ugg’)  (Laesml'-g?)

control bud,6d 43b 27b 16a 24b 80b
norflurazon bud,6d 48b 33b 15a Oc 95 a
control leaf, 7d 95a 53a 18a 54 a 82b
norflurazon leaf,7d 9a 63a 1.7a Oc 92a

Pigments of 6- and 7-d-old pea seedlings grown in the presence
(norflurazon) or absence (control) of norflurazon under continuous dim red light.
Laes mI™"- g™ is the absorbance of extract of 1 g fresh sample/ml measured in a 1-
cm light path quartz cuvette at 295 nm. Mean values in the same column with the
same letter are not significantly different as determined by muitiple comparisons

with Turkey test (Zar, 1996) (n=4, P 0.05).
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norflurazon treatment completely inhibited carotenoid biosynthesis in both 6-d-old
buds and 7-d-old leaflets, without significantly affecting Chl a, Chl b contents and
Chl a/b ratio. UV-B-absorbing pigments were not significantly affected by the
developmental stage, but increased by 19 and 12% in 6-d-old buds and 7-d-oid
leaflets, respectively. Additionally, the 6-d-old buds contained 50% less Chi a, Chi b
and carotenoids than the 7-d-old leaflets.
3.2.2 Short-term white light exposure partially degraded chiorophyll in
carotenoid-free chloroplasts

Obtaining plants with chloroplasts that have part of their chiorophyil photo-
oxidatively removed is critical for investigating the role of these organelles in UV-B-
dependent regulation of /hcb genes. However, if all of the chlorophyll is depleted,
the investigation of UV-B effects on /hchb genes is impossible because their
transcripts are absent. When 7-day-old norflurazon-treated pea seedlings were
exposed to 110 umol m?s™ white light for 3 h, their leaves became pale (Fig. 6). As
detected in the leaflets harvested immediately after white light exposure, the
amount of Chi a and b in the norflurazon-treated plants was reduced by 59 and
66%, respectively, while the Chi a/Chi b ratio, carotenoids, and UV-B-absorbing
compounds were not affected significantly (Table 6).
3.2.3 Transcripts of chloroplast and nuclear genes were differentially
affected by norflurazon, but were both reduced by photobleaching

Both psbA and /hcb encode photosystem Il proteins. psbA is located in
chloroplasts, while thcb is in the nucleus. When grown under dim red light,

norflurazon-induced carotenoid-deficiency increased accumulation of mRNA
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Figure 6. White light bleached norflurazon-treated plants

On the 7th day after growth under continuous dim red light in the presence
of norflurazon, plants were either retained under continuous dim red light (a) or
exposed to white light (110 pmol m? s™) for 3 h followed by growth under

continuous dim red light for 21 h (b).
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Table 6. White light degraded chlorophyll in carotenoid-free plants

Treatment Chla Chib Chl a/b Caroten?ids
Mgg")  (Mgg”) (Mg g™)

norflurazon/red light 85a 50 a 1.7a 0

norflurazon/white light 35b 17 b 21a 0

The data show pigmentation in the leaflets of 7-d-old norflurazon-treated
seedlings either exposed to white light (110 pmol m? s™) or remained under

continuous dim red light for 3 h. Mean values in the same column with the same

letter are not significantly different (n=4, P 0.05).
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encoded by psbA, but it caused a slight decrease in the accumulation of mRNA

transcribed from lhcb genes (Fig. 7a). However, if the carotenoid-free plants were
photobleached by short term white light exposure, transcripts from both /hch and
psbA genes were reduced (Fig. 7b).
3.24 White light-photobleached carotenoid-free seedlings mimicked
etiolated plants in the response of /hch mRNA to UV-B

To determine the effect of chloroplast photobleaching on the UV-B response
of /hch genes, 6-d-old carotenoid-containing and carotenoid-free Extra Early Alaska
pea seedlings were exposed to white light for 3 h prior to UV-B irradiation (4.2 MED
h). After growth for 5 h under dim red light following 3 h of UV-B exposure, total
Ihcb mRNA of the carotenoid-containing plants showed little change in buds (Fig.
8a, lanes 1, 2), but it declined in leaves (Fig. 8b, lanes 1, 2). Meanwhile, in the
white light-photobleached carotenoid-free plants, the UV-B exposure caused an
increase rather than a reduction of /hch transcripts in both buds (Fig. 8a, lanes 3, 4)
and leaves (Fig. 8b, lanes 3, 4). Even more surprisingly, the hypocotyls of all plants
wilted (data not shown) 21 h after the UV-B exposure regardless of the norflurazon
treatment and the increase in /hchb mRNA.
3.2.5 Carotenoid depletion reduced /hcb1*4 and Ihcb1*2 sensitivity to UV-B

Because /hch mRNA was not as sensitive to UV-B in buds as in leaves of
dim red light-grown seediings (Fig. 8), leaves were used in all subsequent
experiments. In addition, UV-B intensity was reduced to 67% of that used in the
previous experiments to avoid hypocotyl wilting. Exposure to UV-B of lower
intensity caused stem curling and reduced plant growth regardiess of norflurazon



Figure 7. Carotenoid-deficiency increased the sensitivity of genes encoding
chloroplast proteins to photo-oxidative stress

a, Extra Early Alaska pea seedlings were grown under continuous dim red
light in either the absence (lanes 1) or the presence (lanes 2) of norflurazon for 7
days; b, Extra Early Alaska pea seedlings were grown under continuous dim red
light in the presence of norflurazon for 6 days, and the plants were then either
retained under dim red light (lanes 1) or exposed to white light (110 pmol m?2 s™)
for 3 h followed by growth under the dim red light condition for 21 h (lanes 2).

RNA was extracted from apical buds collected for all treatments at the
same time, and resolved in 1% formaldehyde agarose gel (20 ug of total
RNA/lane). Northern blots were hybridized to probes generated from cDNA

clones of the genes as indicated.



Figure 7

pPSbA

lheb

55



56

Figure 8. UV-B exposure caused an increase in /hcb mRNA accumulation
after removal of both carotenoids and chlorophyli

Six day old Extra Early Alaska pea seedlings, grown either in the absence
(lanes 1, 2) or the presence (lanes 3, 4) of norflurazon, were exposed to 110
umol m? s white light for 3 h. Plants from each group were then either returned
to dim red light (lanes 1, 3) or irradiated with UV-B (UV, 4.2 MED h™) for 3 h
followed by growth under dim red light for 5 h (lanes 2, 4). Total RNA was
extracted from apical buds (a) or outer leaflets of the apical buds (b) collected at
the same time for all the treatments. Northern blots (20 ug total RNA/lane) were

hybridized to an /hcb1*4 cDNA probe for the detection of /hchb mRNA.
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treatment (Fig. 9). As detected after growth under dim red light for 21 h following

the UV-B exposure, UV-B reduced mRNA accumulation from both /hcb7*4 and
lhcb1*2 in the 6-d-old carotenoid-containing seedlings (Fig. 10a, lanes 1, 2).
Although the cultivar, growth conditions and UV-B exposure used here were
different from those described in Fig. 2, the results obtained in these two
experiments were similar; that is, /hcb7*2 was more sensitive to UV-B than was
Ihcb1*4. The mRNAs for Ihch1*4 and Ihch1*2 were reduced by UV-B to 34% and
8% of control values, respectively. Norflurazon treatment reduced the sensitivity of
these genes to UV-B. Therefore, when norflurazon was present, the mRNAs for
Ihcb1*4 and Ihcb1*2 mRNA were, respectively, decreased to 84% and 62% of the
transcripts in control plants by UV-B exposure (Fig. 10a, lanes 3, 4). In addition, 7-
d-old seediings exhibited a pattern similar to that of the 6-d-oid plants, except that
the former was more sensitive to UV-B (Fig. 10b).
3.2.6 Chioroplast photobleaching abolished the difference between thcb1*4
and /hcb1*2 sensitivity to UV-B

In the following experiments, plants were exposed to UV-B after growth
under dim red light for 7 days, due to the higher sensitivity of /hch transcripts to UV-
B at this stage (Fig. 10b). In the absence of norflurazon, after the plants were
exposed sequentially to white light and UV-B for 3 h, followed by growth under dim
red light for 21 h, mRNAs for both Ihcb1*2 and Ihch1*4 were reduced by UV-B, with
Ihcb1*2 mRNA much more sensitive to this treatment (Fig. 11a, lanes 1, 2).
However, when norflurazon-grown plants were exposed to the same treatments,

UV-B exhibited much less effect on the transcripts of both genes (Fig. 11a, lanes 3
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Figure 9. Exposure of pea plants to lower intensity UV-B caused stem
curling and reduced seedling growth regardless of norflurazon treatment
Extra Early Alaska pea seedlings were grown for 7 days in the absence (a
.b) or presence (c, d) of norflurazon under continuous dim red light. Plants were
either kept under dim red light (a, ¢), or irradiated with UV-B for 3 h (b, d), after
which they were incubated in continuous dim red light for an additional 21 h,

before the photographs were taken.
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Figure 10. Inhibition of carotenoid biosynthesis reduced the ability of UV-B
to affect accumulation of /hcb1*4 and I/hcb1*2 transcripts
Extra Early Alaska pea seedlings, grown for 6 days (a) or 7 days (b) in the

absence (lanes 1, 2) or the presence (lanes 3, 4) of norflurazon, were either
retained under dim red light (lanes 1, 3) or irradiated with UV-B (2.88 MED h™',
lanes 2, 4) for 3 h. Leaflets from all treatments were collected 21 h after the UV-
B-treated plants were returned to dim red light. Transcripts encoded by /hcb1*4
and /hcb1*2 in the leaflets were individually quantitated by the RT-PCR method,
as described before. Abbreviations are as described in the legends to previous

figures.
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Figure 11. Carotenoid depletion and chiorophyll degradation abolished the

difference between /hcb1*4 and Ihcb1*2
a, Extra Early Alaska pea seedlings, grown for 7 days under dim red light

either in the absence (lanes 1, 2) or the presence (lanes 3, 4) of norflurazon,
were exposed to 110 umol.-m? s™ white light for 3 h. The plants were returned to
dim red light (lanes 1, 3) or irradiated with UV-B (2.8 MED h™', lanes 2, 4)for 3 h.
Leaflets were collected at the same time from all four groups 21 h after the UV-B-
irradiated plants were returned to dim red light. The mRNA levels for lhch1*4 and
Ihcb1*2 in the leaflets were individually determined using the RT-PCR method.
Refer to previous figures for abbreviations that are not defined in this legend.

b, Quantitation of UV-B-induced /hch mRNA reduction in photobleached
carotenoid-free pea seedlings. The bands on fims from three independent
experiments as exemplified by those in lanes 3 and 4 of Fig. 11a were scanned
with a GS-670 densitometer, and analyzed with the Molecular Analyst Software
(Bio-Rad, CA, USA). Each column and the bar represent the mean percentage
value and error calculated from the amount of mRNA in UV-B-irradiated plants
relative to that in non-irradiated plants.

¢, Quantitation of UV-B-induced /hcb mRNA reduction in non-
photobleached carotenoid-free pea seedlings. The bands on films from three
independent experiments as exemplified by those in lanes 3 and 4 of Fig. 10b
were scanned with a GS-670 densitometer, and analyzed with the Molecular
Analyst Software (Bio-Rad, CA, USA). Each column and the bar represent the
mean percentage value and error calculated from the amount of mRNA in UV-B-

irradiated plants relative to that in non-irradiated plants.
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4). The difference in UV-B response between /hcb1*4 and /hcb1*2 as seen in the

control plants grown in the absence of norflurazon was abolished by
photobleaching. Comparison of the transcripts between photobleached (Fig. 11a,
lanes 3, 4; Fig. 11b) and non-photobleached (Fig. 10b, lanes 3, 4; Fig. 11c)
carotenoid-free plants revealed that photobleaching only protected /hcb1*2 mRNA
but not /hcb 1*4 transcript against UV-B.
33 UV-B exposure and chloroplast photobleaching by white light
differently affected /hcb mRNA accumulation under dim red light in
carotenoid-free plants

Without either UV-B or white light exposure, norflurazon differentially
affected /hcb1*4 and /hcb1*2 accumulation under dim red light, with the /hcb1*4
transcript slightly decreased, while /hcb7*2 mRNA was substantially increased (Fig.
12a). To compare the effects of UV-B and white light on Ihcb7*4 and Ihcb1*2
mRNA accumulation in carotenoid-free plants, 7-d-old norflurazon-treated
seedlings grown under dim red light were exposed to either UV-B or white light for
3 h, followed by growth under dim red light for 21 h. The UV-B exposure
differentially affected mRNA accumulation of /hcb1*2 and Ihcb1*4 under red light,
with the former repressed to a larger extent (Fig. 12b). However, the white light
exposure repressed the mRNA accumulation of these two genes to approximately
the same extent (Fig. 12c).
34 UV-B prevented the white light-induced reduction of /hchb mRNA in
carotenoid-free plants

Pea seedlings were irradiated with UV-B for 3 h immediately before
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Figure 12. Effect of norflurazon, UV-B and photobleaching on /hcb1*4 and
Ihcb1*2 mRNA accumulation under dim red light

Extra Early Alaska pea seedlings were grown in either the absence (WA)
or presence (NF) of norflurazon under continuous dim red light for 7 days. The
plants were then exposed to either 110 umol m? s white light (WL) or 2.88 MED
h™ UV-B (UV) for 3 h followed by growth under dim red light for an additional 21
h. Transcripts encoded by /hcb1*4 and Ihcb1*2 were quantitated by the RT-PCR
method as described before. Refer to the legends to previous figures for other

abbreviations.
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exposure to the white light for 3 h, in order to determine if UV-B influenced how

white light-induced photobleaching affected /hcb mRNA accumulation. In the
absence of norflurazon, the transcripts for both /hcb1*4 and lhcb1*2 were reduced
by UV-B (Fig. 13, lanes 1, 2). However, in the presence of norflurazon, UV-B
increased these transcripts (Fig. 13, lanes 3, 4), demonstrating that UV-B protected
the mRNAs from the effects of white light-induced photobleaching (Fig. 12c).
3.5 UV-Birradiation affects other genes
3.5.1 Cloning of UV-B-responsive genes

Using 3' RACE PCR with the degenerate primer, bzip (see Materials and
Methods), a 560 bp fragment that was slightly induced by UV-B, and a 480 bp
fragment that was only present in UV-B-treated leaves were obtained (Fig. 14a).
With the degenerate primer, zinc, PCR amplification produced a 440 bp fragment
mainly present in the UV-B-treated seedlings (Fig. 14b). These DNA fragments
were cloned in pUC18, from which probes were generated and labeled with biotin
by 3' RACE PCR (data not shown). The probes were hybridized to northem blots of
total RNA from leaves of UV-B-irradiated and non-irradiated Alaska pea seedlings
were hybridized to these probes, revealing two types of UV-B-responsive
transcripts, one induced (Fig. 15) and the other repressed by UV-B (Fig. 16).
3.5.2 UV-B-inducible genes:

Clone psUVRIb, 371 bp in length, was obtained from the 3' RACE PCR
using the bzip primer. It was highly related to sequences that encode ribosomal
protein S23 of strawberry and Raftus. norvegicus, and ribosomal protein S28 of

yeast and its human homologue (Fig. 17a). The 5’ portions of these genes from
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Figure 13. Exposure to UV-B protected /hcb1*4 and /hcb1*2 mRNAs from
the effect of white light-induced chloroplast photobleaching

On the 7™ day after growth in the absence (lanes 1, 2) or presence (lanes
3, 4) of norflurazon, Extra Early Alaska pea plants were either irradiated with UV-
B (2.8 MED h™', lanes 2, 4) for 3 h or retained under dim red light (lanes 1, 3). All
of the plants were then exposed to 110 umol m? s white light for 3 h. lhcb1*4
and /hcb1*2 mRNAs were detected with the RT-PCR methad, in the leaflets that
were collected after the plants were grown under dim red light for an additional

18 h.



Ihcb1*4

Ihcb1*2

Figure 13

70



71

Figure 14. Agarose gel electrophoresis-purified 3' RACE PCR products
Alaska pea seedlings, grown under 12-h light/12-h dark cycles at 22 °C for
9 days, were either exposed to white light or irradiated with UV-B (2.9 MED h™")
under white light for 3 h. Poly(A) mRNA was purified from leaves collected 21 h
after UV-B exposure. Products of hot-start 3' RACE PCR, using either a bZIP (a)
or a zinc finger primer (b) were resolved by electrophoresis in 2% low-melting
temperature agarose gels. Lanes 1 and 2, PCR products amplified from mRNA of
non-treated leaves; lanes 3 and 4, PCR products amplified from mRNA of the
UV-B-irradiated leaves; M, 100-bp ladder. Sizes (bp) of the PCR products cioned

into pUC18 are indicated by the [abelled arrowheads.
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Figure 15. Northern blots of transcripts of cloned UV-B-inducible genes
Twenty ug of total RNA prepared as described in Figure 14 was resolved
in each lane of a 1% formaldehyde agarose gel and blotted onto an N* nylon
membrane. Cloned cDNA fragments obtained by 3' RACE PCR were labelled by
PCR ampilification. The resulting products were used as probes for hybridization
to the northern blots. C, non-irradiated; UV, UV-B-irradiated; 1, psUVRIb; 2,
psUVGlu; 3, psUVaux. The sizes (kb) of hybridized mRNAs are indicated by the

labelled arrowheads.
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Figure 16. Northern blots of transcripts of cloned UV-B-repressible genes
Probe preparation and northern blotting were performed as described in
the legend to Figure 15. C, non-irradiated: UV, UV-B-irradiated; 1, psUVRub:; 2,

psUVDeh; 3, psUVzinc. The sizes (kb) of the hybridized mRNA are indicated by

the labelled arrowheads.
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Figure 17. Sequence analysis of psUVRib and its deduced peptide

GenBank was searched for homologues using both blastn and biastx.
Nucleotide (a) and encoded amino acid (b) sequences of psUVRib were
compared by the ClustalW program to those for strawberry ribosomal protein S$23
mMRNA (Fragaria_x), human homologue of yeast ribosomal protein S28
(Human_homo), R. norvegicus ribosomal protein S23 mRNA (R.norvegic), and
Saccharomyces cerevisiae ribosomal protein S28 gene (Saccharomy). Each blue
letter represents a nucleotide of the clone or amino acid residue of its deduced
peptide. The green letters are the nucleotides or amino acids that are identical to
those in all the sequences. The red letters represent the nucleotide or amino acid
residues that are identical to those in the psUVRIb clone or its deduced peptide,
respectively. The black letters represent the nucleotide or amino acid residues
that are divergent from those in the psUVRIb clone or its deduced peptide. The
first and stop codons of the deduced peptide are indicated as bold italic and bold
letters, respectively. -, gap introduced for maximum alignment; identities (Id) of a
sequence compared to those in psUVRib are shown at the end of each

sequence.
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different organisms were almost identical, but their 3' ends diverged remarkably
from each other. In addition, psUVRIib was related to the ribosomal protein S23 of
Brugia malayi and mouse, S12 of Tetrahymenta thermophila, and chloroplast
ribosomal protein S12 of many species (data not shown). A peptide of 71 amino
acid residues deduced from psUVRib was nearly identical to the peptides encoded
by the genes under comparison (Fig. 17b). The transcript, 1.0 kb in size,
corresponding to this clone was increased 271% by UV-B irradiation (Fig. 15.1;
Table 7).

The clone, psUVGluc, 374 bp in size, was obtained by using the zinc primer.
It shared 66, 57, 51 and 50% nucleotide identity with Cicer arietinum, tobacco, pea
and soybean p-1,3-glucanase genes, respectively (Fig. 18a). The most conserved
regions of these genes were in the 5’ portions, and several segments of different
genes were nearly identical. The 3’ portions of the genes, aithough highly related,
showed much lower similarities. A peptide of 95 amino acid residues deduced from
psUVGluc exhibited 43, 42, 59 and 42% identity with the peptides encoded by the
pea, soybean, Cicer arietinum and tobacco B-1,3-glucanase genes, respectively
(Fig. 18b). A FAMFDEN motif is identical in all the peptides of these genes. The
psGluc mRNA, 1.2 kb in size, absent in non-iradiated leaves, was strongly
induced by UV-B irradiation (Fig. 15.2; Table 7).

The clone, psUVaux, 472 bp in length, obtained from the bzip primer-
amplified PCR products, shared 49% identity with an auxin-repressed protein
gene found in Prunus armeniaca (Fig. 19a). One of its deduced peptides,

containing 53 amino acid residues, showed 62% identity to the auxin-repressed
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Table 7. Characteristics of UV-B-inducible clones

Clone Size of the Related protein Putative Length of peptide Size of Increase in mMRNA

clone (bp) function (amino acids) mRNA (kb) induced by UV-B (%)
psUVRIib 371 Ribosomal Protein 71 1.0 2711
protein synthesis
psUVGIu 374 B-1,3-glucanase Pathogen a5 1.2 NA~
resistance
psUVaux 472 Auxin-repressed Growth 53 1.0 13.1
protein inhibition

*NA: The mRNA was induced by UV-B but it was undetectable in non-irradiated
plants.
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Figure 18. Sequence analysis of psUVGIu and its deduced peptide
Nucleotide (a) and amino acid (b) sequence comparisons of psUVGIu to
those for the glucan endo-B-1,3-glucosidase from Cicer arietinum (C. arr.,
AJ012751), Hevea brasiliensis (H. bra., U22147), tobacco (tobacco, X54430),
pea (pea, L02212), and soybean (soybean, M37753). Each biue letter represents
a nucleotide of the clone or amino acid residue of its deduced peptide. The green
letters are the nucleotides or amino acids that are identical to those in all the
sequences under comparison. The red letters represent the nucleotide or amino
acid residues that are identical to those in the psUVGIu clone or its deduced
peptide. The black letters represent the nucleotide or amino acid residues that
are divergent from those in the psUVGIu clone or its deduced peptide. The first
and stop codons of the deduced peptide are indicated as bold italic and bold
letters, respectively. The putative poly(A) signal is indicated by a wave underline.
-, gap introduced for maximum alignment; identities (Id) of a sequence compared

to those in psUVGIu are shown at the end of each sequence.
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Figure 19. Sequence analysis of psUVaux and its deduced peptide
Nucleotide (a) and amino acid (b) sequence comparisons of psUVaux to
those for putative auxin-repressed proteins from Prunus armeniaca (Prunus_arm,
U93273), Fragaria ananassa (Fragaria_a, L44142), Elaeagnus umbellata
(Elaeagnus, AF091513), the dormancy-associated protein from Arabidopsis
thaliana (Arabidopsi, AF053747), Pisum sativum (Pisum_sati, AF029242), and
apple fruit expressed protein (Golden_del, L15194). Each blue letter represents a
nucleotide of the clone or amino acid residue of its deduced peptide. The green
letters are the nucleotides or amino acids that are identical to those in all the
sequences under comparison. The red letters represent the nucleotide or amino
acid residues that are identical to those in the psUVaux clone or its deduced
peptide. The black letters represent the nucleotide or amino acid residues that
are divergent from those in the psUVaux clone or its deduced peptide. The first
and stop codons of the deduced peptide are indicated as bold italic and bold
letters, respectively. -, gap introduced for maximum alignment; identities (Id) of a
sequence compared to those in psUVaux are shown at the end of each

sequence.
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protein (Fig. 19b). However, the sequence similarities of this clone with other
auxin-repressed proteins were rather poor; 26-34% at the nucleotide level (Fig.
19a) and 8-17% at the amino acid level (Fig. 19b). The psUVaux gene encoded a
1 kb mRNA, and UV-B irradiation increased the amount of psUVaux mRNA by
13% (Fig. 15.3; Table 7).

In addition to the Prunus armeniaca auxin-repressed peptide, blastx search
revealed that a peptide deduced from the complementary strand of the psUVaux
nucleotide sequence shown in Fig. 19 shared 25-28% identity with fragments
containing 60-108 amino acid residues of telomerase protein-1 of Rattus
norvegicus, Mus musculus, and Homo sapiens (data not shown). Furthermore, the
poly-A signal, AATAAA, was present in this complementary strand but not the one
listed in Fig. 19. Therefore, the actual sense strand of this clone was uncertain. To
determine the sense strands of psUVaux and another clone, psUVzinc, that will be
described later and whose sense strand was also uncertain, asymmetrical 3' RACE
PCR was used to generate single-stranded probes. The single-stranded probes
were poorly stained with ethidium bromide and they migrated slower than double-
stranded probes in 1% agarose gel (Fig. 20). Only one of the two single-stranded
probes derived from each clone detected transcripts on northem blots (Fig. 21).
Probes from the clones, psUVGIu and psUVRub, served as controls because of the
certainty of their sense strands. The probes complementary but not the ones
identical to their mRNAs detected the messengers (Fig. 21a, b), which confirmed
the reliability of the single-stranded probes. Similarly, probes generated from

psUVaux and psUVzinc by PCR with excessive amounts of the adapter primer
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Figure 20. Verification of single-stranded probes generated by

asymmetrical PCR

Asymmetrical PCR was performed as described in Materials and Methods.
Clones containing the cDNA inserts of psUVaux (lanes 1, 2), psUVRub (lanes 3,
4), psUVGlu (lanes 5, 6), psUVdeh (ianes 7, 8), psUVRIb (lanes 10, 11) and
psUVzinc (lanes 9, 12 and 13) were used as templates. The primer ratios used
were either the same as defined in Materials and Methods (lane 9), 1:10
bZIP:adapter (lanes 1, 3, 10), 1:10 adapter:bZIP (lanes 2, 4, 11), 1:10 zinc
finger.adapter (lanes 5, 7, 12) or 1:10 adapter:zinc finger (lanes 6, 8, 13). Biotin-
14-dATP was included in the PCR reaction mixture. The products were either
directly viewed by ethidium bromide staining of the gel (a), or biotted onto an N*
nylon membrane and detected by chemilumilescence (b) as described in

Materials and Methods.
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Figure 21. Determination of sense and anti-sense strands

Northern blots identical to those used in Figures 15 and 16 were
hybridized to the probes prepared by asymmetrical PCR. The probes were not
denatured by boiling before adding into hybridization buffer. a, psUVGIu: b,
psUVRub; ¢, psUVaux; d, psUVzinc, 1, probe prepared with an excessive
amount of adapter primer; 2, probe prepared with an excessive amount of
degenerate primer (refer to the legend to Figure 20 for details). Other symbols

are the same as defined in the legend of Figure 15.
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detected the mRNAs on northern blots (Fig. 21c, d), confirming that the sequences

presented in blue are the sense strands of psUVaux (Fig. 19a) and psUVzinc (Fig.
24).
3.5.3 UV-B-repressible genes:

Clone psUVRub, 447 bp in size, obtained from the bzip primer-amplified
PCR products, shared 27-57% identity with the 3’ portions of Rubisco activase
genes from several plant species (Fig. 22a). A 44 amino acid residue peptide
deduced from the sense strand of the clone exhibited 50-90% identity with
peptides of the genes under comparison (Fig. 22b). The 160 nucleotides of the

translated region of psUVRub were nearly identical to the homologues (Fig.

22a), but the similarity of its 3' non-translated region with these genes was lower.
The psUVRub mRNA on northern blots was always a smear, ranging from 0.35-
1.0 kb, which was reduced 58% by UV-B (Fig. 16.1; Table 8).

Clone psUVDeh, obtained from the zinc primer-amplified PCR products, was
398 bp in length and highly related to the pea dehydrin cognate gene B6 in both
nucleotide (Fig. 23a) and peptide sequence (Fig. 23b), sharing 86% and 62%
identity, respectively. Except for the first 60 nucleotides at the 5' end and several
nucleotides on the 3’ end, the clone was identical to the pea dehydrin cognate
gene, but it showed only 29-47% identity with other dehydrin genes (Fig. 23a). The
peptide deduced from this clone consisted of 105 amino acid residues with 65
internal residues identical to those in pea dehydrin cognate. Except for a conserved
hydrophilic amino acid-enriched, lysine-rich, cysteine- and tryptophan-free motif
KIKEKLPG and its flanking regions near the C-terminus, the peptide differed
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Figure 22. Sequence analysis of psUVRub and its deduced peptide
Nucleotide (a) and amino acid sequence (b) comparisons of psUVRub to
Rubisco activase from Phaseolus vulgaris (Phaseolus, AF041 068), M. domestica
(M. domestic, Z21794), Lycopersicon pennellii (Lycopersic, AF037361), C.
sativus (X67674), Nicotiana tabacum (Nicotiana, U351 11), and Spinach
(Spinach_ru, J03610). Each blue letter represents a nucleotide of the clone or
amino acid residue of its deduced peptide. The green letters are the nucleotides
or amino acids that are identical to those in all the sequences under comparison.
The red letters represent the nucleotide or amino acid residues that are identical
to those in the psUVRub clone or its deduced peptide. The black letters
represent the nucleotide or amino acid residues that are divergent from those in
the psUVRub clone or its deduced peptide. The first and stop codons of the
deduced peptide are indicated as bold italic and bold letters, respectively. -, gap
introduced for maximum alignment; identities (Id) of a sequence compared to

those in psUVRub are shown at the end of each sequence.
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Table 8. Characteristics of UV-B-repressible clones

Clone Size of the Related Putative Lengthof peptide  Size of Iincrease in mRNA
clone (bp) protein function (aminoacids) mRNA (kb) reduced by UV-B (%)
psUVRub 447 Rubisco Molecular 44 0.35-1.0 57.9
activase chaperon
psUVDeh 398 Dehydrin Dehydration 114 0.8 46.2
resistance
psUVzinc 420 PsbX Unknown 80 0.6 425
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Figure 23. Sequence analysis of psUVDeh and its deduced peptide
Nucleotide (a) and amino acid (b) sequence comparisons of psUVDeh to
those of the genes encoding pea dehydrin-cognate (Pea_dhn-co), Phaseolus
vulgaris dehydrin (Phaseolus), pea dehydrin DHN3 (Pea_mRNA_f), pea dehydrin
Dhn2 (Pea_Dhn2_m), Lavatera thuringiaca LTCOR18 (Lavatera_t), pea dehydrin
DHN1 (Pea_DHN1), and A. thaliana cor47 (A.thaliana). Each blue letter
represents a nucleotide of the clone or amino acid residue of its deduced
peptide. The green letters are the nucleotides or amino acids that are identical to
those in all the sequences under comparison. The red letters represent the
nucleotide or amino acid residues that are identical to those in the psUVDeh
clone or its deduced peptide. The black letters represent the nucleotide or amino
acid residues that are divergent from those in the psUVDeh clone or its deduced
peptide. The first and stop codons of the deduced peptide are indicated as bold
italic and bold letters, respectively. -, gap introduced for maximum alignment:
identities (Id) of a sequence compared to those in psUVDeh are shown at the

end of each sequence.
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ATAGTATAAG
ARAA==~===
TCCTTTRTTT
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GA---GGAAG
GA---GGARAG
GG~——GCACA
CTGATGGRAC
CTGATGGAAC
GA——=AGAGG
CGGATGGAGC
GATTCRCCAG

CATGAGGGAG
CATGAUGGAG
GAGGCZAAGH
ZAAGGGTAT"
CAAGAGTAT:
GAGTCGARGE
ZAAGASTAT
CATCCGAG">

SGTGAAGACAA
STGAASACAA
ARGAARAGGA
TTAAGGAGAA
3GRGCATCAT
AGGAGRARGA
TTARAGGAGAA
AAGTGAAGAA

TGTGGCTTTG
TGTGGSTTT
GTGTGSTTT
TATGCATAT"
GGGRACACT'
TGGGATTGT
TATGCATAT';
CTGTGTTT

GGTATATGTA
SGTATATGTA
TTTACTTTTT
ATAATGGATA
JGAGRAGCTT

TGTAATTTCA

MLEALGGHKKTEEVTTEPPV--———VAAHVPTETTATT TT—- [HEGEKKGILEK IKEXL PGYH-AKTATDGEDKDHHKCADY E
KEKLPSGHKKTEEVTTP PPV—===VAAHVPTETTATT T~—-[HEGEKKGILEK INEFL: SYH-AKTATDGELKCHHKTETTS

EEKIEGYHKED~=——-—=vemever=TSVPVEKVEVVES —=--EEKKSFLEK
GTGYGGSGTNPDYGSTNTGSGYGTGTGYGGSGT TEYVREE~~HHGDK = SVMDK

XLP3HK-KSEERAAPPPPPPAATSSE
KIPSTEQSRINTDGTGYGSTGQGYVR

GTGYGSS GITEYVREE--HHGDFKGVMDK X EXKI PTEQSRINTDGTGYGSTGYGASG
KEKLP=QHKKDEEVVTAPP-----PPAAYSSESTVVEHHE-EESKEKKGIMEK I X EKLZ GYH-SKTEDEKEKETSTAANH -~
GTGYGGS GTNEYVRED--HHGDF KGVMDK I EET P TEQSRINTDGAGYGSTGYGASG
KEKLPGHHDKTAEDDVP VSTTIPVEVSESVVEHDHPEEEXKGLVEK I XEXLP GHH-DEKAEDSPAVTSTPLVVTE
SLNMIDW: LOCWEVALGVECLINYYH Id(%)
H: 62
HEGEAK: £ --—-KKGILEKI 20
E QQHG~-—-TGYGSTGQGYVREQQDVHH 22
GGIGNTGQEYVREERHVHPGDRKHGSAGQEY VREEHHVHPGDKKHGSAGQEYVKEERRGIGNTGQEYVREEHRVDH 21
31
G G IGNTGQEYVREEHRVDH 20
HPVEPTT ELPVEHRPEEKKGILEKI 26
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markedly from other dehydrins found in pea and other species, showing 20-31%

identity. In addition, both of the psUVDeh and pea dehydrin cognate peptides
contained a stretch of residues at the N-terminal side to the KIKEKLPG motif that is
missing from other pea dehydrins (Fig. 23b). A 0.8 kb mRNA was detected by the
probes of this clone, and the UV-B exposure reduced the amount of this messenger
by 46.2% (Fig. 16.2; Table 8).

A clone designated psUVzinc and containing a 420 bp cDNA fragment was
obtained by using the zinc finger degenerate primer (Fig. 24). No homologue of this
clone was found in the GenBank database. No poly(A) signal was found in either
strand of this clone. Northern blots hybridized to the single-stranded probes
demonstrated that the sequence with a poly(A) tail was the sense strand (Fig. 21d).
Thirty-eight out of the 80 amino acid residues of the longest peptide deduced from
its sense strand showed 45% identity to Odontella sinensis photosystem Il reaction
center X protein (Fig. 24). The psUVzinc transcript was 0.6 kb in size, and was

reduced by 43% upon 3 h of UV-B irradiation (Fig. 16.3; Table 8).
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Figure 24. Sequence analysis of psUVzinc and its deduced peptides

The letters in red and black represent amino acid residues of the
Odontella sinensis photosystem Il reaction center X protein retrieved from
GenBank. Blue letter, nucleotide of the clone; pink, turquoise or green letter,
amino acid residue of the peptide deduced starting from either the first, the
second or the third nucleotide; red letter, amino acid residue identical to that in
the peptide deduced from psUVzinc; black letter, amino acid residue different
from that in the peptide deduced from psUVzinc. The stop codons of the deduced

peptide are indicated as bold letters. -, gap introduced for maximum alignment.
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IV. Discussion

4.1 Pea Ihcb genes have similar UV-B response mechanisms

The amount of /hcb mRNA in pea, all of which is produced in the nucleus, is
dramatically reduced upon UV-B irradiation, responding much more rapidly than the
chloroplast-encoded psbA transcript (Jordan et al., 1991). UV-B modulates the
amount of /hcb mRNA by affecting transcription of the genes, rather than through
post-transcriptional mechanisms (Mackemess, personal communication). This
response is developmentally regulated (Jordan et al., 1994), with the amount of
Ihcb mRNA decreasing in green leaves but increasing in etiolated buds following
UV-B exposure. Due to the sequence similarity of the seven /hcb genes, northern
blotting used in previous work (Jordan et al., 1991; 1994) did not distinguish the
transcripts from each gene. To reveal the contribution of single genes in this
developmentally regulated response, the amount of mRNA for the seven /hch
genes was individually determined in this study by use of RT-PCR. UV-B irradiation
decreased the amount of mRNA for each of the seven pea Ihcb genes in green
leaves, but increased these transcripts in etiolated buds. It appears, therefore, that
UV-B modulates transcription of all the seven genes via stimulative mechanisms in
etiolated buds, but through repressive pathways in green leaves.
42 UV-B- and red light-responsive pathways of pea /hch genes may be
linked

Based on sensitivity to a red light pulse, the pea /hch genes fall into two
groups. The mRNAs for lhcb1*2, Ihcb1*3 and Ihcb1*5 are barely detectable after a
red light pulse, while the transcripts for lhcb1*1, Ihch1*4, Ihcb2*1 and Ihch3*1

100
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accumulate (White et al., 1992). These two groups of genes also differed in

response to UV-B. In etiolated buds, the /hcb genes insensitive to red light were
slower to respond to UV-B than those that were sensitive, but they reacted more
quickly in green leaves. Thus, the two subfamilies of genes may respond to
common pathways differentially, or each subfamily is regulated separately through
different pathways that may have similarities. Additionally, the similarity between
UV-B and red light in classification of pea /hch genes suggests that the UV-B- and
red light-responsive pathways regulating the genes are linked, possibly via
phytochromes.

43 Does UV-B repress /hcb mRNA accumulation under red light by
damaging a chloroplast component of the red light pathways?

As a specific inhibitor of phytoene desaturase, the rate-limiting enzyme of
carotenoid biosynthesis, norflurazon has been used widely to obtain
carotenoid-deficient plants for studying the relationship between nuclear and
chloroplast genomes. Therefore, it was employed in this study to increase the
sensitivity of chloroplasts to photo-damage in order to determine the role of
chioroplast photo-damage in UV-B-induced regulation of /hch genes. In the first
trials, pea seedlings were grown in potting soil with several concentrations of
norflurazon, none of which always inhibited carotenoid biosynthesis to the same
extent (data not shown). However, when potting soil was substituted with
vermiculite, carotenoid synthesis was consistently suppressed by 100 uM
norflurazon without significantly influencing the levels of chiorophylls a and b. Under

continuous dim red light, these carotenoid-free plants ressembled controfs that
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were grown in the absence of norflurazon until the 7th day, except for the absence

of carotenoids and increase in UV-B-absorbing pigments. The increase in UV-B
absorption by pea leaves is probably due to phytoene accumulation (Rabourn et al.,
1953). As demonstrated previously (Taylor, 1989; Demming-Adams and Adams,
1992), the carotenoid-free plants were extremely sensitive to photo-oxidative
stress, which was evident in the reduction of transcripts from the nuclear encoded
Ihcb and chioroplast-encoded psbA genes, as well as loss of chlorophyll following a
3 h exposure to white light.

Of the pea /hcb muiltiple genes, lhcb1*2 and lhchb1*4 typify two extremes,
with lhcb1*4 transcribed at a high level and /hcb7*2 at a low level upon either red or
blue light exposure (White et al., 1992). Transcription of /hcb1*4 occurs in both
etiolated buds and green leaves (White et al., 1 992), but accumulation of thch1*2
transcript does not begin until de-etiolation takes place to some extent (Argtello et
al., 1992; White et al., 1992). In addition, transcription of /hcb7*4 is much more
sensitive to red and blue light induction than /hcb7*2 (White et al., 1995). In this
study, it was found that removal of carotenoids differentially affected /hchb mRNA
accumulation under dim red light, with /hcb7*4 mRNA slightly reduced while /hcb1*2
transcript was increased. Therefore, the signal transduction pathways regulating
Ihcb1*2 and Ihcb1*4 are likely to be different from one another. However, after the
carotenoid-free chloroplasts were partially photobleached by white light, mRNA
accumulation under dim red light for both /hcb7*2 and Ihch1*4 was reduced to the
same extent, indicating that both genes share a chioroplast component that is

essential for red light induction of lhcb genes (Blackboumn, 1997; Bolle et al., 1994;
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Taylor, 1989). In support of this idea, individual members of the tobacco Ihcab

muitigene family have similar sensitivities to chloroplast photodamage (Bolle et al.,
1994), although /hca/b gene expression is more sensitive than the nuclear genes
encoding other chloroplast proteins (Bolle et al., 1994; Sagar et al., 1988). In
contrast, UV-B reduced mRNA accumulation of /hcb1*4 and Ihcb1*2 differentially
under dim red light in carotenoid-free pea plants. These data, thus, suggest that
UV-B represses /hcb mRNA accumulation under red light through a factor other
than the photobleaching-sensitive chioroplast component of the red light pathway
shared by /hcb1*4 and Ihcb1*2. In support of this notion, Greenberg et al. (1989)
found spectral evidence demonstrating that visible light and UV-B induce
degradation of the D1 photosystem [l reaction center protein via different
photosensitizers located in chloroplasts, with photosynthetic pigments mediating
visible light and plastoquinone mediating UV-B.
4.4  UV-B protects the chloroplast component mediating red light induction
of Ihcb genes from photodamage

Synergistic inhibition of photosystem Il activity by UV-B and photo-oxidative
white light has been documented, and the basis for this synergism is that the same
molecule, such as D1, one of the reaction center proteins, is damaged by both
wavebands (Friso et al., 1994). Therefore, it is likely that the repressive effects of
UV-B and white light on /hcb genes in carotenoid-free plants are synergistic, or at
least additive, if they down-regulate the genes by damaging the same chloroplast
component. However, UV-B exposure prevented reduction of /hch mRNA induced

by subsequent white light exposure in carotenoid-free plants. Although an increase
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in transmittance of biue light into plant tissues resulting from carotenoid-deficiency
may promote photoreactivation, the photorepair of UV-B-induced DNA damage, by
itself, cannot explain why the amount of mRNA in UV-B-irradiated leaves was
higher than in non-UV-B-irradiated leaves. In addition, by increasing photosynthesis
rate with low pressure sodium light and CO,, Mackerness et al. (1996) provide
evidence that photoreactivation repair is not important in pea for protection of the
nuclear genes encoding chloroplast proteins against UV-B. One explanation could
be that prior UV-B exposure protects the red light-linked chioroplast component
against white light-induced chloroplast photodamage. Therefore, this study argues
against the possibility that UV-B down-regulates the /hcb genes by damaging the
photobleaching-sensitive chloroplast component of the red light pathways.
4.5 Chloroplast integrity and maturation modulate UV-B effects on pea
Ihcb mRNA accumulation

UV-B induces photo-oxidative damage to chloroplasts (Malanga and
Puntarulo, 1995; Takeuchi et al., 1995; Strid et al., 1996), while carotenoids
function as antioxidants in photosystem Il to prevent chioroplast damage by
dissipating excessive light energy (Demming-Adams and Adams, 1992).
Chloroplasts and /hcb transcription are, thus, thought to be prone to UV-B damage
in carotenoid-free plants. Moreover, carotenoid-free plants lack light-harvesting
complex [l because carotenoids are components essential to the assembly of Ihcb
proteins into thylakoid membranes. Due to the absence of light-harvesting complex
Il, photosynthesis-dependent protection of /hicb gene expression against UV-B

inhibition (Mackerness et al., 1996) may also be defective in carotenoid-free plants.
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Therefore, damage to chloroplasts, by removing carotenoids and exposing the
carotenoid-free plants to white light, is believed to make /hch transcription more
sensitive to UV-B repression. Surprisingly, as detected 5 h after UV-B exposure
(4.2 MED h™"), UV-B irradiation caused an increase rather than a reduction in /hch
transcripts when chioroplasts were damaged by norflurazon and photo-oxidative
treatments. Therefore, the integrity of chioroplasts seems to influence whether UV-
B stimulates or inhibits pea /hcb mRNA accumulation. in addition, hypocotyis of all
the UV-B irradiated plants, both norflurazon-treated and non-treated, wilted 21 h
after UV-B exposure (data not shown), suggesting that the mechanisms by which
UV-B regulate /hcb mRNA accumulation and hypocotyl wilting are separated.
Jordan et al. (1994) first reported that UV-B exposure increases the amount
of /hcb transcript in etiolated pea buds but reduces the same transcripts in green
pea leaves. In a more detailed study, Mackemess et al. (1998) found that only if
chlorophylls accumulated to some extent during de-etiolation did UV-B reduce the
amount of /hcb mRNA; otherwise, exposure to UV-B increased lhch transcripts.
These coincident observations, and that UV-B stimulates /hch transcript in the
artificially generated chioroplast-deficient plants, suggest that maturation of
chloroplasts is an important determinant for the effect of UV-B on /hch mRNA
accumulation. From results obtained by treating the Arabidopsis genomes
uncoupled mutant, believed to uncouple nuclear and chioroplast communications,
with norflurazon and UV-B, Jordan et al. (1998) proposed that chioropiasts are not
involved in UV-B-induced regulation of /hcb genes. This result, unlike those
obtained in this study, may reflect inter-species difference between Arabidopsis and
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pea. Furthemmore, in their experiments, carotenoid-deficient plants were generated
by spraying seedlings with norflurazon, and although the inner Ileaves
photobleached, the outer leaves remained green (Jordan et al., 1998), indicating
uneven and incomplete inhibition of carotenoid biosynthesis. Therefore, these
results cannot rule out the presence of chloroplast components synthesizing
intercellular trafficking signals that mediate UV-B-induced regulation of Arabidopsis
Ihcb genes. It has also been established that once norflurazon supply ceases,
carotenoid biosynthesis resumes rapidly (Markgraf and Oelmdaller, 1991),
suggesting that spraying norflurazon is not an appropriate approach for obtaining
carotenoid-free plants. Finally, as discussed above, UV-B-induced repression of
pea /hcb genes is not due to damage to the photobleaching-sensitive chloroplast
component of the red light pathways, raising the uncertainty of whether or not the
genes that are altered in the Arabidopsis genomes uncoupled mutant connect
communications between chloroplast and nuclear genomes in response to UV-B.
46 UV-B-induced repression of both /hcb1*4 and Ihcb1*2 is dependent on
carotenoids

UV-B loses its capacity to reduce /hcb1*2 and /hcb1*4 mRNA when
carotenoid biosynthesis was inhibited, indicating that carotenoids are necessary
for UV-B-induced down-regulation of the responsible genes in green leaves.
Neither the idea that carotenoids protect chioroplasts against UV-B, nor the
notion that UV-B-induced /hcb transcript reduction results from chioroplast
damage, is favoured by these observations. Additionally, the difference in UV-B

response between /hcb1*2 and Ihcb1*4 was not substantially influenced by
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removing carotenoids. A carotenoid-related component, therefore, seems to
equally mediate the UV-B responses of these two genes. Coincidentally,
carotenoids content in soybean leaves is negatively correlated with
photosynthesis efficiency in response to UV-B irradiation, which was, however,
used to argue that carotenoids protect soybean photosynthesis against UV-B
(Middleton and Teramura, 1993). In addition, it is unclear why the effects of
carotenoids on UV-B responses of pea /hcb genes are contradictory to the
observation that carotenoids increase the resistance of the fungus Fusarium
aquaeductuum to UV-B (Rau et al., 1991).

In higher plants, carotenoids are synthesized by nuclear-encoded
muitienzyme complexes located in plastid envelopes, and they accumulate
exclusively in plastid membranes (Norris et al., 1985). Carotenoid-free chloroplasts
develop an ultrastructure typical of chloroplasts in plants grown under low intensity
light and accumulate a normal complement of both nucleus- and plastid-encoded
chloroplast proteins under nonphotobleaching light conditions such as dim red light
(Taylor, 1989). All components in the chloroplasts of norflurazon-treated plants
appear to be relatively unaffected, except for the absence of functional
photosystem Il because carotenoids are essential for integration of Lhcb proteins
into thylakoid membranes (Taylor, 1989; Karapetyan et al., 1991; Markgraf and
Oelmdiller, 1991). Therefore, it is possible that the carotenoid-dependent UV-B
repression of /hcb71*2 and Ihcb1*4 was due either to carotenoids per se, or
photosystem II. in addition, norflurazon reduces intracellular abscisic acid because

carotenoids are its precursors (Taylor, 1996), and abscisic acid down-regulates
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transcription of Arabidopsis and Lemna gibba Ihcb genes (Weatherwax et al.,

1996). Moreover, although norflurazon is believed to be a specific inhibitor of
phytoene desaturase (Chamovitz et al., 1993), it may affect other intracellular
enzymes such as fatty acid desaturase. Thus, it remains to be determined if the
alteration in UV-B responses of /hcb7*2 and /hcb1*4 mRNA caused by carotenoid
deficiency are due to changes in ABA biosynthesis, fatty acid saturation or other
intraceliular events.
4.7 A photobleaching-sensitive component mediates UV-B effects on
Ihcb1*2 but not lhcb1*4

In the plants where chloroplasts were partially photobleached, the difference
in UV-B response between lhcb1*2 and Ihcb1*4 disappeared. This resulted mainly
from the loss of UV-B's ability to reduce /hch7*2 mRNA, while the UV-B response of
Ihcb1*4 was not substantially affected. Thus, an intracellular component that is
sensitive to chloroplast photobleaching may mediate the effect of UV-B on /hch71*2
but not /hch71*4. It is established that when carotenoid-deficient plants are partially
photobleached, intracellular compartments and events remain fairly unaffected, with
exception for the degradation of chiorophyils, chioroplast thylakoid and inner
envelop membranes (Bolle et al., 1994; Taylor, 1989). Thus, the component that
specifically mediates the UV-B effects on /hcb1*2 is likely to be associated with
either chlorophylls or components such as plastoquinone located in chloroplast
membranes (Greenberg et al., 1989). Another phenomenon worthy of mention is
that reduced UV-B (2.8 MED h™) did not cause an increase in mRNA in partially
photobleached plants as seen in the experiments with the high intensity UV-B (4.2
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MED h"). As an explanation, both UV-B-repressive and stimulative mechanisms

may function in the partially photobleached chloroplasts, and under higher intensity
UV-B the stimulative mechanism overwhelmed the repressive one. Alternatively,
the UV-B-repressive mechanism responded to high but not low UV.
4.8 Application of 3' RACE PCR to identify UV-B-responsive genes
Identification of the putative chioroplast components mediating the UV-B
response of /hcb genes is a challenge. Although a red light-responsive chloroplast
component was proposed over ten years ago and indirect evidence for its existence
has been obtained, it has not yet been identified. It is believed that any signal
transduction pathways affecting transcription eventually involve interactions
between transcription factors and cis-acting elements of target genes. Therefore,
searching backwards along the UV-B-responsive pathways by identification of
transcription factor genes may increase the possibility of identifying the putative
chloroplast components. To initiate such studies, 3' RACE PCR was used as a
general approach to obtain UV-B-responsive transcription factor genes.
Degenerate primers were designed on the basis of conserved peptide residues of
basic leucine zipper and CH; zinc finger transcription factors, two of the largest
transcription factor families with light-responsive members yet identified in plants.
Six clones obtained in these experiments hybridized to UV-B-responsive transcripts
on northern blots. Of them, psUVzinc shows no homology with any sequence
registered in GenBank. Therefore, it represents a novel UV-B-responsive gene.
The other five UV-B-responsive clones had homologues in the GenBank, but none

of them were transcription factor genes. Partial sequence complementation
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between the cDNA and degenerate primers led to the cloning of these genes,
suggesting that annealing temperature used in the PCR reaction should be higher,
and that nested degenerate primers might be considered to increase the specificity
of PCR amplification. In addition, identifying UV-B- and chloroplast signal-
responsive /hcb cis-elements and then using them as probes to screen expression
libraries would be a useful approach to clone transcription factor genes mediating
the UV-B responses of /hcb genes.
4.9 Identification of UV-B-responsive genes reveals new features of UV-B-
dependent regulation of gene expression

In addition to rRNAs, a ribosome is composed of many different proteins.
The psUVRIib cDNA clone identified in this study is closely related to the
ribosomal protein S23 of strawberry, human, Brugia malayi and mouse, S28 of
yeast and S12 of Tetrahymena thermophila, and the chioroplast ribosomal
protein S12 of many species. Northern biotting illustrated that the transcript
corresponding to this clone in pea was increased by UV-B irradiation, and all UV-
inducible genes identified to-date are plant defense- or pathogen-related
(references in Table 1). PsUVRIib is the first UV-B-responsive translation
machinery protein gene identified in plants; however, the biological significance
of the UV-B-induced transcript increase in this gene remains elusive.

B-1,3-glucanases consist of basic and acidic isozymes, with the basic
isozymes containing a C-terminal extension that is cleaved off during targeting to
vacuoles. The acidic isozymes lack the C-terminal extension, and they

accumulate extracellularly (Linthorst et al., 1990). Both the basic and acidic
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isozymes are encoded by multigene families in plants (De-Loose et al., 1988;
Linthorst et al., 1990). The psUVGIu clone is closely related to the pea B-1,3-
glucanase gene and it represents the second gene identified from the pea p-1,3-
glucanase family. This clone also shares sequence similarity with the genes for
both basic and acidic 8-1,3-endoglucanases from other species.

UV radiation increases the resistance of plants to pathogenic attack,
however the mechanism is only partially resolved. Cloning of the pea UV-B-
inducible B-1,3-glucanase gene, psUVGIu, increases our understanding of the
relationship between UV-B irradiation and pathogen resistance, because p-1,3-
glucanases hydrolyze yeast and fungal cell walls (de-la-Cruz et al., 1995).
Moreover, release of elicitor-inducible carbohydrates from fungal cell walls by -
1,3-endoglucanase of host tissues, leading to host defense responses such as
phytoalexin production, is one of the earliest processes following fungal invasion
(Okinaka et al., 1995). This may be why tobacco class | B-1,3-glucanase acts
synergistically with class V chitinase against Fusarium solani germlings
(Melchers et al., 1994). The amount of mRNA for B-1,3-glucanases is repressed
by glucose (de-la-Cruz et al., 1995), and induced by either virus infection,
salicylate treatment (Linthorst et al., 1 990), fungal cell wall polymers, or
autoclaved yeast cells and mycelia (de-la-Cruz et al., 1995). Thus, the
observation that the psUVGIu mRNA is induced by UV-B irradiation suggests that
UV-B and pathogens regulate -1,3-glucanase genes in a common manner.

Auxin is a plant hormone that promotes growth and inhibits dormancy of

plants. Accumulation of auxin-repressed protein gene mRNAs is correlated with
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strawberry growth inhibition (Reddy and Poovaiah, 1990) and bud dormancy

(Stafstrom et al., 1998). Therefore, these proteins function as growth repressors
in plants. PsUVaux cloned in this study is related to a putative auxin-repressed
protein gene of apricot, being the first putative UV-B-inducible plant growth
repressor identified in plants. However, the sequence similarity of this clone with
other auxin-repressed protein genes is rather poor.

To my knowledge, psUVRub is the first clone of the pea Rubisco activase
gene. This cDNA clone, and a peptide deduced from its sense strand, share high
sequence similarity, respectively, with Rubisco activase genes of other species
and their encoded proteins. Rubisco activase, functioning as a molecular
chaperone in an ATP hydrolysis-dependent manner, is essential for the activation
of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1. 39). It
binds preferentially to non-native Rubisco and dissociates after addition of ATP
(Sanchez et al., 1995). The stoichiometry of Rubisco to Rubisco activase is about
20 Rubisco active sites per activase tetramer in Arabidopsis (Eckardt et al.,
1997). A small decline in the amount of Rubisco activase resuits in great
decrease in Rubisco activity, therein inhibiting photosynthesis (Eckardt et al.,
1997; He et al., 1997) and plant growth (He et al., 1997). In addition, Rubisco
activase mRNA was always a smear on my northern blots, while other mMRNA
bands were sharp, suggesting that Rubisco activase mRNA is prone to
degradation. Therefore, continuous transcription of the Rubisco activase gene
may be critical to Rubisco activity. When characterizing the response of Rubisco

to UV-B irradiation, Jordan et al. (1992) found that the activity of Rubisco
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declined more rapidly than its abundance, but it was unclear how this happened.
My finding that the amount of Rubisco activase mRNA remarkably decreases
upon UV-B irradiation sheds light on the UV-B response of Rubisco.

Dehydrins are a large family of proteins enriched in hydrophilic amino
acids and characterized by several conserved motifs that are arranged in a linear
order. They are normally glycine-rich and cysteine- and tryptophan-free (Close et
al., 1989; Momma et al., 1997). Of the various motifs, the most conserved is a
lysine-rich KIKEKLPG sequence near the C-terminus, present once or as
multiple copies (Artlip et al., 1997; Robertson and Chandler, 1994). Another
motif, a DEYGNP segment, may be found, usually as repeats, at the N-terminus
of some of these proteins (Artlip et al., 1997; Momma et al., 1997). Other than
these regions, the remainder of the proteins often differ markedly from one
another. The psUVdhn clone exhibited the highest sequence homology with 867,
a pea dehydrin cognate gene. The KIKEKLPG motif and the flanking regions of a
peptide deduced from psUVdhn are aimost identical to the corresponding B61
segments. In addition, psUVdhn and B61 contain a stretch of common residues
that are missing from other pea dehydrins. The expression of most dehydrin
genes is induced by dehydration (Close et al., 1989; Cellier et al., 1998; Parra et
al., 1996; Robertson and Chandler, 1992), abscisic acid (Cellier et al., 1998;
Parra et al., 1996; Robertson and Chandler, 1992), cold (Kemp et al., 1997;
Muthalif and Rowliand, 1994; Wolfraim et al., 1993), mannitol (Parra et al., 1996)
or NaCl (Parra et al., 1996). However, it is unknown why the pea B67 mRNA is

reduced upon dehydration and has no response to abscisic acid (Robertson and
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Chandler, 1994). The mRNA of psUVdhn identified in this study is reduced by

UV-B irradiation, and is thus another stress-responsive dehydrin gene showing

atypical stress responses in pea.

The last clone, psUVzinc, identified in this study was repressible by UV-B.
it has no homologue in the GenBank databases, indicating that it is a novel UV-
B-repressible gene in pea. Thirty-eight out of the 86 amino acid residues of the
longest peptide deduced from its sense strand showed 45% identity to Odontella
sinensis photosystem Il reaction center X protein, but obtaining a clone
containing the remaining portion of the cDNA is essential for determining the
open reading frame of this clone.

410 Conclusions

Based on the findings of this work, a model for the signal transduction
pathways mediating the UV-B responses of /hcb genes is proposed in Fig. 25.
Normally, UV-B represses /hcb genes via a UV-B-specific pathway, but weakly
activates them through a red light pathway. The UV-B pathway requires a
carotenoid-associated intermediate (CxU, Fig. 25) to down-regulate all these
genes, and a chlorophyli-associated intermediate (ChU) to more strongly repress
the /hcb1*2-represented subfamily. The red light pathway contains a chlorophyll-
associated intermediate (ChR) that mediates induction of all the /hcb genes, and a
carotenoid-associated intermediate (CxR) that attenuates the induction of the
subfamily of genes represented by /hcb1*2. When the chloroplast intermediates bf
the UV-B-specific pathway are either damaged or not formed, UV-B loses its ability

to repress /hcb genes, but it still induces them via the red light pathway. UV-B
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Figure 25. A proposed model for UV-B-induced regulation of pea /hch

genes

ChR, a chlorophyll-associated intermediate that mediates red light
induction of both /hcb1*4 and lhcb1*2; CxR, a carotenoid-associated intermediate
that attenuates the effect of red light on /hcb7*2 accumulation: CxU, a
 carotenoid-associated intermediate that mediates UV-B-induced down-regulation
of both /hcb7*4 and /hcb1*2; ChU, a chlorophyil-associated intermediate that
enhances the UV-B-induced down-regulation of Ihcb1*2; P;: red light-absorbing
form of phytochrome. Doted lines represent repression pathways: solid lines
represent induction pathways. Thickness of the lines indicates strength of the

actions.
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Figure 25
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prevents photodamage to the chloroplast intermediates of the red light pathway.

It is unclear whether the chloroplast intermediates of the UV-B pathway are
carotenoids and chiorophyills per se, or light-harvesting complex I, plastoquinone,
abscisic acid and thylakoid membrane lipid. Moreover, the identification of UV-B-
responsive genes in this study indicates that UV-B induces the expression of genes
involved in translation, pathogen defense and auxin responses, and represses
those encoding molecular chaperons, drought-responsive proteins and genes of
unknown functions. This probably makes the mechanisms more complicated
because the UV-B responses of /hcb genes may be affected by regulation of other
genes. Thus, how to identify the chloroplast intermediates of the UV-B pathway
regulating /hcb genes is a challenge. Evidently, identifying UV-B-responsive /hcb
cis-elements and then using them as probes to screen expression libraries may
provide direct evidence for the intermediates of these signal transduction pathways,
and characterization of more UV-B-responsive genes will facilitate our

understanding of UV-B-dependent regutation of plant growth and development.



Appendix |. Solutions and Recipes

Solution used for inhibition of carotenoid biosynthesis

100 uM Norflurazon: 0.386 g Zoria Rapid80
10 | distilled water

Solutions for total RNA extraction

1M Tris pH 8.0: 12.1 g Tris
80 mi DEPC water
adjust pH to 8 with HCI
add DEPC water to 100 ml
autoclave

0.25 M EDTA pH 8.0: 9.31 g disodium EDTA-2H,0
80 ml DEPC-treated dH,0O
adjust pH to 8.0 with NaOH
add dHz0 to 100 mi
autoclave

PAS-TNS solution: 4% PAS (p-aminosalicylic acid) sodium sait
1% TNS (Tris-iso-propyinaphthaniene sulfonic
acid)
50 mM Tris pH 8.0
autoclave

Phenol reagent: 0.1 g 8-hydroxyquinoline
100 ml phenol/chioroformfisoamyl  alcohol
(25:24:1,
pH 5.2)

100 mM ATA: 2.365 g ATA (aurin tricarboxylic acid)
100 ml 50 mM Tris pH 8.0
autoclave

Extraction buffer (quantities/sample):
4 ml PAS-TNS solution

40 puf 100 mM ATA

80 ul B-mercaptoethanol
206 pl 20% SDS
prepared just prior to use

12 M LiCl: 2543 g LiCl
dissoived and brought up to 50 mi with dH,0
filtered through 0.22 1 Acrodisc
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Resuspension buffer:

50 uM ATA:

3 M sodium acetate:

10 mM Tris pH 7.5
2.5 mM EDTA pH 8.0
10 uM ATA
autoclave

50 ul 100 mM ATA stock
100 ml 50 mM Tris pH8.0
autoclave

12.3 g sodium acetate

40 m| DEPC-treated dH,0

adjust pH to 5.2 with glacial acetic acid
add DEPC-treated dH,0 to 50 mli

Solutions for 1* strand cDNA synthesis:

TE:

Stop mix:
Solutions for RT-PCR

10 mM Tris pH 8.0
0.1 mM EDTA pH 8.0

0.1 MEDTA

0.3125 mM dNTPs containing biotin-14-dATP:

Solutions for Southern blotting

6x DNA loading buffer:

50x Tris-acetate EDTA:

DNA denaturation buffer:

0.2734 mM dATP
0.039 mM biotin-14-dATP
0.3125 mM dTTP
0.3125 MM dCTP
0.3125 mM dGTP

0.025 g bromophenol biue
0.025 g xylene cyanol FF
3 mi glycerol

dHzO to 10 mi

autoclave

2429 Tris

5.71 ml glacial acetic acid
10mi 0.5 MEDTA pH 8.0
dH,0 to 100 mi

0.2 M NaOH
0.6 M NaCl
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Sodium phosphate buffer (pH 6.5):

25 mM NaH,POy, pH 6.5

Solutions for chemiluminescent detection

10x Phosphate Buffered Saline (PBS):

0.5% (wiv) I-block buffer:

0.2% (wiv) I-block buffer:

1:30000 streptavidin alkaline phosphatase (SA-AP) conjugate solution:

Wash buffer:
Assay buffer:

125 yM CDP™:

Solutions for cloning
0.1 M CaCl;:

SOC medium:

0.58 M Na;HPO,
0.17 M NaH,PO,4-H>0
0.68 M NaCl
autoclave

0.5% (wh) l-block powder

1x PBS

dissolved by microwave (do not boil)
0.5% SDS

0.2% (wiv) I-block powder

1x PBS

dissolved by microwave (do not boil)
0.5% SDS

3.34 ul SA-AP

20 ml 0.5% I-block buffer

filter through 0.45 pu Acrodisc
add 0.5% I-block buffer to 100 mi

1x PBS
0.5% SDS

0.96% diethanolamine, pH 10
0.02% (w/v) MgCl,)

100 ul CDP™ (Tropix, Bedford, USA)
10 ml assay buffer

0.735 g CaCl-2H,0
add dH,0 to 50 ml
filtered through 0.22 um Acrodisc

2% bacto tryptone
0.5 % yeast extract
10 mM NaCl
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X-gal:
IPTG:

LB broth:

LB/ampicillin broth:

LB plate:

LB/ampicillin plate:

2.5 mM KCI

adjust pH to 7.0 with 5 N NaOH
autoclave

10 mM MgCl,

10 mM MgSO,

20 mM glucose

fiiter through 0.22 um Acrodisc

20 mg mi™* N,N-dimethylformamide

2 g isopropyithio-B-D-galactoside
add dH.0 to 10 mi

25 g LB medium powder
11dH0
autoclave

25 g LB medium

11dH,0

autoclave

cool to ~50 °C, add 4 ml 5 mg mI™* ampicillin

25 g LB medium powder
15 g bacto-agar
11dH:0

autoclave

pour plates

25 g LB medium powder

15 g bacto-agar

11dH;0

autoclave

cool to ~50°C, add 4 mi 5 mg mI™* ampicillin
pour plates

Solutions for plasmid mini-preparation

ZE lysis buffer:

Solution I:

10 mM Tris pH 8.0
1mMEDTApPH 8.0

2mgml” lysozyme

0.2 mg ml" heat-treated RNase
0.1 mg mi™* bovine serum albumin

50 mM glucose
25 mM Tris pH 8.0
10mMEDTApPH 8.0
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Solution li:
Solution lil:
TE containing RNase:

Solutions for northern blotting

RNA denaturation buffer:

1% formaldehyde agarose gel:

10x MOPS running buffer:

20x SSC :

RNA loading buffer:

autoclave

0.2 N NaOH
1% SDS

5 M potassium acetate
11.5% glacial acetic acid

10 mM Tris pH 8.0
0.1 mM EDTA pH 8.0
20 ug mi' heat-treated RNase

40 mM MOPS

12% formaldehyde

S5 mM DEPC-treated EDTA pH 8.0
50% de-ionized formamide

stored at -20°C

0.45 g agarose

28.35 ml DEPC-treated water
dissolve and leave at 65°C for 10 min
9ml 10 x MOPS

7.65 ml formadelhyde

29.93 ul 100 mM ATA

46.3 g MOPS

16.7 ml 3 M sodium acetate

800 mi DEPC-treated dH,0

adjust pH to 7.0 with DEPC-treated NaOH
20 ml 0.25 M DEPC-treated EDTA pH 8.0
add DEPC-treated dH.Oto 1L

filtered through 0.22 p fiiter

175.3 g NaCl

88.2 g Na-Citrate

800 mi dH,0

adjustpHto 7

add dH20 to 1000 mi, autocliave

50% glyceroi

5 x MOPS

2.5% bromophenol biue

2.5% xylene cyanol FF

0.1% DEPC, 37 °C overnight, autoclave
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0.5 M disodium phosphate buffer:
0.5 M Na;HPO,
85% HoPOq4
pH 7.2 as mixed

Hybridization buffer: 1 mM DEPC-treated EDTA pH 8.0
7% SDS
0.25 M disodium phosphate, pH 7.2

Probe stripping buffer: 0.05 xSSC
0.01 MEDTA pH 8.0
boiling
0.1% SDS

Solutions for staining RNA makers on northern blots

Methylene blue: 0.5 M sodium acetate
0.04% methylene blue



Appendix ll. Schematic representation of pUVRib cDNA in pUC18

EcoR| (396)

E Sacl (402)
pn | (408)

pUVRib cDNA in pUC18
3077bp
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Appendix lll. Schematic representation of pUVDeh cDNA in pUC18

Sall, Accl, Hinc i

Pstl(851)

Sph [ (857)
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Appendix IV. Schematic representation of pUVRub cDNA in pUC18

EcoR1 (396)

Sac(402)
1(408)

pUVRub (467 bp)

pUVRub cDNA in puUC18
3153 bp

pBR332 ori Sph [ (908)
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Appendix V. Schematic representation of pUVzinc cDNA in pUC18

EcoR| (396)
Sac!(402)
1(408)

pUVzinc (446 bp)

pUVzinc cDNA in pUC18
3126 bp

Sal |, Acc |, Hinc!

Psti (875)

Sph!(881)
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Appendix VI. Schematic representation of pUVaux cDNA in pUC18

Pst1(927)
Sphi(933)
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Appendix VIl. Schematic representation of pUVGIu cDNA in pUC18

EcoR | (396)
Saci{402)

PUVGIu cDNA in pUC18
3080 bp
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