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The goal of this dissertation was to analyze the regulation and function of 

cytoplasmic class I small heat shock proteins (sHSPs) during seed development in 

Arabidopsis thaliana. Results show that two class I sHSPs accumulate in late seed 

maturation, persist in the dry seed and decline rapidly during germination. HSPI7.4 

accounts for 90% of total class I sHSP in the dry seed. The temporal pattern of sHSP 

accumulation during seed development suggests that HSP17.4 may help establish seed 

properties that are acquired during late seed maturation, such as dormancy or desiccation 

tolerance. Several mutants with reduced seed dormancy were detennined to accumulate 

wild type levels of HSP17.4, however, all desiccation intolerant seeds analyzed had 

decreased levels of HSP17.4. Thus, HSP17.4 reduction correlates with desiccation 

intolerance. In total, these data suggest that HSP17.4 is not sufficient for seed dormancy 

and that it may be necessary for desiccation tolerance. 

The localization and regulation of HSP17.4 were exarm'ned in developing 

Arabidopsis seeds by transforming plants with hspl7.4 promoter fused to the P-

glucuronidase (GUS) gene. HSP17.4::GUS expression was detected in the cotyledons 

early in seed development and eventually throughout the embryo. Arabidopsis embryos 

showed a much di^erent pattern of HSP17.4::GUS expression in response to heat 

indicating distinct mechanisms regulate sHSP transcription during heat shock and during 

development. To analyze seed speciflc transcriptional activator regulation of HSP17.4 

transcription, HSP17.4::GUS transgenic plants were crossed to seed transcriptional 

activator mutants. Results showed aberrant localization of HSP17.4::GUS in fus3-3 and 

lecl-2 seeds and negligible levels in abi3-6. These results strongly implicate ABD in the 

transcriptional regulation of HSP17.4. 
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To analyze more speciflcally HSP17.4 function, transgenic antisense technology 

was used to suppress bspl7.4 expression to 30-50% of wild type. These lines exhibited a 

reduced dormancy phenotype as assayed by reduced sensitivity to germination on ABA and 

by the ability of fresh seed to germinate. 

These data provide insight into the localization, regulation and function of HSP17.4 

during seed maturation. The seed-specific transcriptional activator ABD is implicated in 

controlling hspl7.4 expression during development. Overall, these results demonstrate the 

importance of HSP17.4 during seed maturation, and establish a role for sHSPs in 

dormancy. 
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CHAPTER 1: INTRODUCTION 

The role of stress proteins 

It is well established that plants respond to a variety of abiotic environmental stimuli 

with changes in gene expression (Bohnert and Sheveleva, 1998; Vierling and Kimpel, 

1992). Factors such as gravity, light quantity and quality, as well as many different 

environmental stresses, including water shortage, soil salinity and metal content, and 

temperature extremes, all affect plant gene expression. It is not surprising that plants have 

developed ways to sense and respond to their environment given their sessile mode of 

existence and dependence on inorganic nutrients. Understanding the mechanisms used by 

plants to process environmental stimuli and respond with changes in gene expression, 

along with understanding the function of the regulated gene products, have been major 

goals of a significant body of plant research. 

The response of plants to acute high temperature, or the "heat shock response", has 

been particularly well characterized (Nagao et al., 1990; Nover, 1991; Vierling, 1991). 

The heat shock response is not unique to plants, but rather is conserved from bacteria to 

humans. All organisms exposed to heat stress conditions experience a decline of normal 

protein synthesis, along with induction of a distinct group of conserved heat shock proteins 

(HSPs), leading to a high level of stress protein accumulation. The major HSPs common 

to all organisms belong to five distinct families classiHed based on MW in kDa: HSPlOO, 

HSP90, HSP70, HSP60 (or the chaperonins) and small (s)HSPs (-12-42 kDa). 

Considerable evidence supports an important role for HSPs in protecting plants and other 

organisms firom damage due to heat (Nover, 1991). Genes encoding representatives of all 

the major groups of HSPs have been characterized in plants (Boston et al., 1996). This 

dissertation will focus on the regulation and function of one group of sHSPs. 
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Interestingly, several HSPs (HSP70,100, and sHSPs) are also produced during 

certain stages of plant development, as well as during stress (DeRocher and Vierling, 1995) 

(see also references in Table LI and Hong and Vierling unpublished results). HSP 

expression has been observed during late seed development, a time when seeds are actively 

synthesizing storage reserves and are acquiring the ability to withstand desiccation, 

processes that are necessary for the production of viable seeds (Koomneef and Karssen, 

1994; Meinke, 1994). During late seed maturation there is also massive synthesis of seed 

storage proteins and late smbryogenesis abundant (LEA) proteins. LEAs are also induced 

by desiccation and other stresses in vegetative tissue and, like HSPs, have been deHned as 

stress proteins, although their function is undetermined. During desiccation (mature seeds 

can reach a final water content of <10%) and subsequent rehydration during germination, 

cells in the seed may experience conditions that resemble various forms of stress such as 

water, heat and osmotic stress, all of which induce stress proteins (Koomneef and 

Karssen, 1994; Leung andGiraudat, 1998; Shinozaki and Yamaguchi-Shinozaki, 1996; 

Skriver and Mundy, 1990; Vierling and Kimpel, 1992). Stress proteins may therefore be 

acting as protectants during desiccation during development similar to their role in response 

to stress in vegetative tissues. 

The goal of my experiments was to begin to understand the role of specific sHSPs 

during seed development. In the remainder of this introduction I will Hrst discuss sHSPs, 

introducing the sHSP gene family I have studied, and the current state of knowledge 

concerning sHSPs structure and function. Then I will discuss seed development, 

emphasizing the late part of seed maturation and what is akeady known about sHSPs and 

other stress proteins in development. The model plant for genetic analysis, Arabidopsis, 

was used for these experiments, thus many previously characterized seed mutants were 

available for study. Those mutants used in this study will also be introduced. 



Table 1,1 Expression of sHSPs during plant development 

Plant species References sHSP class 

Seed 
development 
HelUmthus amuus (Almoguera and Jordano, Cytosolic I 

1992) 
(Coca et al., 1994) " I, II 
(Coca etal., 1996) " I 
(Carrancoet al., 1997) " I 

Pisum sativum (DeRocher and Vierling, " 1 
1994) 

" I, n 

Nicotiam rustica (zur Nieden et al., 1995) " I, n 

Vicia faba " " I, II 

Lycopersicon " " 1,11 
esculentum 

Brassica campestris (Bettey and Finch-Savage, " I 
1998) 

Arabidopsis thaliana (Wehmeyer etal., 1996) " I 

(Buan and Vierling, unpub.) " n 

Sorghum bicolor (Howarth, 1990) ND 

Tricticum aestivum (Helm and Abemathy, ND 
1990) 

Zeamays (Shen et al., 1994) Cytosolic I 

Germination 
Helianthus amuus (Coca et al., 1994) " I, II 

Observations 

mRNA accumulates during mid-maturation and 
present in dry seeds 

mlWA and protein expression during embiyogenesis 
mRNA in diy seed; accumulated during embryogenesis 
mRNA accumulated in seeds during late desiccation 

stage of embryogenesis 
mRNA present in mature seed 

mRNA and protein expression during embryogenesis 
and germination 

Proteins accumulated during seed development and 
abundant in the dry seed 

Proteins detected in late seed maturation and 
was most abundant in dry seed. 

Proteins detected with in se(^ maturation and 
was most abundant in dry seed 

Protein accumulates during seed desiccation 

A specific subset of class I proteins accumulate in 
mid-maturation and are present in the dry seed 

A specific subset of class II proteins accumulate in 
mid-maturation and are present in the dry seed 

mRNA from mature dry seeds produced sHSPs when 
translated in vitro\ iidU«lA gone by 24 h imbibition 

Quiescent embryo mRNA produced sHSPs when 
translated in vitro; mRNAs decayed on imbibition 

Random sequencing of cDNAs from mature maize 
endosperm 

Poteins present in dry seed; decline during germination 



Pisum sativum 
Nkotiam rustica 
Viciafaba 
Lycopersicon 

esculentum 
Arabidopsis thaliana 

Pseudotsuga 
menziesii 

Hordeum vulgare 

Somatic 
embryogenesis 
Pkeaglauoi 

Medicago sativum 
Nicotiana tabacum 

Pollen 
Development 
Ulium longiflorum 

Arabidopsis thaliana 
Zeamays 

Nicotiana tabacum 

Fruit maturation 
Fragaria 

Lycopersicon 
esculentum 

(Vierling and Sun, 1989) " I 
(zur Nieden et al., 1995) " I, II 

" I, II 
" I. II 

(Wehmeyer et al., 1996) " I 

(Tranbarger and Misra, " I 
1996) 
(Kniseetal., 1993) Chloroplast 

(Dong and Dunstan, 1996) CytosolicII 

(Gytigyey et al., 1991) " I 
(Zarsky el al., 1995) " I 

(Bouchard. 1990) " n 

(Kobayashietal., 1994) " U 

(Buan and Vierling, unpub.) " II 
(Dietrich et al., 1991) Cytosolic II 

(Atkinson etal., 1993) " II 

(Zarsky et al., 1995) " I 

(Medina-Escobar et al., " I 
1998) 
(Fray et al., 1990) " I 

Proteins present in dry seed; decline during gennination 
Proteins declined very rapidly during imbibition 
Proteins remained abundant until 5 days after imbibition 
Proteins remain abundant beyond 5 days after imbibition 

Proteins present in dry seed and decline during 
germination and early seedling growth 

mF^A absent during germination, peaks directly 
following germination in young seedlings 

mRNA and protein in 2-d-old seedlings; growth 
condition of seeds unknown 

mRNA detected before embryo maturation, expressed 
abundantly in late embryogenesis 

mRNA accumulated in globular and heart stage embryos 
mRNA expressed during sucrose starvation induced 

pollen embryogenesis 

cDNAs isolated from microsporocytes; expressed during 
meiotic prophase and in tetrad microsporocytes 

cDNAs isolated from microsporocytes; expressed as 
above; not present in mature pollen 

Class n proteins accumulate in early pollen development 
mRNA detected during prophase of pollen meiosis; 

absent in mature pollen 
mRNAs accumulate in a stage-specific manner during 

microsporogenesis: absent in mature pollen 
mRNA present in late bicellular to mature pollen; sHSP 

promotor-GUS fusion directs expression in pollen 

mRNA was detected in fruit during ripening in both 
the achenes and the receptacle 

cDNA isolated in differential screen of maturing fruit 
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sHSP gene family in plants 

Although plants produce all the major families of HSPs in response to heat stress, 

the plant sHSP family is unusually diverse and abundant compared to that found in other 

organisms. Plant sHSPs are members of a large family of ubiquitous proteins that includes 

the a-crystallins, structural proteins of the vertebrate eye lens (Schardl et al., 1987). At 

least Hve classes of plant sHSPs can be distinguished based on sequence similarity and 

cellular localization: class I (cytosolic), class H (cytosolic), chloroplast-localized, 

endoplasmic reticulum-localized, and mitochondrion-localized (Waters et al., 1996) (Figure 

1). Each class can have multiple gene family members within any one plant species, such 

that as many as 30 sHSPs are seen in some plants. Whether the individual sHSPs within a 

class have redundant functions, act together, or have unique functions remains in question. 

The sHSPs are much more diverse than other HSPs, such as HSP70, which has 

almost 50% amino acid sequence identiQr from Tea mays to E. coli (Lindquist and Craig, 

1988). This diversity is observed even in di^erent sHSP classes from a single plant 

species. Figure 1.1 is an amino acid sequence alignment of Glycine max sHSPs, 

representing the five different sHSP classes (Waters et al., 1996). The highest identity 

between the proteins is found in the carboxyl-terminal -100 amino acids, which has been 

termed the "heat shock domain". Within this domain are two regions of highest similariQr, 

consensus regions I and n, separated by a variable length hydrophilic region. The amino-

terminal domain is extremely divergent between different sHSP classes. On the other 

hand, members of the same sHSP class in any one plant species can share 80% or higher 

amino acid identity. Figure 1.2 aligns three class I sHSPs (romArabidopsis, illustrating 

this high degree of amino acid identiQr within an sHSP gene family of a single plant 

species. 
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Figure 1.1, Alignment of Glycine max sHSP amino acid sequences representing the 

Hve different plant sHSP gene families. The Consensus sequence is designated below the 

aligimient. The consensus is defined by 3 out of 5 identical or S out of 5 similar amino acid 

residues. The regions that comprise consensus I and II, corresponding to the heat shock 

domain, are conserved in all sHSPs. The alignment was created using Pileup in GCG. 

Figure adapted firom Waters et al. 1996. CP = chloroplast-localized. MT = 

mitochondrion-localized. ER = endoplasmic reU'culum-localized. Class I and class II = 

cytoplasm-localized. Database accession numbers for sequences: HSP17.6; Ml 1317, ER 

HSP22: X63198, HSP17.9: X07159, CP HSP21: X07188, MT HSP23.9: U21722. 
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CLASS I HSP 17.6 MSLIP 
ER HSP 22 MRLQQL NLFPLLLCVA KANGSLLPFM 
CLASS II HSP 17.9 MDFRVMGL 
CP HSP 21 GGDNKD NSVEVQHVSK GDQGTAVEKK PRRTAMDISP 
MT HSP 23.9 MASSLIAKRF LSSSLLSRSL LRPAASASHR SFDTNAMRQY DNRADDHSTD IDRHSERSPP STARRDDIFL 
Consensus 

140 
CLASS 1 HSP 17.6 SIFGGPRSNV FDPFSLDMWD PFKDFHVPTS SVSAENSAFV NTRVDWKEYQ EAHVLKADIP GLKKEEVKVQ 
ER HSP 22 DPPITLLADL WSDRFPDPFR VLEHIPFGVD KDEASMAMSP .ARVDWKETP EGHVIMLDVP GLKREEIKVE 
CLASS II HSP 17.9 ESPLFHTLQH MMDMSEDGAG DNKTHNAPTW SYVRDAKAMA ATPADVKEYP NSYVPEIDMP GLKSGDIKVQ 
CP HSP 21 FGILDPWSPM RSMRQILDTM DRVFEDTMTF PGRNIGGGEI RAPWDIKDEE HEIRMRFDMP GLAKEDVKVS 
MT HSP 23.9 RCVGSIFSDS EFEPGSEHDG PGHGQSVPLR VARDRSWRWS GRGWDARETE DALHLRVDMP GLAKEDVKIS 
Consensus D-KE-- V D-P GLK-E-VKV-

210 

CLASS I HSP 17.6 lEDDRVLQIS GERNVEKED KNDTWH RVDRSSGKFM RRFRLPE.NA KVEQVKACME NGVLTVTIPK 
ER HSP 22 VEENRVLRVS GERKKEEEK KNDTWH RVERSYGKFW RQFRLPQ.NV DLDSVKAKLE NGVLTLTLDK 
CLASS II HSP 17.9 VEDDNLLLIC GERKRDEEK EGAKYL RMERRVGKLM RKFVLPE.NA NTDAISAVCQ DGVLSVTVQK 
CP HSP 21 VEDDMLVIKG GHKSEQEH GGDDS WSSRTYSSYD TRLKLPD.NC EKDKVKAELK NGVLYITIPK 
MT HSP 23,9 VEQNTLIIKG EGAKEGDEEE SARRYTSRID LPDKLY KIDQIRAEMK NGVLKVWPK 
Consensus VED--LL GERK-EEE-- R-ER--G R-F-LP--N- --D-V-A NGVL-VTVPK 

Consensus region II Consensus region I 

243 
CLASS I HSP 17.6 EEVKKSDVKP lEISG 
ER HSP 22 LSPGKIKGPR WSIAGEDHQ QGNLNNDGAK QEL 
CLASS II HSP 17.9 LPPEPPKKPR TIQVKVA 
CP HSP 21 TKVERKVIDV QVQ 
MT HSP 23.9 MKEEERKDVI SVKVE 
Consensus 



Figure 1.2, Amino acid sequence comparison of Arabidopsis class I sHSPs. The 

amino acid alignment was created using Pileup and Pretty in GCG (Genetics Computer 

Group). The consensus of residues that are identical in all sequence is noted below the 

alignment. Database accession numbers for the sequences: HSP17.4: X17293, HSP17.6: 

X16076, HSP18.2: 17295. 
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Plant sHSPs assemble into large oligomers ranging in size from 200kD to 400kD 

depending on the protein (Lee et al., 1995; Suzuki et al., 1998). Class I pea HSP18.1 

forms a 217 kDa oligomer composed of 12 subunits (Lee et al., 1995). Chloroplast 

HSP21 from pea is found in complexes that are >200 kDa corresponding to >9 subunits 

(Suzuki et al., 1998). Although detailed structural data are not available for plant sHSPs, 

the X-ray structure of an sHSP from Methanococcus jannaschii, HSP16.5, was recently 

reported (Kim et al., 1998). This sHSP forms a 24 subunit oligomer of about 400 kDa. 

The subunits comprise 9 ^-stands that stack together to form two anti-parallel ^-sheets. 

The basic subunit of the oligomer is a dimer, in which the dimer interface involves 

hydrophobic and electrostatic interactions. The Mj HSP16.5 oligomer appears to be a 

hollow sphere in which the dimers are arranged with 3- and 4-fold symmetries (Kim et al., 

1998). Based on sequence conservation and predicted secondary structure, it is likely that 

the plant sHSPs have a similar basic protein fold and overall structural organization, 

although the number of subunits in the oligomer varies. 

Role of sHSPs in thermotolerance 

All organisms can acquire the ability to survive an otherwise lethal heat stress if 

they Hrst experience a milder heat stress. This short term adaptation to high temperature 

has been termed acquired thermotolerance. As a mild heat stress induces HSPs, it has long 

been hypothesized that HSPs are involved in protecting organisms from a more extreme 

heat stress. In plants the accumulation of sHSPs by a mild heat stress has been shown to 

correlate with ability to survive subsequent, otherwise lethal heat stress (Lindquist, 1986; 

Moseley, 1997; Nagao et al., 1990). However, concrete data implicating sHSPs in the 

acquisition of thermotolerance in higher plants is limited. The overexpression of an 

Arabidopsis Heat Shock transcription Factor (HSF) resulted in the overexpression of 

sHSPs (as well as other HSPs) and improved the ability of transformed plants to survive 
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lethal temperatures (Lee et al., 1995). Another study transformed an sHSP from rice, 

OsHSP16.9, into E. coli, which resulted in increased thermotolerance in the bacterium 

(Yeh et al., 1997). It was suggested that OsHSP16.9 functions in a similar manner in rice. 

In another study, an sHSP from Castanea sativa was transformed into E. coli and resultant 

cells showed significant increased survivability at both high and low temperatures (Soto et 

al., 1999). 

The role of sHSPs in thermotolerance has also been examined in organisms other 

than plants. Disruption of HSP30 in Neurospora crassa produced a sensitivity to heat 

stress when the cells were limited for carbohydrates (Plesofsky-Vig and Brambl, 1995). 

When carbohydrate levels were high, the thermal sensitivity was not detected in mutant 

cells compared to wild type. Mutant Dictyostelium defective in sHSP synthesis was unable 

to develop thermotolerance, even though other HSPs were induced (Loomis and Wheeler, 

1982). Selective induction of sHSPs in Drosophila cells and overexpression of hsp27 in 

Chinese hamster cells led to more thermotolerance (Berger and Woodward, 1983; Chretien 

and Landry, 1988). Likewise, a mouse cell line transfected with recombinant human 

hsp27 showed an increase in thermotolerance (Lavoie et al., 1993; Rollet et al., 1992). All 

these data support a function for sHSPs in thermotolerance. However, a deletion of hsp26 

or of both hsp26 and hsp42 in Saccharomyces cerevisiae did not affect the ability of the 

cells to grow at high temperature (Petko and Lindquist, 1986; Wotton et al., 1996). 

Similarly, yeast cells that express high levels of hsp26 did not show increased 

thermotolerance (Bendey et al., 1992; Susek and Lindquist, 1989). This could imply an 

alternative function for sHSPs in yeast, or yeast may have lost the need for sHSP function. 

When the only sHSP in Synechocystis, HSP16.6, was deleted, the cells had decreased 

growth rates and oxygen evolution afier treatment at elevated temperatures (Lee et al., 

1998). Li summary, while sHSPs appear to be involved in temperature tolerance in some 
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organisms, in others their function may be redundant and/or dispensable under some 

conditions. 

sHSPs function as molecular chaperones in vitro 

All the major HSPs have been shown to function in vitro as molecular chaperones 

(Table 1.2). Molecular chaperones are believed to be essential for cell survival because 

they act to stabilize the conformation of other proteins that are in non-native structural states 

and to prevent irreversible protein aggregation (Frydman and HartI, 1994; Frydman and 

Hdhfeld, 1997; Jakob and Buchner, 1994; Lee et al., 1997). Additionally, several 

molecular chaperones have been shown to facilitate proper folding of proteins in an ATP-

dependent manner (Frydman and Hartl, 1994; Frydman and Hdhfeld, 1997; Jakob and 

Buchner, 1994). During stress conditions, such as in response to heat, HSPs are induced 

and are thought to help cells survive stress by acting as molecular chaperones. Cellular 

damage could occur with the aggregation of thermally denamred proteins. HSP70, 

HSP90, HSP60 and the sHSPs have been implicated in preventing this aggregation 

(Frydman and Hartl, 1994; Frydman and Hdhfeld, 1997; Jakob and Buchner, 1994; Lee et 

al., 1997). HSPlOO has been shown to be involved in the resolubilization of protein 

aggregates (Schirmer et al., 1996), and HSP70 is involved in refolding (therefore 

reactivation) of thermally inactivated proteins (Frydman and Hdhfeld, 1997) (see references 

in Table 1.2). 

Members of the sHSP family have been shown to effectively prevent the 

aggregation of model substrate proteins at elevated temperatures (Jakob and Buchner, 

1994; Jakob et al., 1993; Lee et al., 1995; Lee et al., 1997). When proteins are exposed to 

heat, they denature and form aggregates. Exposure of labile substrate proteins to high 

temperatures in the presence of sHSPs suppresses this aggregation. Instead, stable 

complexes are formed between the sHSPs and the substrate protein at high temperatures. 



Table 1.2 Molecular chaperones 

Protein Reference Activity 
HSP100 (Schirmer et al., ATPase that is believed 

1996) to resolubilize protein 
aggregates. 

HSP90 

HSP70 

(Frydman and 
Hohfeld, 1997; 
Jakob and 
Buchner, 1994) 

(Frydman and 
Hohfeld, 1997) 

Stimulates protein 
folding; binds non-
native proteins; 
ATPase activity 
involved in steroid 
receptor folding. 

ATP-dependent 
protein folding; 
binds non-native 
proteins. 

HSP60 (Frydman and Stimulates ATP-
Hartl, 1994) dependent 

protein folding, in 
prokaryotes and 
eukaryote 
organelles. 

sHSPs (Jakob and 
Buchner, 1994; 
Lee et al., 1995; 
Lee et al., 1997; 
Veingeretal., 
1998) 

Prevent thermal 
aggregation of 
substrate proteins 
in vitro. No 
ATPase activity, 
requires HSP70 
system to refold 
substrate. 
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Comments 
Subclass of a large 
family of related 
proteins found in 
both prokaryotes and 
eukaryotes. 

Isoforms also found in 
mitochondria and 
chloroplasts. Bridged to 
HSP70 through Hop. 

Homologs also present 
in ER, mitochondria, 
chloroplasts. Requires 
HSP40, Hip and Hop 
for activity in 
eukaryotes, or GrpE in 
E coli. 

Also called GroEL, 
Rubisco small subunit 
binding protein. 
Require GroES 
(HSPIO) for refolding. 
Found in bacteria, 
chloroplasts and 
mitochondria. 
Eukaryotic related 
homolog: TRiC. 

Found in prokaryotes, 
eukaryotes and plant 
organelles. Homology 
to a-crystallins. 
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Lee et al. (1995) observed that complexes formed between higher plant HSP18.1 and 

several model substrate proteins at elevated temperature. Specific complexes between 

sHSPs and substrate proteins in vivo have not yet been identified. 

Chaperones are thought to distinguish between the native and non-native form of 

proteins by the presence or absence of exposed hydrophobic regions (Craig et al., 1994; 

Frydman and Hartl, 1994). Hydrophobic regions of a protein become exposed during 

thermal denaturation. Hydrophobic regions of pea HSP18.1 have been identified with the 

hydrophobic probe bis-ANS (Lee et al., 1997), and these regions are thought to be 

important in substrate binding. Supporting this, binding of bis-ANS is reduced when the 

sHSP is bound to a substrate protein, indicating that these regions are involved in substrate 

binding. 

In contrast to HSPlOO, 90,70 and 60, sHSPs lack any ATP binding and 

hydrolysis activity. Thus, sHSPs need to work in concert with other chaperones to 

facilitate refolding of thermally inactivated proteins. Lee et al. (1997) demonstrated that 

when pea HSPI8.1 was present during the thermal inactivation of firefly luciferase that 

enzyme activity could be recovered after the sHSP-luciferase complex was added to rabbit 

reticulocyte lysate. Enzyme activity could not be recovered when the luciferase was 

inactivated in the absence of sHSP. Rabbit reticulocyte is known to be a rich source of 

chaperones and has been used to study the refolding of luciferase (Hartl et al., 1994; 

Schumacher et al., 1994). More recently, sHSPs have been shown to require the HSP70 

chaperone system for release and reactivation of the substrate protein (Veinger et al., 1998) 

and (Lee and Vierling, submitted). There are no clear data that the in vivo function of 

sHSPs is the same as that measured in vitro. However, if sHSPs are important in stress 

tolerance, a model in which they act as molecular chaperones can be easily envisioned. 
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sHSP expression during development 

It has now been observed by many researchers that, in addition to being 

synthesized in response to stress, sHSPs are also expressed during specific stages of plant 

development (Table 1.1). The best characterized case of developmental regulation is 

expression during seed mamration. The morphological and physiological changes that 

occur during seed development have been well deHned in numerous plant species (Figure 

1.3). The onset of seed development occurs with fertilization following flower pollination. 

The first stage after pollination includes general embryogenesis involving cell division and 

elongation of the embryo until the globular/heart stage (Meinke, 1994). This is followed 

by ceil enlargement of the embryo such that the embryo attains mature size. In the seed, the 

hormone abscisic acid (ABA) reaches its peak around mid-maturation of development, 

which is characterized by seed storage protein synthesis. During late maturation the seed 

begins to acquire dormancy and desiccation tolerance (Giraudat et al., 1994; Koomneef et 

al., 1989; Koomneef and Karssen, 1994; Meurs et al., 1992). Complete maturation 

involves loss of chlorophyll, decrease in water content, and acquisition of maximal seed 

dormancy and desiccation tolerance (Finkelstein and Sommerville, 1990; Koomneef et al., 

1984; Ooms et al., 1993). 

In Pisum sativum, class I and class II cytosolic sHSPs appear in embryos during 

reserve synthesis at mid-maniration and increase in abundance as the seed dehydrates 

(DeRocher and Vierling, 1994). A similar accumulation of class n sHSPs is seen in 

Helianthus amuus seed, while the Helianthus amuus class I sHSPs accumulate later in the 

seed mamration program (Coca et al., 1994). A stody of Lycopersicon esculentum, 

Nicotiana rustica, lea maySy Pisum sativum, and Vicia faba reported that the onset of 

sHSP accumulation occurred at different dmes after anthesis, however sHSP expression 

was always observed significantly before discernible seed desiccation (zur Nieden et al., 

1995). During germination, the developmentally regulated sHSPs are relatively abundant 
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Figure U, Stages of Arabidopsis seed maturation and germination showing 

morphological and molecular changes within the embryo and seed. Early maturation 

consists of complex morphological changes in the embryo. Mid-maturation corresponds to 

the onset ABA and reserve protein synthesis. At this point the embryo has attained its 

mature size and no morphological changes are noted until desiccation. LEAs and sHSPs 

accumulate in mid- to late-maturation. Late-maturation is accompanied by the acquisition of 

dormancy and desiccation tolerance. DAF=Days after flowering, DAI=Days after 

imbibition. 
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for the Hrst few days and then decline quickly (Coca et al., 1994; E)eRocher and Vierling, 

1994; zur Nieden et al., 1995). Generally, only a subset of class I and class II sHSPs are 

developmentally regulated, suggesting that these sHSPs have distinct regulatory controls 

and possibly distinct functions during seed maturation compared to heat stress. Supporting 

this idea, developing seeds can mount a full heat shock response with the expression of all 

of the heat inducible class I and class II sHSPs (DeRocher and Vierling, 1994). Further 

demonstrating differences in sHSP regulation, Hahspl7.6 Gl, an sHSP from sunflower, 

accumulates in seeds during late desiccation stages of embryogenesis, but not in vegetative 

tissues in response to heat shock (Carranco et al., 1997). 

Regulation of sHSP gene transcription during heat stress and development 

In eukaryotes the expression of heat shock genes is regulated primarily at the level 

of transcription. Transcriptional regulation of sHSPs uses conserved c/j-regulatory 

promoter elements, the heat shock elements (HSE), which are recognized by the conserved 

DNA-binding domain of a heat shock transcription factor (HSF). In plants and other 

higher eukaryotes HSF is constitutively present and exists in an inactive state as a 

monomer. In response to heat the monomer is thought to expose a hydrophobic heptad 

repeat in the N-terminal region that is involved in trimerization. The HSF trimer is 

relocalized fnsm die cytoplasm to the nucleus, with the exposure of a nuclear-localization 

domain found near the C-terminus of HSF. Four HSF genes have been identified in 

Arabidopsis (Hubel and SchofFl, 1994; Nover et al., 1996; Prandl et al., 1998). six in 

soybean (Czamecka-Vemeret al., 1995), three in maize (Gagiardi et al., 1995) and three in 

tomato (Scharf et al., 1990). The activation domains of plant HSFs are located on the C-

terminus. Data suggests that aromatic, bulky hydrophobic and acidic amino acid residues 

in the C-terminus play a role in HSF transcriptional activation. Conserved HSEs, which 

are defined as alternating 5'-nGAAn-3'» are located in the viciniQr of the TATA box in the 
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promoter regions of Hsp genes in all eukaryotes. Generally, multiple HSEs are present in 

this region. EfRcient binding of the trimerized HSF requires three of the HSE units; S'-

nGAAnnTTCnnGAAn-3' (Wuetal., 1994). 

Much less is known about Hsp gene regulation in the absence of stress. Generally, 

sHSPs within a speciflc class (i.e. cytosolic I or II) are induced by stress, while only a 

subset are developmentally regulated. Deletion analysis of two promoters, one which is 

induced developmentally and one which is only induced with stress, was not able to 

separate the elements involved in the different modes of regulation (Coca et al., 1996). 

However, it would not be surprising to And the different regulatory elements in close 

proximity to each other. The trans-acting factors required during development are thus far 

unknown, and therefore it is difHcult to speculate on the cu-elements that are required. 

Prwdl et al. (1996) hypothesized that HSEs may be involved in developmental regulation 

of sHSPs during embryogenesis. They analyzed a synthetic HSE promoter driving a P-

glucuronidase (GUS) reporter gene in transformed tobacco and found that the reporter gene 

was expressed in seeds (Prandl and Schoffl, 1996). They concluded that the HSEs are 

used to direct transcription of sHSPs during embryogenesis. However, this element alone 

is clearly not sufflcient. For example, only a sub-set of specific sHSPs are 

developmentally regulated, although all sHSPs thus far characterized contain promoter 

HSEs. Thus, other regulatory factors are most likely used in addition to, or instead of 

HSF during development. Alternatively, some developmental elements may have 

inadvertently been included in the synthetic promoter, and therefore the synthetic HSE 

promoter::GUS gene was expressed, but not because of activation by HSF. 

A more extensive analysis of the HSE within an HSP promoter/reporter gene 

construct was conducted with an Ha hspI7.4 G4::GUS reporter gene construct (Almoguera 

et al., 1998). This analysis utilized site-directed mutagenesis of the HSE and was able to 

separate heat shock from developmental regulation for this promoter. This study also 
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showed that the in vitro binding of HSF to a mutated HSE was greatly reduced, and 

correlated decreased HSF binding with reduced heat shock expression. In contrast, when 

expression of the Ha hsp G4::GVS with mutated HSEs was measured at different times 

during seed maturation no significant difference was seen in expression early in 

development compared to wild type. However, later in maturation a definite difference was 

detected, and the more severe the mutation, the greater the loss in developmental 

expression. These results were interpreted as demonstrating that there is dual-regulation of 

this promoter during embryogenesis: early during sHSP accumulation, expression from 

the promoter is HSE-independent, while later the promoter requires recognition of the HSE 

sites. 

In addition to the subset of sHSPs that are heat induced and developmentally 

regulated, sHSPs have been identified that are developmentally regulated but not heat-

induced (Carranco et al., 1997; Medina-Escobar et al., 1998; zur Nieden et al., 1995). 

This would further indicate that sHSPs have an alternative form of regulation during seed 

maturation. The regulation of sHSP expression in the absence of stress is in need of 

further characterization, and will be addressed in this dissertation. 

Seed dormancy and desiccation tolerance 

Due to the pattern of sHSP accumulation in the late part of seed maturation, it has 

been hypothesized that sHSPs function in one or more processes characteristic of this 

developmental stage (Cocaet al., 1994; DeRocher and Vierling, 1994). This is a unique 

time of development for the embryo, as a complete developmental arrest must be achieved, 

yet the embryo must remain viable. Late seed development is characterized by the 

acquisition of dormancy and desiccation tolerance (Figure 1.3, (Meinke, 1994). 
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Seed Dormancy 

Dormancy, which sets certain environmental cues in the seed to prevent 

inopportune gennination, has been extensively studied, but the regulatory pathways 

controlling dormancy are just now being characterized (for review see (Leung and 

Giraudat, 1998). In general, seed dormancy is an adaptive strategy that optimizes the 

distribution of germination over time in a population of seeds to increase seedling survival. 

Most seeds require certain signals from the environment to initiate the germination process. 

In Arabidopsis, a winter annual, a few days of cold treatment will induce germination 

(Koomneef and Karssen, 1994). Arabidopsis seed dispersal is in mid to late sununer, a 

time at which environmental conditions would not promote seedling survival. A more 

extreme example of dormancy exists for seeds that require the temperature of a forest fire in 

order to break dormancy (Egerton-Warburton, 1998). This mechanism prevents 

overcrowding of an area with a single species, and thus can be categorized as a survival 

mechanism. IDormancy has been extensively researched, however very fundamental 

questions still cannot be answered, such as what are the biochemical events that govern 

embryo emergence from the seed during germination and how embryo emergence is 

blocked, or the mechanism by which dormancy is broken or maintained. 

The breaking of dormancy, leading to germination, has been characterized by many 

physiological changes in the seed. The influx of water into the dry seed (imbibition) can 

lead to structural perturbations of the membrane that can result in an immediate leakage of 

solutes firom the embryo. This solute leakage is associated with a membrane phospholipid 

transition from a gel phase, which was achieved in the desiccation stage of seed maturation, 

to the normal hydrated liquid-crystalline state (Hoekstra and Golovina, 1999; Oliver et al., 

1998; Tetteroo et al., 1996). The quiescent dry seed rapidly initiates metabolic activity, 

including the resumption of respiration, protein synthesis from existent mRNAs and repair 

of mitochondria in starch-storing tissues of the seed. Within a few hours of imbibition new 
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RNA synthesis occurs. Germination is marked by radicle (embryonic root) emergence 

from the seed coat. This coincides with mobilization of stored reserves, protein and fat, 

and cell division (Hilhorst and Karssen, 1992). The molecular basis for the initiation of 

any of these processes (or the release from the inhibition of germination) is completely 

unclear. 

Role of ABA in Seed Dormancy 

The plant hormone abscisic acid (ABA) has been shown to have a role in 

maintaining seed dormancy and preventing germination. ABA accumulation is greatest 

during mid-maturation when storage reserves are being synthesized and declines before the 

acquisition of seed dormancy and desiccation. The involvement of ABA in regulating seed 

dormancy has been analyzed in several plant species. Developing seeds, in which ABA 

levels are high, typically do not germinate, while mutants that are defective in ABA 

synthesis or sensitivity exhibit precocious germination (vivipary). Viviparous or 

precociously germinating mutants have been isolated in several species, viviparous (yp) 

mutants of maize (McCarty et al., 1991), sitiens (sit) mutants of tomato (Taylor, 1991) and 

ABA-d^cient {aba) (Koomneef et al., 1982; L^on-Kloosterziel et al., 1996) or ABA-

insensitive (abi) (Finkelstein, 1994; Koomneef et al., 1984) mutants of Arabidopsis. 

Another plant hormone, gibberillic acid (GA), is thought to be involved in the 

expression of genes required for seed germination. Germination was suppressed in a GA 

biosynthesis mutant (gal), and the suppression could be alleviated by external application 

of GA (Koomneef and Van der Veen, 1980). A double mutant of gal and abal (an ABA 

biosynthetic mutant) similarly alleviated the suppression of germination (Koomneef et al., 

1982). This indicates that germination is controlled by the ratio of ABA and GA levels, not 

by absolute hormone concentration. 



It is of interest to note that ABA accumulation is not restricted to the seed. As the 

name implies, ABA is found in extremely high concentration at the point of ftuit and leaf 

abscission from the mother plant. Accumulation of ABA has also been extensively 

documented to be in vegetative tissues during certain stresses such as drought and salt 

stress (Shinozaki and Yamaguchi-Shinozaki, 1996; Skriver and Mundy, 1990). The 

expression of some of the same genes has been observed in both vegetative tissue in 

response to water deHcit and in seeds prior to desiccation. This could indicate similar 

regulation of these processes by ABA. 

A number of mutations have been isolated that result in reduced dormancy 

phenotypes in the seed. A list of these and other late seed maturation mutants is provided 

in Table 1.3. The first locus identified as required for ABA biosynthesis, abal, was 

isolated as a reverent of ga-1, the GA biosynthetic mutant (Koomneef et al., 1982). The 

abal allele is lealqr, and therefore interpretations of its phenotypes are complicated. 

However, abaJ seeds have reduced dormancy. Two additional ABA biosynthetic mutants 

iaba2 and abaS) have been isolated that have similar phenotypes to abal (Schwartz et al., 

1997). These also are leaky mutants, as was shown by the tighter double mutation 

phenotype when crossed with each other or with abal. As plants are not expected to 

survive without ABA, it is not surprising that all of these mutants still accumulate some 

ABA. However, these mutants make a direct connection between ABA and dormancy. 

ABA response mutants 

To begin to unravel the ABA response pathway, many ABA response mutants, 

termed abi for Abscisic acid Insensitive, were isolated based on the abili^ of seeds to 

germinate in the presence of ABA. These mutants fall generally into two distinct classes 

based on their phenotypes (Finkelstein, 1993; Finkelstein and Sommerville, 1990). The 

first class includes two mutants, abil and abi2, that have both seed-specific phenotypes 



Table 1.3 ; Characteristics of late seed development mutants in Arabidopsis 

Locus References Gene product (if know 

ABA-deficient 
abal (Koomneef et al., 1982) epoxidation of xanthophylls, reduced dormancy 
aba2 (L6on-Kloosterziel et al., Homolog of sitiens from tomato, defect in ABA-aldehyde conversion to 

1996) ABA, precocious germination and wilty 
aha5 " Defective in ABA-al^hyde synthesis, precocious germination and vi'ilty 

ABA-insensitive 
abil (Koomneefetal., 1984) ABA sensitive, PP2C, reduced dormancy, wilty 
abi2 " ABA sensitive, PP2C, reduced dormancy, wilty 
abiS (Koomneef et al., 1984; VPl homologue, seed specific transcription activator, weak allele 

Nambara et al., 1994) reduced dormancy, strong allele desiccation intolerant 
tUji4 (Finkelstein, 1994) ABA sensitive, reduced dormancy 
abiS " ABA sensitive, reduced dormancy 

Otiier 
fus3 (BrSumlein et al., 1994; VP1/ABI3 homolog, transcription activator, desiccation intolerant 

Keith et al., 1994) 
kcl (Westetal., 1994) HAP2 homolog, transcription activator, desiccation intolerant, 

development arrest 
lec2 (Meinke et al., 1994) Desiccation tolerant, embryo pattern defects 
emb266 (Vernon and Meinke, 199S) Desiccation tolerant, embryo pattern defects 
line24 (Yamagishi pers. comm.) WD-40 domain, desiccation intolerant, embryo development arrest 
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(reduced dormancy) and vegetative phenotypes (wilty due to excessive water loss). Alleles 

of abil and abiZ are dominant, and the genes encode protein phosphatases homologous to 

PP2C (Rodriguez, 1998). The dominant nature of the mutations, along with the fact that 

their mutant phenotype corresponded to a decrease in phosphatase activity in vitro, has led 

to the suggestion that the abil and 2 mutations act as dominant negatives. Presumably, the 

potentially redundant activity of ABIl and ABI2 has resulted in the inability to find loss-of-

fiinction, recessive alleles for either of these genes. Both ABIl and ABO function in the 

stomata of the vegetative tissue by facilitating the ABA-induced activation of both slow 

anion channels and stomatal closing (Pei et al., 1997). It is not clear whether ABIl and 

ABI2 have a similar function in the seed to maintain dormancy and prevent germination. 

The second class of ABA response mutants, abi3, abi4 and abiS, are characterized 

as having only seed-specific phenotypes (Finkelstein, 1994; Finkelstein and Sonmierville, 

1990; Kooroneef et al., 1984). Multiple alleles have been isolated at the abi3 locus, all of 

which are recessive, loss-of-fiinction mutations. Phenotypes of the different alleles range 

from the weak abi3-I allele, which is mainly characterized as having reduced seed 

dormancy, to strong alleles, such as the null allele abi3-6, which has a more severe, 

desiccation intolerant phenotype (Nambara et al., 1994). The Abi3 gene encodes a 

potential transcriptional activator with homology to maize VPl (Giraudat et al., 1992). 

Consistent with this, abi3 alleles show altered expression of many seed speciflc genes, 

such as LEA and seed storage genes. Arabidopsis plants have been engineered that express 

ABD ectopically, and in these plants some seed specific genes can be induced in vegetative 

tissue by application of ABA (Parcy et al., 1994). The abi4 and abiS mutants are believed 

to act in the same pathway as abi3. Not much is known about abiS, but abi4 has been 

cloned and encodes an AP2-type transcriptional activator (Finkelstein et al., 1998). A LEA 

mRNA was shown to have altered expression in abi4 seeds, however the expression of this 

gene also has been shown to be regulated by ABD. This could indicate that ABD and 
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ABI4 act in the same pathway of seed-specific transcription. Alternatively, ABI4 could act 

in a parallel pathway and have some fiinctions redundant with ABO. 

The fact that different mutant phenotypes are detected for abil and abi2, compared 

to abi3, has led investigators to hypothesize that these genes function in di^erent ABA 

signaling pathways in the seed. Figure 1.4 compares two possible ABA signal 

transduction pathways, either ABIl and 2 acting in the same pathway with ABD, or ABIl 

and 2 acting in a separate, but parallel pathway. In double mutants of abi3-l with either 

abil or abi2, the effect on the reduced dormancy phenotype is synergistic, and in fact the 

abi3-l abi2 combination is lethal to the seed. In contrast, the abil abi2 double mutant 

defect is only additive. The additive nature of the latter mutant combination suggests that 

abil and abi2 act in the same signaling pathway (Finkelstein and Sommerville, 1990). 

However, the synergistic effect seen for the abi3 abil or abi3 abil double mutants is not so 

easily interpreted, since none of these mutants are null alleles, and because of the dominant 

negative nature of abil and abi2. The seed lethality phenotype observed in the abi3-l abil 

double mutant could indicate that these genes function in the same pathway, and that 

complete loss of this pathway causes the lethal phenotype. Likewise, ABD regulated gene 

expression was inhibited in an abil background, indicating that ABIl and ABI3 act in the 

same genetic pathway controlling expression of these seed specific genes (Parcy and 

Giraudat, 1997). 

Recently a mutation with enhanced ABA response {eral), assayed as increased 

sensitivity to germination on ABA, was isolated from Arabidopsis (Cutler et al., 1996). 

The gene encodes the P-subunit of a heterodimeric famesyl transferase, an enzyme that 

catalyzes the transfer of a IS-carbon famesyl lipid to specific proteins. Famesylation has 

been shown to be important in mammals and yeast in modifing trimeric G-proteins and 

small GTP-binding proteins to regulate subcellular localization of these GTPases (Qian et 

al., 1997). A similar function could apply in ABA signaling. The loss-of-fiinction eral 
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Figure 1.4, Alternate models for the complex ABA response pathway indicating 

possible controls of seed maturation. ABIl and 2 are activated by ABA and positively 

regulate seed dormancy. ERAl, a famesyltransferase, acts as a negative regulator of ABA-

induced seed dormancy modifing hypothetical factor Z, which possibly directly acts on 

ABIl and 2. The indicated kinase is hypothetical as none in this response pathway has 

been defined. ABD, ABM, FUS3 and LECl function in activating seed maturation genes. 

FUS3 and LECl are not sensitive to ABA but may act to regulate ABD. ABI4 is activated 

by ABA, but data are unclear whether ABI4 functions in the same pathway as ABD. A. 

ABIl and 2 modeled in the same pathway with ABD. ABIl and 2 acting as phosphatases 

may dephosphorylate hypothetical factor X in a signal transduction pathway regulating 

ABD. Additionally ABIl and 2 may dephosphorylate a separate hypothetical factor Y 

which regulates a solute transport channel. B. ABIl and 2 modeled in a pathway separate 

from ABD. As in A, ABIl and 2 may dephosphorylate hypothetical factor Y, which has a 

downstream affect regulating a solute transport channel. Some ABD regulated components 

may function in regulating a solute transport channel and thus the affect on dormancy is 

observed, similar to the effect of ABIl and ABO. 
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mutant results in a more dormant embryo, indicating that the famesylated protein is 

required for attenuation of the ABA response pathway, or for the membrane localization of 

a protein that is required for germination. The eral mutation also has phenotypes in 

vegetative tissues. ERAl is expressed in guard cells and deletion of the Eral gene results 

in ABA hypersensitivity of anion channel activation and stomatai closure (Pei et al., 1998). 

Eral suppresses the ABA insensitive mutant phenotypes of abil and abi2. 

Other reduced dormancy mutants 

Other mutants have been isolated that have reduced dormancy without exhibiting 

ABA insensitivity. These mutants, rdol, 2,3 and 4 were isolated by screening for the 

ability of fresh seed to germinate (L^on-Kloosterziel et al., 1996) (Koomneef personal 

conununication). These genes have not yet been cloned, and therefore their role in seed 

dormancy is unknown, although they should not be a part of ABA signaling. To date no 

genes involved in dormancy that are not a part of the ABA response pathway have been 

cloned. Therefore, once the rdo mutants are characterized they should provide us with new 

insights into seed dormancy. 

Desiccation tolerance of the seed: Physiological studies 

The Hnal step in seed maturation results in desiccation of the seed such that the seed 

can be stored for extended periods of time in a variety of adverse environmental conditions, 

yet the embryo can produce a viable plant Most seeds reduce their water content to 

approximately 10% of fresh seed weight during desiccation. The seed undergoes a 

multitude of changes to survive the loss of water and this has been termed desiccation 

tolerance (Kermode, 1997), Although it is not known what molecular processes are 

necessary for desiccation tolerance, several hypotheses have been developed. The 

hypotheses focus on the correlative increases in carbohydrates, soluble sugars (such as 
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raffinose) and late seed maturation proteins, such as LEA and sHSPs, suggesting these 

components are necessary for the ability of seeds to survive desiccation (Vertucci and 

Farrant, 1995). 

One function that has been suggested for carbohydrates is membrane protection 

during dehydration (Chen and Burris, 1990). As water is removed from phospholipids, 

membrane phase transitions from a fluid to a crystalline state can be detected at 

physiological temperatures. Reapplication of water to the crystalline membrane state can 

induce membrane leakage, which in turn can lead to cell death. Carbohydrates have been 

hypothesized to prevent rehydration-induced membrane leakage due to a suppression of the 

phase transition during dehydration (Chen and Burris, 1990). However, it has been 

shown that membranes in seeds undergo dramatic structural changes during dehydration 

(Bewely, 1992). (Interestingly, similar membrane changes occur in response to heat 

(Nover, 1991)). These data indicate that carbohydrates are not preventing the phase 

transitions from occurring, instead carbohydrates may be acting to protect the membrane 

from leakage during rehydration. 

The protein profile of developing seeds reveals proteins that are regulated in the late 

maturation program of seed development, coinciding with the acquisition of desiccation 

tolerance. As mentioned above, some are relatively abundant proteins, accumulating to 4% 

of total cytosolic protein, and have thus been termed late gmbryogenesis abundant (LEA) 

proteins (Ingram and Bartels, 1996). LEA proteins have been categorized into Hve 

different classes based on sequence homology. Because of their presence during the 

acquisition of desiccation tolerance, they have been hypothesized to function in protecting 

the cell during desiccation. The fact that LEA proteins are also induced in vegetative tissue 

in response to water deHcit lends fiirther support to this hypothesis. However, the 

molecular mechanism as to how LEA proteins protect the cell during dehydration is 

unclear. The proteins are highly hydrophilic and have been hypothesized to counteract the 
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increasing ionic strength that is experienced in the cytosol during dehydration. Some LEA 

proteins bind water molecules to a greater extent than most proteins, which may help to 

maintain a minimum cellular water content (Qose, 1996; Ingram and Bartels, 1996). 

As already discussed, accumulation of sHSPs during seed maturation also 

implicates these proteins as functioning to establish dormancy or desiccation tolerance 

(Table 1.1 and Figure 1.3). Several groups speculated that sHSPs may function to protect 

cellular components during seed desiccation and/or during rehydration (Alamillo et al., 

1995; Coca et al., 1994; DeRocher and Vierling, 1994). Supporting this, sHSPs that are 

developmentally regulated in Helianthus amuus seeds are also regulated in response to 

water stress (Almoguera and Jordano, 1992; Coca et al., 1996), and in the resurrection 

plant, Craterostigma plantagineum, vegetative tissues express sHSPs in response to 

dehydration (Alamillo et al., 1995). However, in leaves of Arabidopsis class I sHSPs are 

not detected in response to water stress (Wehmeyer et al., 1996). As sHSPs have been 

shown to act as molecular chaperones to prevent heat-induced protein aggregation in vitro, 

a related function during seed development could be hypothesized. During desiccation 

cellular proteins may fail to remain properly folded, and sHSPs could prevent the 

irreversible aggregation of these proteins, and/or assist in their proper refolding upon 

rehydration. 

Another structural change that accompanies seed desiccation is the formation of a 

glass matrix in the cytoplasm. Glass formation has been associated with the viability of 

seeds. During desiccation, the glass matrix would prevent cellular collapse and restrict 

molecular di^sion, thus promoting a stable quiescent state within the seed (Ligram and 

Bartels, 1996). It is hypothesized that the glass matrix protects macromolecules, 

predominantly proteins, including the cytoskeleton, and lipids, such as in membranes. In 

past studies, carbohydrates were hypothesized to have a major role in formation of the 

glass matrix and acquisition of desiccation tolerance (Ooms et al., 1993). Recent data have 
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shown that desiccation intolerant seeds do not have reduced levels of the specific sugars 

that are thought to be associated with the cytoplasmic glass matrix (Wolkers et al., 1998). 

This implies that another component regulated in late seed maturation may be associated 

with the glass matrix. Both LEA proteins and sHSPs have been hypothesized to have a 

role in the formation of the glass matrix during desiccation (Wolkers et al., 1998). 

Genes required for desiccation tolerance 

Analysis of mutants defective in late seed development has provided insight into the 

importance of specific genes in desiccation tolerance. Several of these mutants are also 

defective in dormancy, as described above, indicating a close relationship between factors 

controlling these two physiological states. Many of these genes can be described as 

functioning in a developmental gene regulatory pathway. 

As mentioned above, the Arabidopsis Abi3 gene encodes a transcriptional activator 

that is homologous to maize VPl (McCarty et al., 1991). Severe mutations in Vpl and 

Abi3 result in seeds that are desiccation intolerant, suggesting a role for the transcriptional 

activation of genes required for desiccation. Null mutations in the abiS gene are highly 

nondormant, desiccation intolerant seeds that are unable to accumulate storage reserves or 

breakdown chlorophyll (Nambara et al., 1994; Nambara et al., 1995; Nambara et al., 

1992). Although late maturation is clearly altered in abi3 mutant seed, embryo pattern 

formation is normal, and inmiature seed can be germinated to produce normal plants. 

Other genes controlling the late seed maturation program for which gene products 

have been identified are FUS3 and LECl (Braumlein et al., 1994; Keith et al., 1994; 

Nambara etal., 1994; Nambara et al., 1995; Nambara etal., 1992; West et al., 1994). 

Both encode transcriptional activators (Lotan et al., 1998; Luerssen et al., 1998). There is 

evidence that FUS3, LECl and ABD interact during late embryogenesis, and speculation 

that both FUS3 and LECl may control ̂ i3 gene expression (Parcy et al., 1997). In the 
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weak abi3-l mutant allele background, introduction of the fus3-3 or lecl-2 alleles resulted 

in dramatically reduced ABO protein. Thefus3-3, led-2 and abi3-4^ single mutants have 

few overlapping phenotypes, but several phenotypes unique to each mutant (Table 1.3). In 

abi3 fus3-3 and abi3 led-2 double mutants an increase in severity of the phenotypes 

thought to be specific to each of the mutants was observed. For example, seed chlorophyll 

declines normally in fi4s3 and led mutants but not in abi3. The double mutants fus3 abi3 or 

led abi3 retain signiHcantly more seed chlorophyll than abi3, indicating an interaction 

between ABD and FUS3 and LECl in controlling this developmental process. 

Understanding the molecular processes controlling the late seed maturation program 

should also provide greater understanding of plant processes in general. Plants that 

experience a water deficit induce some of the same proteins (LEA) and show similar 

responses (membrane phase transition, osmotic adjustments and induction of ABA) as is 

seen in desiccating seeds (Ingram and Bartels, 1996; Vierling and Kimpel, 1992). Not 

surprisingly, this could indicate that the molecular mechanisms used to protect desiccating 

seeds and to protect vegetative tissue during a drought are conserved. The induction of 

sHSPs during late seed maturation also implies a role during this process. What 

similarities exist between the heat shock response and late seed maturation, however, are 

unclear, and whether sHSPs have similar functions in the seed as in the vegetative tissues 

during heat stress is unknown. Determining the function of sHSPs in either the heat shock 

response or in late seed maturation could lead to a better overall understanding of the role of 

sHSPs. This dissertation focused efforts on detennining the role of sHSPs during seed 

maturation. 

' abi3-4 is phenotypically the same as abi3-6. 
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Dissertation overview 

The primary goal of my research was to explore the fimction of cytoplasmic class I 

sHSPs in the late seed maturation program of Arabidopsis thaliana. Arabidopsis was 

chosen for this study because it is a model plant for genetic analysis due to its small 

genome size and relatively short life cycle. The Arabidopsis genome is being entirely 

sequenced by the Arabidopsis Genome E*roject, and should be completed by 2001. Many 

mutants have been characterized in Arabidopsis, and these are generally available. 

Arabidopsis is easily Q'ansformed, thus, a reverse genetic approach to investigate the 

function of sHSPs in Arabidopsis was possible. In addition, DNA has been recently made 

available for a large number of T-DNA insertion lines, such that PGR screening can be 

conducted to identify specific T-DNA insertion mutations. 

The research presented in this dissertation is divided into three sections. The first 

section (Chapter 2-published in Plant Physiology, 1996) characterized the class I sHSP 

gene and protein family, defining which genes are developmentally regulated. It was 

determined that HSP17.4 is the predominant class I sHSP in the dry seed. Analysis of 

sHSP levels in certain seed mutants showed that HSP17.4 was not sufficient for dormancy 

and suggested that ABI3 may regulate HSP17.4 expression during seed maturation. 

Chapter 3 focuses on the localization and regulation of HSP17.4 in Arabidopsis 

seeds. A difference in regulation of HSP17.4 during heat shock compared to development 

was observed. ABI3 was implicated in the transcriptional regulation of HSP17.4. 

Additionally, analysis of the desiccation intolerantfus3-3 and led-2 mutants compared to 

the desiccation tolerant mutant, indicated desiccation tolerance could require proper 

localization of HSP17.4. In several desiccation intolerant mutants analyzed, HSP17.4 

levels were <2% of wUd-type, correlating low HSP17.4 with desiccation intolerance. 

Thus, HSP17.4 was implicated as functioning in the acquisition of desiccation tolerance. 
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In Chapter 4 the question of in vivo function was addressed by antisense 

suppression of HSP17.4 expression in transgenic Arabidopsis plants. The antisense 

suppression lines, which had 30-50% of wild-type HSP17.4 protein in the dry seed, had a 

reduced dormancy phenotype as assayed both by reduced sensitivity to germination on 

ABA, and by the ability of fresh, inunature seed to germinate. In total these data provide 

new information about the control of sHSP expression during seed development, and 

define the first phenotype ever associated with loss-of-fiinction of an sHSP in higher 

plants. 
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CHAPTER 2: Synthesis of small heat-shock proteins is part of the 

developmental program of late seed maturation 

INTRODUCTION 

It is well established that sHSPs are not only expressed during heat stress, but are 

also expressed during an intriguing array of developmental processes, indicating that they 

may have important roles in the absence of stress (Waters et al., 1996; zur Nieden et al., 

1995) (Table 1.1). Investigating developmental regulation of the sHSPs may provide new 

insight into the function of these ubiquitous proteins. Developmental regulation has been 

most extensively characterized during seed development and germination. The pattern of 

sHSP expression during seed development has led to the general hypothesis that class I 

sHSPs may facilitate either the acquisition of desiccation tolerance or dormancy during seed 

development, or that they function in the rehydration of embryos during germination. 

To address further the role of class I sHSPs during seed development I used 

Arabidopsis as a model because it is well deHned genetically and many mutations affecting 

seed development are available (Table 1.3). Three Arabidopsis class I sHSP genes have 

been cloned; Athspl7.4, Athspl8.2 (Takahashi and Komeda, 1989), and Athspl7.6 

(Helm and Vierling, 1989) (Figure 1.2). Athspl7.4 and Athspl7.6 are very similar with 

90.3% identity at the amino acid level and 80.5% nucleotide identity. Athspl8.2 is more 

divergent, with 82.7% and 85.9% amino acid identity and 66.0% and 70.8% nucleotide 

identity to Athspl7.4 and Athspl7.6, respectively. As seen in other plant species, 

Arabidopsis class I sHSPs are not expressed in vegetative tissue during normal conditions, 

but mRNA levels are dramatically increased during heat stress (Takahashi and Komeda, 

1989); Vierling, unpublished results). 

In this work the Arabidopsis class I sHSP gene and protein family were further 

characterized. To determine whether sHSPs have a possible role in Arabidopsis seed 
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development or during germination, accumulation of class I sHSPs was examined in 

developing seeds, and their persistence was measured in germinating seedlings. In order to 

distinguish the possible role of class I sHSPs during seed development and/or germination, 

the protein profiles of aba and abi mutant seeds were examined. Results provide new 

information about the possible role of sHSPs in seeds and have implications concerning 

sHSP gene regulation during development. 

MATERIALS AND METHODS 

Plant growth and stress treatments 

Arabidopsis thaliana (ecotypes Nossen, Columbia, Landsberg, or WS) were 

grown in soil in a growth chamber on a 18°C/14°C 16-h day/8-h night cycle. Light 

intensity was approximately 300 ^mol m-^s"'. Plants were watered with 0.25 strength 

Hoagland's solution. Intact plants were heat stressed as previously described (Chen et al., 

1990). The growth chamber temperature was increased at 4°C/hour until the desired stress 

temperature (32-40°C) was attained, maintained at the stress temperature for 4 hours and 

then decreased at 4°C/hour until the chamber temperature returned to 22''C. High humidity 

was maintained during the heat stress to prevent transpirational cooling. Protein samples 

were collected at the end of the stress, after the chamber temperature had returned to 22°C. 

Antibody Production 

Antibodies against AtHSP17.6 were generated using antigen synthesized as a 

fusion protein in E. coli basically as described (Vierling and Sun, 1989). The fusion 

protein constract was created by inserting a Sau m A fragment of Athsp 17.6 into the 

pET3b expression vector. The fusion construct included 13 kD of the phage T7 gene 10 

capsid protein fused to 133 carboxyl-terminal residues (from amino acid 24 to 156,14.9 

kD) of AtHSP17.6 (Helm and Vierling, 1989) for a total fusion protein size of 16.4 kD. 
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The fusion protein was over-expressed in E. coli, total bacterial protein extracts were 

separated by SDS-PAGE, and the fiision protein was electroeluted. The puriHed protein 

was injected into New Zealand white female rabbits to generate antibodies. Preimmune 

serum was taken before any inoculations were given. 

Protein electrophoresis and Western Analysis 

Protein was extracted in SDS sample buffer containing 60 mM Tris-HCl, pH 8.0, 

60 mM dithiothreitol, 2.0% SDS, 15% sucrose, 5 mM e-amino-N-caproic acid, and 1 mM 

benzamidine (1 ml per 0.1 g-' fresh weight of leaf tissue and 1 ml per 0.05 g-' of dry seed) 

using a ground glass homogenizer. Protein concentration was measured using a 

Coomassie Blue dye binding assay (Ghosh et al., 1988). Samples were separated on 

12.5% acrylamide or 10-16% acrylamide gradient gels in the presence of SDS. For 2D gel 

electrophoresis, samples were precipitated from SDS sample buffer in 5 volumes of 0.1 M 

ammonium acetate in methanol for 1 hour on ice. The precipitate was washed four times 

with 80% acetone, and then resuspended in isoelectric focusing (lEF) sample buffer 

containing 9.5 M urea, 2% NP-40,5% 2-mercaptoethanol, and 2% ampholines. The 

protein samples were analyzed on a MighQr Small-2D-gel unit (Hoefer Scientific, San 

Francisco, CA) using a modiOed procedure previously described (DeRocher and Vierling, 

1994). Protein gels were either stained with Coomassie Blue or processed for Western 

analysis by electroblotting onto nitrocellulose. Nitrocellulose was blocked in 5% dry milk, 

incubated with AtHSP17.6 antibodies diluted 1:1000 in 5% dry milk, washed, incubated in 

a 1:2500 dilution of donkey anti-rabbit IgG conjugated to horseradish peroxidase 

(Amersham, Arlington Heights IL), washed, and visuaUzed by chemiluminescent detection 

(ECL system, Amersham, Arlington Heights IL). 
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DNA isolation and Southern hybridization 

Genomic DNA from Arabidopsis (ecotype Columbia) was isolated by phenol 

extraction and cesium chloride banding (Murray and Thompson, 1980). Overnight 

enzymatic digestion of 4 ^g of genomic DNA was carried out with BamH I, EcoR I, and 

Xho I. DNA digests were separated on a 0.8% agarose gel in Tris-borate-EDTA followed 

by capillary transfer to Nytran (Schleicher and Schuell). The DNA was fixed to the Nytran 

by UV-crosslinking. Blots were hybridized and washed under high stringency conditions 

as follows: hybridization was done at 65°C in 5X SSC, 5X Denhardt's, 0.5% SDS, and 

0.1% BLOTTO (powdered milk) and washes were done at 65°C three times for 15 

minutes in 0.2X SSC and 0.1% SDS. A lower stringency hybridization followed the same 

protocol except hybridization and wash temperatures were 55°C. DNA fragments used as 

hybridization probes consisted of the entire cDNA insert for Athspl7.4, Athspl8.2 

(Takahashi and Komeda, 1989), and Athspl7.6 (Helm and Vierling, 1989). Inserts were 

labeled with [a-^^P]dATP (Dupont NEN Boston, MA; 30(X) Ci mmol"^) by the random 

primer method (Feinberg and Vogelstein, 1983). Specific activities attained were 1-2 x 10' 

cpm fig*' DNA. 

In vitro transcription and translation 

For in vitro transcription of the sHSP cDNAs, plasnuds were linearized with Xba I 

such that RNA in the sense direction could be synthesized using T7 RNA polymerase. In 

vitro translation was performed with reticulocyte lysate as described by the supplier 

(Promega, Madison, WI) using p5S]methionine (Dupont NEN, Boston, MA; 1165Ci 

nunol'^) at 0.5txCi ^l'^ of translation mixture. The ^^S Met-labeled in vitro translation 

products were analyzed by either SDS-PAGE on 10-16% polyacrylamide gradient gels, or 

by 2D gel electrophoresis. Proteins were visualized by autoradiography. 
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Seed development and germination samples 

Seed Development 

Arabidopsis plants (ecotype Nossen) were grown to flowering under the 

conditions described above. Opening flowers were tagged with different color ties to 

denote the day of pollination. At the onset of flowering siliques produce a significant 

number of aborted embryos; therefore flower tagging was initiated ten days to two weeks 

after the onset of flowering. Siliques were removed at 4 to 24 DAP and proteins 

immediately extracted. 

Germination 

Arabidopsis seeds were imbibed in a petri dish on wet filter paper under growth 

chamber conditions described above at 100% humidity. Seeds/seedlings were collected I 

to 8 days after the start of imbibition (DAI), fi-ozen and lyophilized. Total proteins were 

extracted from dried material in SDS-sample buffer (0.05ml of sample buffer per mg of 

dried material), and separated by SDS-PAGE. Under the conditions used seeds were still 

imbibing at 1 DAI, whereas by 2 DAI most seed coats had split and some radicles had 

emerged. At 3 DAI radicles had emerged and some green cotyledons were visible and by 4 

DAI the cotyledons of most of the seedlings had emerged, some of which were unfolded. 

At 5 DAI all of the germinated seedlings had unfolded cotyledons and by 10 DAI the first 

true leaves were visible. 

ABA biosynthetic and insensitive mutants 

The mutants used in this investigation were previously isolated and characterized 

based on their ability to germinate on ABA (Finkelstein, 1994; Koomneef et al., 1982; 

Koomneef et al., 1984). All of the seeds carrying these mutations result in reduced 

sensitivity to ABA inhibition of gemunation. The mutant tines and more specific 

phenotypes are summarized in Table 2.1. Plants were grown to seed under the same 



Table 2.1: Characteristics of Arabidopsis mutants used in this study 

Mutant* Ecotype of 
wild-type parent 

mutagen Phenotypeh Tissue specificity 
of phenotype 

Reference 

abal Landsberg EMS Reduced 
dormancy; Wilty 

leaves 

seed and leaf Koornneef et al., 
1982 

abil Landsberg EMS Reduced 
dormancy; Wilty 

leaves 

seed and leaf Koornneef et al., 
1984 

abi2 Landsberg Reduced 
dormancy; Wilty 

leaves 

seed and leaf 
t f  

abi3-l Landsberg EMS Reduced 
dormancy 

seed 
f f  

abi4 Columbia gamma-radiation Reduced 
sensitivity to 

ABA inhibition 

seed Finkelstein et al., 
1994 

abi5 Wassilewskija T-DNA insertion Reduced 
sensitivity to 

ABA inhibition 

seed 

a) Double mutant of abil and abi2 and abi3-l were also analyzed. 

b) The reduced dormancy phenotype is greater for abal, abil and abi2 compared to abi3-l, abi4 and abi5-l. 
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conditions as described above except abal, abil, and abil abi2 which were grown at 22°C 

in continuous fluorescent light (100-l50nE m-^s'^) (Finkelstein and Sonimerville, 1990). 

The homozygous seed of abi3-6 (Nambara et a!., 1994) were removed from the plant 

before desiccation, germinated on plates to the four leaf stage and then transfered to soil. 

RESULTS 

Arabidopsis class I proteins are encoded by single copy genes 

It was important to determine the complexity of the class I gene family in 

Arabidopsis in order to investigate expression of class I sHSPs in Arabidopsis seeds. The 

three Arabidopsis genes that had been previously cloned, Athspl7.4, AthspI8.2 

(Takahashi and Komeda, 1989), and Athspl7.6 (Helm and Vierling, 1989), were used in 

Southern analysis at both high and low stringency to investigate the complexity of the class 

I gene family. Southern analysis of Athspl7.4 and Athspl8.2 had been previously 

conducted at high stringency conditions and indicated that these genes were single copy 

genes: no cross-hybridizing bands were seen on the Southern blots (Takahashi and 

Komeda, 1989). Athsp 17.6 had not previously been analyzed. Under high stringency 

conditions my data for Athsp 18.2 (not shown) were comparable to that of Takahashi and 

Komeda (1989). However, in the Athsp 17.4 Southern, seen in Figure 2.1, a minor cross-

hybridizing band was detected that had not been seen in the earlier work, probably because 

of slightly different stringency conditions. Comparison of the Athsp 17.4 and 17.6 blots 

(Figure 2.1) indicates that the minor band on the Athsp 17.4 blots corresponds to the major 

band on the Athsp 17.6 blot and vice versa. This is consistent with the fact that the cDNAs 

for these genes are 80% identical. Lower stringency hybridization (hybridization and 

washes at 55°Q with Athsp 17.6 resulted in one additional band that did not superimpose 

with Athsp 17.4 or Athspl8.2. An equivalendy reduced stringency hybridizatioii with 

either Athsp 17.4 or Athsp 18.2 did not result in the appearance of additional bands (data not 
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Figure 2.1, Arabidopsis class I sHSPs, AtHSP17.4 and AtHSP17.6, are encoded by 

single-copy genes. Total Arabidopsis genomic DNA (4 ̂ g/sample) was digested with the 

indicated restriction enzymes and processed for Southern analysis. The nylon filters were 

hybridized under high stringency conditions (see Materials and Methods). The fiill length 

cDNAs were used to synthesize the radiolabeled probes. Plasmid DNA (5x10'^ ng, 

equivalent to a single copy gene in 4 ^g of Arabidopsis genomic DNA) containing each full 

length cDNA insert was linearized and run for comparison. Molecular weight markers, 

values in kilobases, (MW) are indicated at the left. 
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shown). These data suggest that the Arabidopsis class I sHSP family consists of a 

minimum of four genes and that each of these genes is single copy, signifying that there are 

no related genes with greater than 80% identity at the nucleotide level. 

Speciflc class I sHSPs accumulate in dry seeds 

The anti-AtHSP17.6 antibodies were tested to determine if they would specifically 

detect polypeptides induced by heat in Arabidopsis leaves. Figure 2.2A represents a 

Western analysis of protein from leaves heat stressed (HS) at temperatures between 32-

40°C or control leaves (22''C). Proteins were separated by SDS-PAGE, transferred to 

nitrocellulose, and incubated with AtHSP17.6 antibodies. The antibodies detected two 

distinct bands at approximately 18 kD in leaves subjected to relatively mild stress (32''C). 

Both bands accumulate proportionally with increasing temperature and reach a maximum at 

BS'C. These proteins are not present in leaves grown at 22°C (Figure 2.2A) and do not 

react with preinunune serum (data not shown). 

To determine if class I sHSPs are present in Arabidopsis seeds matured in the 

absence of heat stress as has been found for other plant species (DeRocher and Vierling, 

1994; zur Nieden et al., 1995) the same Athspl7.6 antibodies were used for Western 

analysis of total seed protein. Arabidopsis plants used for the collection of these seed were 

grown at I8/14°C (day/night) to assure that the class I sHSPs could not have accumulated 

due to heat stress. As shown in Figure 2.2A class I sHSPs are also present in dry seeds, 

but seeds accumulate only the slower migrating of the two bands seen in HS leaves. 

Although in leaves the slower migrating band is more abundant at all temperatures than the 

faster migrating band, both bands are detected at all temperatures between 32''C and 40°C. 

The amount of the slowly migrating protein detected in the seed is similar to that seen in 

36°C HS leaves. Thus, these data indicate that expression of the class I sHSPs is 
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Figure 22. Class I sHSPs accumulate in leaves during heat stress and specific class I 

sHSPs are detected in dry seeds matured in the absence of stress. A: Western analysis of 

proteins from heat stressed leaves or non-stressed dry seed using AtHSP17.6 antibodies. 

Intact plants were heat stressed to maximum temperatures of 32 to 40''C as indicated above 

each lane. Protein was isolated from leaves at the end of the stress treatment and compared 

to control leaf (22''C) and seed proteins. Proteins were separated by SDS-PAGE, 

transferred to nitrocellulose, probed with AtHSP17.6 antibodies and visualized by 

chemiluminescence. Only the portion of the gel containing the class I sHSPs is shown. B: 

In vitro transcription/translation products of Athspl7.4, 17.6 and 18.2 cDNAs. ^^S-

labeled in vitro translation products of transcripts synthesized from the three class I genes 

were added to either heat-stressed leaf or seed protein samples and separated by SDS-

PAGE. The in vitro translation products were visualized by autoradiography. Only the 

portion of the autoradiogram containing the class I sHSPs is shown. 
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differenu'ally regulated during development; only a specific subset of class I sHSPs 

accumulate in the seed. 

Experiments were performed to identify which of the three cXaa&dArc^idopsis class 

I sHSP genes encode the developmentally regulated protein(s) in Arabidopsis seeds. In 

vitro transcripts produced from the Athspl7.4, Athspl7.6 and Athspl8.2 cDNAs were 

used to synthesize ^^S-Iabeled in vitro translation products and combined with either HS 

leaf or seed proteins. The combined samples were separated by SDS-PAGE, and 

transferred to nitrocellulose in order to examine co-migration of the in vitro translation 

products with the HS leaf and the seed immunoreactive polypeptides. The autoradiograph 

of the ^^S-labeled proteins is shown in Figure 2.2B, whereas the endogenous class I 

proteins from seed and HS leaf samples were visualized by incubation widi AtHSP17.6 

antibodies and chemiluminescent detection as is seen in Figure 2.2 A. The Western and 

autoradiograph were then superimposed to compare the nugration of the in vitro translation 

products to the immunoreactive class I sHSPs (not shown). The AtHSP17.4 and 17.6 

u^slation products both co-migrated with the upper immunoreactive band from HS leaves, 

above the 18 kD molecular weight (MW) marker, and corresponded to the only 

inununoreactive band seen in seed samples. A higher apparent molecular weight compared 

to that predicted from the amino acid sequence of AtHSP17.4 and AtHSPl7.6 has also 

been observed for the related class I sHSPs from pea (DeRocher et al., 1991). The 

AtHSP18.2 translation product co-migrated with the faster migrating immunoreactive band 

in HS leaves, near the 18 kD MW marker (Figure 2.2B). These data indicate either 

AtHSP17.4, AtHSPl7.6, or both, are developmentally regulated in the seed, while 

AtHSP18.2 is only found in HS leaves. 
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AtHSP17.4 is the predominant sHSP in seeds 

Because the AtHSP17.4 and AtHSP17.6 gene products co-migrated on SDS-

PAGE, two-dimensional gel electrophoresis was used to distinguish between AtHSPl7.4 

or 17.6 accumulation in the seed. Figure 2.3A is a Western analysis of Arabidopsis seed 

and HS leaf proteins separated by two-dimensional gel electrophoresis and probed with the 

AtHSP17.6 antibodies. Two polypeptides were detected in the dry seed, with the 

predominant protein being the most acidic, whereas four major cross-reacting proteins were 

detected in the heat stressed leaf sample. Total protein from seeds and HS leaves were also 

combined, separated by 2D gel electrophoresis, and then transferred to nitrocellulose and 

reacted with AtHSP17.6 antibodies. The two most acidic proteins seen in the HS leaf 

sample were found to co-migrate with the two proteins detected in the seed (data not 

shown). As was predicted from the ID gel electrophoretic data above, AtHSPl7.4 and/or 

AtHSP17.6 were expected to be found in the seed, and both of these were present. 

Proteins from seed samples were combined with each of the in vitro translation products of 

class I sHSPs detected in seeds (AtHSPl7.4 and AtHSP17.6) and separated by 2D gel 

electrophoresis. The autoradiographs shown in Figure 2.3B are of AtHSP17.4 and 

AtHSP17.6; these were superimposed on the Western of Arabidopsis seeds (Figure 2.3A). 

The autoradiograph of AtHSP17.4 superimposed with the predominant and most acidic 

polypeptide detected on 2D Westerns of seeds, whereas AtHSPl7.6 superimposed with the 

polypeptide that appears slightly more basic. These results strongly support the conclusion 

that the two acidic spots represent um'que products of the Athspl7.4 and 17.6 genes and 

are not the result of post-translational modifications. Thus, AtHSP17.4 is the predominant 

class I sHSP in Arabidopsis seeds and appears to be the most acidic (Figure 2.3B). 

The heat stressed leaf samples separated by 2D gel electrophoresis possess two 

polypeptides that are not seen in seed samples and are slightly basic and faster migrating 

than the acidic polypeptides. The ID SDS-PAGE data predicted that the in vitro translation 
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Figure 2.3, The two acidic class I sHSPs are present in dry seeds; AtHSP17.4 is the 

predominant polypeptide. A: Western analysis oftwo-dimensional gel separation of heat 

stressed leaf (bottom) or seed proteins (top). Total seed or heat stressed leaf protein (IS 

Jig) was separated by isoelectric focusing followed by SDS-PAGE, blotted to 

nitroceiluiose, and reacted with AtHSPl7.6 antibodies. Arrowheads designate the specific 

class I sHSP as labeled (see text for details). Only a portion of the SDS-PAGE is shown, 

however, there were no other cross-reacting polypeptides. B: Autoradiography of 

Athspl7.4 and Athspl7.6 in vitro translation products separated by two-dimensional gel 

electrophoresis, ^ss-labeled proteins from in vitro transcription/translation of the 

Athspl7.4 and 17.6 cDNAs were separated by isoelectric focusing followed by SDS-

PAGE, and blotted on to nitrocellulose. The ^^S-labeled proteins were visualized by 

autoradiography. 
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product of AtHSPl8^ should co-migrate with one of these more basic proteins. When the 

autoradiograph of the in vitro translation product of AtHSPl8.2 is superimposed with the 

Western analysis of heat stressed leaves separated by 2D gel electrophoresis, AtHSP18.2 is 

the most basic polypeptide detected in HS leaf samples (data not shown). In total these 

data are consistent with the calculated isoelectric points of Arabidopsis class I sHSPs: 

AtHSP17.4 = 5.06, AtHSP17.6 = 5.24, and AtHSP18.2 = 7.69. A fourth polypeptide 

that cross-reacts with the class I antibody does not correspond with the in vitro translation 

products of the three cDNAs. This suggests the possibility of posttranslational 

modification or the presence of another gene that has not yet been identified. The low 

stringency Southern using Athspl7.6 as a probe has revealed a possible fourth class I 

sHSP gene that could encode this protein. 

Timing of class I sHSP expression during seed development and 

germination 

The temporal pattern of sHSP accumulation and decline in developing and 

germinating seeds has led to the hypothesis that sHSPs function in the acquisition of 

dormancy or desiccation tolerance or in seedling germination (DeRocher and Vierh'ng, 

1994). Initially, the accumulation of class I sHSPs during Arabidopsis seed development 

was examined to see if it was similar to the pattern of sHSP expression seen in developing 

pea seeds. Siliques were collected ftom tagged flowers from 4 to 24 days after pollination 

(DAP) and firom mature seeds, and the proteins were subjected to Western analysis as 

shown in Figure 2.4A. The class I sHSPs were first detected at 12 DAP and their level 

increased until approximately 18 to 20 DAP. Mature seeds had class I sHSP levels similar 

to those seen in leaves heat stressed at 36'C, The total protein proffle in developing 

siliques is shown in Figure 2.4B. Between four to six DAP the siliques had developed to 

their fiiUy expanded size. Before mid-maturation of seed development, green siliques with 



69 

Figure 2.4, Timing of sHSP accumulation d\xnwg Arabidopsis seed development. 

Immediately after opening, flowers were tagged, and seeds were collected at 4 to 24 days 

after pollination (DAP). Proteins were extracted and 20 ng of total protein per lane was 

separated by SDS-PAGE. A: Class I sHSPs were visualized with AtHSP17.6 antibodies 

(only the portion of the western containing the class I sHSPs is shown). For comparison, 

heat stressed leaf (HS), control leaf (C), and wild-type seed samples (S) were also 

analyzed. Position of class I sHSPs is indicated (HSP). The seed development samples 

were run on three separate gels and the discontinuity in the position of the HSP bands 

between 16 and 17 DAP is due to aberrant migration at the bottom edge of one gel. B: 

The total protein profile of samples in panel A was visualized on separate gels by staining 

with Coomassie Blue. Position of rubisco (R) and the 12S seed storage proteins (12S) are 

indicated. Mid-maturation is indicated at 11/12 DAP. Molecular weight markers in kD are 

on the left. 
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seeds have a total protein profile characteristic of the vegetative tissue, with Rubisco being 

the predominant protein. Between 11 and 12 DAP, approximately when class I sHSPs are 

first detected, seed storage proteins are also first detected and Rubisco levels begin to 

decline. It should be noted that class I sHSPs were not detected in siliques, fi-om which 

seeds had been removed, at several stages during development (data not shown). Thus the 

class I sHSPs detected in total silique protein in these experiments is assumed to be present 

only in the seeds. The accumulation of die class I sHSPs during mid-maturation in 

Arabidopsis seed development parallels observations of sHSP accumulation in pea seeds 

(DeRocher and Vierling, 1994). 

The presence of class I sHSPs in germinating seedlings was measured to determine 

if and when the sHSPs could function during germination. Germinating seedlings were 

collected one to eight days after being placed on wet filter paper (days after imbibition, 

DAI). Figure 2.5 is a representation of the Western and the stained gel of proteins from 

these seedlings. Arabidopsis class I sHSPs persisted in the seed and seedling through 

approximately 4 DAI (Figure 2.5A). This is very reminiscent of the pattern seen for pea 

seed (DeRocher and Vierling, 1994) and in other species (zur Nieden et al., 1995). 

Because the class I sHSPs are present during both seed development and germination, their 

function may be important in either or both processes. 

In developing pea seeds, the class I sHSPs accumulate in both the cotyledons and 

embryonic axes (DeRocher and Vierling, 1994). To determine if the seedlings of 

Arabidopsis retained class I sHSPs in these tissues, proteins were extracted firom 

cotyledons and roots of germinating seedlings (2.5 DAI). Western analysis of these 

samples revealed that both tissues had similar levels of class I sHSPs relative to total 

protein (data not shown). This implies that the localization of class I sHSPs in Arabidopsis 

seeds is similar to pea, although the timing of the accumulation in specific tissues in 

developing seeds has not been investigated. 
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Figure 2^, The sHSPs decline during germination. Arabidopsis seeds were imbibed 

in petri dishes on wet Hlter paper and seeds/seedlings were collected at I to 8 days after the 

initiation of imbibition (DAI). Proteins were extracted and 20 ^g of total protein per lane 

was separated by SDS-P AGE. A: Western probed with AtHSPl7.6 antibodies. HSP 

designates the class I sHSPs that accumulate in heat stressed seed and leaf samples. For 

comparison heat stressed leaf (HS), control leaf (C), and wild-type seed samples (S) were 

also analyzed. B: Total protein profiles were analyzed by staining an identical gel with 

Coomassie Blue. Position of rabisco (R) and the 12S seed storage proteins (12S) are 

indicated. Molecular weight markers in kD are on the right. 
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sHSP expression in seeds of ABA. deficient and insensitive mutants 

Class I sHSP levels were monitored in Arabidopsis seed mutants in order to 

distinguish the possible role of class I sHSPs in seed maturation or germination. Several 

mutants with reduced dormancy have been found in two different categories: aba (ABA 

reduced) and abi (ABA insensitive). The abal, abil, abi2, abi3-l, abi3-6, abi4, and abi5-I 

mutants were exanuned because, as described in the introduction, they exhibit phenotypes 

in late seed maturation correlated with the timing of sHSP accumulation. Western analysis 

of proteins in the seeds of these mutants is presented in Figure 2.6 and reveals that wild-

type levels of class I sHSPs were detected in abal, abil, abi2, and the double mutant abil 

abi2. All these mutants have reduced seed dormancy and a wilty vegetative phenotype. 

Among those mutants with seed specific phenotypes (abiS-l, abi4, abi3-6, abi5-l) only 

seeds carrying an abi3 mutation showed reduced levels of class I sHSPs (Figure 2.6, lanes 

i3-l, i3-6,1/3 and 2/3). Seeds carrying the abi3-I mutation showed reduced levels of class 

I sHSPs, while in seeds carrying the deletion mutation, abi3-6, class I sHSPs were 

undetectable. Wild-type levels of class I sHSPs are present in abi4 and abi5-I seed. It 

should be noted that in the abiS seed the major class I sHSP migrates faster than in the 

other mutants. This difference was determined to be allelic variation specific to the WS 

ecotype background of the abiS mutation (see Table 2.1). That is, when Western analysis 

of abiS seeds was directiy compared to WS wild-type seeds, the same pattern of class I 

sHSPs was observed. Additionally, class I sHSPs from HS leaves of abiS plants have a 

similar pattern of class I sHSPs to that seen in abiS seeds (data not shown). 

Two-dimensional gel electrophoresis was used to determine if the levels of 

AtHSPl7.4 or 17.6 were differentially affected by the abi3-l mutation. Western analysis 

of abi3-l seeds, shown in Figure 2.7, revealed two polypeptides that comigrate with 

HSP17.4 and 17.6 from wild-type seeds. The relative ratios of HSP17.4 and 17.6 are 

similar to that seen in wild-type seeds. However, approximately 10 times more total abi3-l 
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Figure 2.6, Seeds of ABA insensitive mutants at the abi3 locus have reduced levels of 

class I sHSPs. A: Proteins were extracted from wild-type seed (S), heat stressed leaf 

(HS), control leaf (Q and seeds with reduced dormancy phenotype aAa/ (a) aifiJ (il), a3i2 

(i2), (i3-l), abi3-6 (i3-6), abi4 (i4), abi5-I (i5), abil abi2 (1/2), abil abi3-lil/3), 

and abi2 abi3-l (2/3), Westemblots were probed with AtHSP 17.6 antibodies. B: Total 

protein profiles were analyzed by staining an identical gel with Coomassie Blue. Position 

of rubisco (R) and the 12S seed storage proteins (12S) are indicated. Molecular weight 

markers in kD are on the right. 
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Figure 2.7, sHSP levels in abi3-l are lO-foId reduced, but AtHSP17.4 and 17.6 are 

present in the same relative stoichiometry as in wild-type. Protein was extracted from abi3-

1 seed and ISO^g of total protein was separated by 2D gel electrophoresis and then 

processed for Western analysis with AtHSPl7.6 antibodies. Results were compared to 

Western analysis of 2D gel electrophoresis of IS^g of total protein from wild type seed 

which gave a comparable signal. Only a portion of the SDS-PAGE is shown, however 

there were no other cross-reacting polypeptides. 
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seed protein was loaded to obtain a similar signal to wild-type. Therefore, the seeds of 

abi3-l produce approximately 10-fold less class I sHSPs than wild-type. 

To ascertain that the reduction of class I sHSP in abi3 seed is speciflc to 

development, both seed and leaf samples of abi3-l and abi3-6 were heat stressed at 40 °C. 

The Westerns of the proteins separated by SDS-PAGE resulted in a class I sHSP profile 

nearly identical to wild-type HS leaves (data not shown). These results indicate that the 

abiS mutation specifically affects the developmental regulation of class I sHSPs and not the 

overall production of class I sHSPs. 

DISCUSSION 

Three class I sHSP genes from Arabidopsis have been previously cloned and 

sequenced, Athspl7.4, Athspl7.6 and Athspl8.2 (Helm and Vierling, 1989; Takahashi 

and Komeda, 1989). Data of Takahashi and Komeda (1989) and data presented here 

indicate that these are ail single copy genes. Evidence for a fourth class I gene, with less 

than 80% identity to Athspl7.6, was obtained by reduced stringency Southern analysis. 

Polyclonal antibodies raised against AtHSP17.6 detected four major heat-induced proteins, 

and three of these were shown to correspond to gene products of the isolated class I genes. 

It is not unexpected that the AtHSP17.6 antibodies show broader crossreactivity than does 

the Athspl7.6 gene in nucleic acid hybridization studies. I assume that the fourth 

polypeptide detected by these antibodies corresponds to the product of a fourth gene, but I 

cannot rule out the possibility that it represents a post-translational modification of one of 

the other class I sHSPs. In total these data indicate Arabidopsis has a family of class I 

sHSP genes, probably consisting of four members. Qass I sHSPs are Qrpically encoded 

by moderate to large gene families in plants (Vierling, 1991). Class I sHSP DNA 

sequences have been continually analyzed to the sequences produced by \he Arabidopsis 

genome project. As of July 1999, the only heat inducible, HSP182^ sequence was found 
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on chromosome 1, but neither of the developmentally regulated class I sHSPs, HSPI7.4 

and HSP17.6 had a matching sequence. 

The functional significance of differential regulation of class I sHSPs in seeds is 

unclear. The Arabidopsis class I sHSPs are greater than 80% identical on the amino acid 

level and greater than 66% identical at the nucleotide level. There are insufficient data to 

identify any unique characteristics of the developmentally regulated proteins. In 

Arabidopsis the two proteins, AtHSPl7.4 and 17.6, that are expressed in seeds share the 

greatest similarity (90% identical) and are the most acidic forms of the Arabidopsis class I 

proteins. However, developmental regulation is not restricted to acidic isoforms; both 

acidic and more neutral class I sHSPs are present in mature pea seeds (DeRocher and 

Vierling, 1994). The potential functional differences between sHSP isoforms requires 

further investigation. 

Takahashi and Komeda (1992) generated transgenic Arabidopsis plants expressing 

the GUS reporter gene under control of the 5' promoter of the Athsp 18.2 gene, and saw no 

expression of the reporter in developing seeds. This result is consistent with the 

conclusion from Westem analyses demonstrating that AtHSP18.2 is not present in seeds. 

It is interesting to note that both the Athspl7.4 gene, which is highly expressed in seeds, 

and the Athsp 18.2 gene, have heat shock consensus elements within their 5' promoter 

regions (Takahashi and Komeda, 1989; Takahashi et al., 1992). The fact that these genes 

show such extreme differences in seed specific expression strongly argues that other 

promoter elements must influence their regulation during development. 

As previously detected in pea (DeRocher and Vierling, 1994), sunflower 

(Almoguera et al., 1993), and more recently in other species (zur Nieden et ai., 1995), the 

class I sHSPs accumulate in ArabUopsis seeds at mid-maturation and decline during 

germination. The similarity of sHSP regulation in such diverse species supports the 

conclusion that there is a selective advantage to this pattern of sHSP accimiulation. 
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Although mid-maturation is still many days before noticeable desiccation of the seed, the 

acquisition of desiccation tolerance and dormancy are manifested at the mid-maturation 

stage of development (Giraudat et al., 1994; Koomneef and Karssen, 1994; Meurs et al., 

1992; Ooms et al., 1993). The correlation of sHSP expression with the development of 

desiccation tolerance and dormancy suggests a possible role for the sHSPs in either or both 

of these processes, as has been previously hypothesized (Almoguera and Jordano, 1992; 

DeRocher and Vierling, 1994). A similar pattern of expression is seen for the LEA genes 

(Parcy et al., 1994), which have also been hypothesized to be important in these aspects of 

seed maturation. Interestingly, several LEA genes are also expressed under dehydrating 

conditions in vegetative tissues (water stress, osmotic stress and cold stress )(Sicriver and 

Mundy, 1990), and Almoguera et al. (1993) have reported that seed sHSPs are expressed 

in response to dehydration stress in sunflower leaves. However, previous studies have 

shown that sHSP expression is not a general phenomenon during water stress (see 

Vierling, 1991 for review), and I have found thatArabidopsis leaves which were water 

stressed for 10 days did not accumulate detectable levels of class I sHSPs (unpublished 

observations). Thus, there is not a simple relationship between low tissue water content 

and sHSP expression. 

Understanding how sHSPs function in seeds would be facilitated by information 

concerning the localization of their expression in seed tissues, hi developing pea seeds the 

class I sHSPs accumulated in both the cotyledons and embryonic axis, but localization 

within these organs was not reported (DeRocher and Vierling, 1994). Coca et al. (1994) 

concluded from immune locaUzation by tissue printing that sHSPs were uniformly 

distributed throughout the seed, zur Nieden et al. (1995) found intracellular localization of 

developmentally expressed sHSPs to be mainly in the nuclei for Lycopersicon esculentum, 

Vicia faba, and Zea mays. The immuno-staining was detected in a variety of tissues in 

these seeds, but a uniform distribution throughout the seed was not apparent I found that 
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the class I sHSPs could be detected in the cotyletfon and root of germnaxing Arabidopsis 

seedlings. This suggests that the proteins were present in both the cotyledon and the 

embryonic axis of the mature seed, although I cannot strictly rule out that these sHSPs 

were newly synthesized during early imbibition/germination. Very recently, in situ 

hybridization studies with AthspI7.6 conHrmed that transcripts of this gene are found in 

both cotyledons and axes (Pr^dl et al., 1995). The same study further showed that 

expression was most prominent in the vascular cords of the cotyledons and the 

procambium of the axis. Whether AtHSP17.4, which I showed is the most predominant 

gene product in the seed, has a similar expression pattern to Athsp 17.6 has not been 

investigated. Considerable further information remains to be gathered concerning the 

localization of sHSP expression during seed development. 

To investigate further the relationship of sHSP expression to the development of 

seed dormancy and desiccation tolerance, I examined the level of class I sHSPs in several 

Arabidopsis seed mutants. The mutants tested, which included abal and mutants at Hve dji 

loci (Table 2.1), were all originally isolated by screening for reduced seed dormancy or 

abih'ty to germinate in the presence of ABA (Finkelstein, 1994; Koomneef et al., 1982; 

Koomneef et al., 1984). I found that mutations at the abi3 locus strongly reduce levels of 

class I sHSPs compared to wild-type seeds, while all odier mutants had essentially wild-

type sHSP levels. Because seeds of abal, abil and abil abi2 display a greater reduction in 

dormancy than abi3-l (Finkelstein, 1994; Finkelstein and Sonmierville, 1990; Koomneef 

et al., 1984), but do not show reduced levels of class I sHSPs, it can be surmised that if 

class I sHSPs are necessary for the acquisition of dormancy, they are not sufficient. 

The five abi mutants I examined are believed to define two ABA response 

pathways, with abil and abil in one pathway that affects both seed and vegetative 

phenotypes, and abi3, abi4 and abiS in another pathway that is specific to seeds 

(Finkelstein, 1994; Finkelstein and Sonunerville, 1990). The present results indicate that 
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only the latter pathway mediates sHSP expression. The presence of apparently wild-type 

levels of sHSPs in abi4 compared to severely reduced levels in abi3, is similar to what has 

been observed regarding the expression of several LEA genes in these mutants 

(Finkelstein, unpublished). Presence of wild-type levels of sHSPs in both abi4 and abi5-l 

could be due to the weak nature of these alleles, and is not inconsistent with the conclusion 

that the seed speciOc response pathway modulates sHSP expression. The abi3 locus is 

well characterized and affects a variety of seed processes including the accumulation of 

seed storage proteins (Finkelstein and Sonraierville, 1990; Nambara et al., 1992). 

However, the reduction of sHSPs in abi3-I seeds is much greater than the reduction in 

seed storage proteins, indicating that the sHSP phenotype is not merely a consequence of 

an overall decrease in seed protein production. The seeds of abi3-I are desiccation tolerant. 

Therefore, if class I sHSPs are required for desiccation tolerance, wild-type levels of 

sHSPs are not necessary for this function. 

The desiccation intolerant seeds, abi3-6, do not appear to produce class I sHSPs. 

The absence of sHSPs in the strong abiS allele correlates with the lack of desiccation 

tolerance of this allele, and supports a role forsHSPs in desiccation tolerance. However, 

because abiS mutants are pleiotropically defective in many aspects of late seed maturation, it 

is difficult to causally relate specific defects with the desiccation intolerant phenotype. Null 

sHSP mutants or transgenic sHSP antisense plants (with < 10% wt levels of sHSPs) 

would facilitate a critical test of the hypothesis that sHSPs are necessary for desiccation 

tolerance. I conclude that sHSPs are part of the normal program of late seed maturation, in 

some way controlled by the seed specific ABA response pathway, and do not rule out a 

role for sHSPs in desiccation tolerance. 

The abiS gene has been cloned and the ABB protein was found to have homology 

to the maize transcriptional activator VPl (Giraudatet al., 1992; Nambara et al., 1995). 

Several seed specific mRNAs are decreased in abi3 mutants, including those encoding 
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certain seed storage proteins, proteins which may function in the maturation process, and 

LEA proteins. The fact that ABD is present prior to sHSP expression in seeds, along with 

the observed decrease of sHSPs in abi3 seeds suggest that ABD may be directly or 

indirectly involved in the regulation of Athspl7.4 and 17.6 expression. 
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CHAPTER 3: The expression of sHSPs in seeds responds to 

discrete developmental signals and suggests a general protective role in 

desiccation tolerance 

INTRODUCTION 

Studies in numerous plant species have now established that expression of sHSPs 

is a normal part of the late maturation program of seed development (Chapter 2 and Table 

1.1). The role of sHSPs in seeds, and control of seed speciflc sHSP gene regulation 

remain unclear. My analysis of sHSP levels in several seed maturation mutants of 

Arabidopsis supports the idea that sHSPs are not sufHcient, but could be necessary for 

dormancy, and that sHSPs may be essential for desiccation tolerance. I found that sHSPs 

are produced at wild-type levels in mature seeds of several reduced dormancy mutants 

{abal, abil, abi2, abi4, and abiS), whereas a desiccation intolerant null allele of abi3 

[abi3-6) had undetectable levels of sHSPs in the mature seed (Wehmeyer et al., 1996). 

These data correlate a reduction in sHSP protein levels with the desiccation intolerance 

phenotype, and suggest sHSPs may be among several factors required for desiccation 

tolerance. As ABIS is believed to be a transcriptional activator (Giraudat et al., 1992), 

these data also implicate ABIS in the regulation of sHSP gene expression in seeds. 

Regulation of Arabidopsis HSP17.4, the predominant sHSP in seeds, by ABIS would be 

consistent with a role in either desication tolemance or dormancy, as ABD is required for 

estabh'shment of both these seed traits. However, the cd>i3-6 allele has pleiotropic effects 

on seed maturation, thus failure to express sHSPs could be an indirect effect of this 

mutation. 

Defining the tissue and cell type specificity of sHSP expression in seeds is 

important to any discussion of sHSP function in development. Measurement of protein 

levels in dissected Piswn sativum embryos revealed sHSPs are relatively abundant in the 
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cotyledons during the stage of development when the seeds are acquiring dormancy and 

desiccation tolerance. Gass I sHSPs are first detected in the axis at approximately the time 

of seed abscission from the pericarp, coincident with the onset of desiccation (DeRocher 

and Vierling, 1994). Consistent with these data from pea, just imbibed Arabidopsis 

seedlings have detectable sHSPs in both the cotyledon and the emerging radicle/hypocotyl 

(Wehmeyer et al., 1996). zur Nieden et al. (1995) immunolocalized sHSPs to the 

cotyledons, hypocotyl, root apex and central part of the radicle, but not the root cap and 

peripheral tissue of the radicle in Vicia faba and Piswn sativum. In contrast, Prandl et al. 

(1995) visualized class I sHSP mRNA by in situ hybridization predominantly in the 

meristematic tissues of the mature seed, but not in the majority of the embryo. Studies with 

a Glycine max or Helianthus annuus sHSP promoter controlling the B-glucuronidase 

(GUS) gene (GmhspI7,3B::GUS (Prandl et al., 1995) and HahspI7.7G4::GUS (Coca et 

al., 1996), respectively) in transgenic tobacco, indicated a fairly homogenous distribution 

of reporter gene expression in the embryo. GmhspI7.3B::GVS expression was seen in the 

entire tobacco embryo, except for the tip of the cotyledons, while HahspI7.7 G4;:GUS 

expression was detected only in the cotyledons. It is unclear whether these heterologous 

promoters accurately report the pattern of endogenous sHSP expression. Thus the tissue 

speciHcity of sHSP expression during embryo development is not resolved. 

Control of sHSP expression in seeds in the absence of heat stress has also been 

investigated using the promoter/reporter constructs mentioned above. A comparison of 

heat inducibility and developmental GUS expression controlled by the GmhspI7.3B 

promoter implied a co-localization of the promoter elements responsible for both types of 

control (Prandl and Schdffl, 1996). Thus, it was suggested that a heat shock element 

(HSE)/heat shock factor (HSF) complex could also be responsible for the developmental, 

in addition to the heat-inducible, transcription of these genes. In contrast, investigation 

with the Hahspl 77 G4 promoter suggested two distinct regulatory mechanisms were 
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activated during seed maturation (Almogueraet al., 1998). At the onset of sHSP 

expression in the seed, regulation appeared to be independent of the HSE and presumably 

HSF. In the mature seed, however, the HSE was necessary for activation of the promoter, 

implying HSF regulation of sHSPs during seed maturation. There has been only a single 

study using sHSP promoter/reporter gene analysis in a homologous system, a study of 

HSP18.2 expression in Arabidopsis (Takahashi et al., 1992). Interestingly, HSP18.2, 

which is strongly heat regulated in vegetative tissues, is not expressed during seed 

development, providing additional evidence that HSE/HSF alone are insufHcient for 

developmental regulation. 

To gain additional insight as to the function and regulation of sHSPs in seeds, I 

have examined the localization of sHSP gene transcription during seed development and 

heat stress using m Arabidopsis sHSP promoter/GUS fusion (AtHSPl7.4::GUS) 

transformed into Arabidopsis. AtHSP17.4 is the most highly expressed sHSP gene during 

seed development in Arabidopsis. I then tested sHSP expression in mutants of other 

transcriptional activators required for seed development and desiccation tolerance, 

(Keith et ai., 1994; Luerssen et al., 1998) and lecl-2 (Lotan et al., 1998; West et al., 1994) 

to determine if their effects were similar or different to that of abi3. Finally, I analyzed 

sHSP accumulation in an additional desiccation intolerant mutant, line24 (Yamagishi, 

personal communication), and two desiccation tolerant mutants with severe defects in 

embryogenesis, lec2'l (Meinke et al., 1994) and emb266 (Vemon and Meinke, 1995). 

The results support a function for sHSPs in desiccation tolerance and a significant role for 

ABD in transcriptional activation of HSP17.4 in seeds. 
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MATERIALS AND METHODS 

Plant and growth conditions 

Arabidopsis thaliana (L.) Heynh., ecotype Nossen, was used for in planta 

transformation and was the standard wild type for the development experiments. Seed 

development mutants used in this work are listed in Table 3.1 including ecoQrpe and 

information about phenotype. Homozygous seed of both the desiccation tolerant and 

intolerant mutants were rescued on PN(-S) plates (Stasinopoulos and Hangarter, 1990). 

The lines that could not be rescued (Une24, lec2-l and emb266) were maintained as 

heterozygotes. The presence of a T-DNA insert in these mutants allowed selection for the 

mutation by resistance to kanamycin. For these recessive mutations the visible phenotype 

of the homozygous seed (detailed in Table 3.1) was readily distinguishable from wild-type 

and heterozygous seed. All plants were grown in a growth chamber on a 18/16°C, 16/8 h 

day/night cycle. Seeds were collected from 3-4 week old plants. Light intensity was 

approximately 300 |iimol m"2s"^ 

Heat stress was conducted as previously described (Chen et al., 1990) and was 

performed identically for both leaf and seed samples. The growth chamber temperature 

was increased at 4'C/h up to the 38'C stress temperature, which was maintained for 4 h, 

and then the temperature was decreased at the rate of 4''C/h back to 22'C. High humidity 

was maintained during the heat stress to prevent transpirational cooling. Samples were 

processed for protein isolation or measurement of GUS activity immediately after the 

chamber temperature had returned to 22'C. 

The Arabidopsis seed development profile was established as previously described 

(Wehmeyeret al., 1996). Arabidopsis plants were grown until 2 weeks after the onset of 

flowering, after which opening flowers were tagged to denote the day of pollination. 

Siliques were removed at the indicated days after pollination (DAP), and either seeds or 



Table 3.1 Seed Mutants Analyzed for HSP17.4 Expression 

mutant ccotype 
desiccation tolerant 

or intolerant 
* other seed 
phenotypes 

References Gene homology 
(Reference) 

fiu3-3 Columbia intolerant anthocyanin 
accumulation 

Keith, et al. 
1994 

transcription factor VPl homology 
(Luerssen et al. 1998) 

kel'2 WS intolerant arrested development 
anthocyanin accumulation 

West, et al. 
1994 

transcription factor HAP3 homology 
(Lotan ct al. 1998) 

abi3-6 Columbia intolerant green seed Nambara E, et al. 
1994 

Homology with VPl 
(Giraudat et al. 1992) 

kc2-t WS tolerant arrested development 
anthocyanin accumulation 

Meinke, et al. 
1994 

unknown 
(na) 

UtuU WS intolerant arrested develî nient Yamagishi and Harada 
personal communication 

unknown 
(mi) 

€mb266 WS tolerant embryo defective Vernon and Meinke 
1995 

unknown 
(na) 

abU-I Landsberg tolerant reduGcd dormancy Koomneef M, et al. 
1984 

Homology with VPl 
(Giraudat et al. 1992) 

* Both desiccation tolerant and intolerant plants have many other seed 

and embryo defective phenotypes that are not detailed here. 
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embryos were immediately processed for SDS-PAGE and Western analysis or for 

histochemical staining of GUS activity, as descried below. 

Construction of HSP17.4 pronioter::GUS fusion vector 

The gene for GUS {uidA) and the NOS terminator were cut fi'om the pBIlOl.2 

vector (Clontech, Palo Alto, CA) with EcoRIwaA BamHI and ligated into the pPZP221 

binary transformation vector (accession number U10491) which carries the aacCI gene, 

encoding gentamycin acetyltransferase and conferring gentamycin resistance for selection 

of transformed plants (Hajdukiewicz et al., 1994). Approximately 1200 bp of the 

HSP17.4 promoter was removed from the genomic clone (accession number XI7293) 

(Takahashi and Komeda, 1989) with Xbal and BamHI and ligated into the transformation 

vector at these sites. This fragment included 69 bp of the coding region of HSP 17.4 

creating a translational fusion with the GUS gene, which was verified by DNA sequencing. 

Generation of transgenic plants and histochemical staining for GUS 

activity 

The Agrobacterium tum^aciens strain CSSCIRif^ containing the Ti plasmid 

pGV3101 (Van Larebeke et al., 1974) was transformed with HSP17.4::GUS in pI*ZP221. 

Agrobacterium cells were transformed by electroporation (Mozo and Hooykaas, 1991). 

The transformation of Arabidopsis (ecotype Nossen) was performed with the vacuum 

infiltration method (Bechtold and Pelletier, 1998). Plants were grown to maturity and 

seeds harvested from individual gentamycin resistant plants were classified as independent 

transformants. These seeds were designated the Tl population. 

T2 seeds from eight independent transformants were analyzed for GUS activity 

(Jetferson et al., 1987). Two lines with strong GUS activity and single inserts (based on 

segregation and Southern analysis, data not shown) were chosen for the experiments^ 
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GUS staining was performed at room temperature for 4 hours to avoid inadvertent 

activation of the HSP17.4 promoter due to heat stress. If the tissue samples had already 

been subjected to a heat stress, then the incubation for GUS activity was conducted at 37°C 

for 30 min-1 h, unless otherwise indicated. Leaf tissues of T1 and T2 plants were stained 

for GUS activity in a similar manner as the embryo. After 4 h incubation with X-Gluc at 

room temperature, leaf tissue was cleared of chlorophyll by repeated 10 min washes in 

70% ethanol. Quantitative GUS activity measurements utilized the GUS-Light reporter 

gene assay system from Tropix (Bedford, Ma.). The luminescence measurement was 

integrated over S seconds on a TD20/20 luminometer (Turner Designs, Sunnyvale, CA). 

Crosses of HSP17.4::GUS transgenics to desiccation intolerant mutants 

Flowers were emasculated by removal of anthers for the reduced dormancy mutant 

abi3-I (Koomneef et al., 1984) and the desiccation intolerant mutants fus3-3, led-2, and 

abi3-6. Pollen from a homos^gous HSP17.4::GUS plant was used to pollinate the mutant 

flowers. Whether the cross was successful was immediately apparent in the F1 seed of the 

desiccation intolerant mutants, because of the loss of the mutant phenotypes; ^i3-6 seeds 

do not lose chlorophyll and therefore appear green, seeds accumulate anthocyanins, 

and seeds from lecl-2 accumulate anthocyam'ns and arrest in the early cotyledon stage of 

embryo development. These phenotypes are recessive to wild-type in the F1 seeds of the 

cross, and reappear in Mendelian ratio in the F1 self (F2 seed). Only mutant F2 seeds with 

the appropriate seed phenotypes were planted for eventual GUS activity analysis. GUS 

staining was performed as described above. The selection of F2 abi3-6 crossed to 

HSP17.4::GUS required screening on gentamycin. Only 1 in approximately 100 

phenotypically abi3-6 seed were able to grow on gentamycin. The expected survival was 

75% for the phenotypically abi3-6 F2 seed, because 50% should be hemizygous for the 

HSP17.4;:GUS gene and 25% should be homozygous. This suggests possible genetic 
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linkage of the Abi3 gene and the transgene, and would map the transgene onto 

chromosome 3. This was, however, not further analyzed. 

Seeds homozygous for abi3-l had no visual seed phenotype. Instead abi3-l 

homozygous mutant seeds were recovered from the F2 based on decreased sensitivity of 

germination on ABA. F2 seeds were germinated on 3 ABA and seedlings were 

transferred to soil after 4 days. Leaf tissues from both F1 and F2 plants, as well as F2 and 

F3 embryos, were heat stressed as described above. 

Microscopy and Photography 

All photographs were taken at 40X magnification with a Nikon NSO camera 

mounted on a WILD M32 (Heerbmgg, Switzerland) dissecting microscope utilizing 

Ektachrome 160T fflm. Images were scanned and processed with Adobe Photoshop 3.0. 

Protein electrophoresis and western analysis 

Total leaf or seed protein was extracted in SDS sample buffer (60 mM Tris-HQ, 

pH 8.0,60 mM dithiothreitol, 2.0% SDS, 15% sucrose, 5 mM e-amino-A/-caproic acid, 

and 1 mM benzamidine) at a ratio of 1.0 ml per 0.1 g fresh weight of leaf tissue, or 1.0 ml 

per O.OS g of dry seed, in a ground glass homogem'zer. Protein concentration was 

measured using a Coomassie Blue dye binding assay (Ghosh et al., 1988). Samples were 

separated on 14% acrylamide gels in the presence of SDS. The 2D gel electrophoresis was 

performed as previously described (Wehmeyer et al., 1996). Protein samples were 

precipitated from SDS sample buffer in S volumes of O.IM ammonium acetate in methanol 

for 1 hour on ice. The precipitate was washed four times with 80% acetone, and then 

resuspended in sample buffer containing 9.5 M urea, 2% NP-40,5% 2-mercaptoethanol, 

and 2% ampholines (pH=3.5-10 and pH=5-7). Protein samples were analyzed on a 

Mighty Small-2D-gel unit (Hoefer, San Francisco, CA) following the manufacture's 



93 

protocol. Protein gels were processed for Western analysis by electroblotting to 

nitrocellulose. Nitrocellulose was blocked in 1% BSA (A-3803, Sigma) in a low salt 

buffer (0.05 M NaCl, 0.02 M Tris, and 0.1% Triton). Westem blots were incubated with 

AtHSP17.6 antiserum which recognizes all Arabidopsis class I sHSPs including HSP17.4 

(Wehmeyer et al., 1996). Antiserum was diluted I; 1000 in 1% BSA in low salt buffer for 

2 hours at room temperature, then washed 4 times 10 min each in low salt buffer. 

Secondary antibody incubation consisted of a 1:2500 dilution of donkey anti-rabbit Ig-

conjugated to horseradish peroxidase (Amersham, Arlington Heights Q^) in low salt buffer. 

Blots were washed again and visualized by chemiluminescent detection (ECL system, 

Amersham, Arlington Heights Q^). After 2D Westem analysis, HSP17.4 was quantiHed 

using NIH-Image vl.54 (National Institutes of Health, NIH Bethesda, Maryland). 

RESULTS 

Localization of HSP17.4::GUS activity during seed development 

Localization of gene expression can be used to reHne hypotheses about gene 

regulation and function. A reporter gene strategy was chosen to determine if the HSP17.4 

gene exhibited tissue speciflc expression in developing embryos. Two Arabidopsis lines 

carrying a single homozygous insertion of an HSP17.4 promoter::GUS reporter gene were 

generated (Materials and Methods). These experiments are the first to test an sHSP 

promoter driven reporter gene for developmental regulation in a homologous plant system. 

T2 plants were examined to ensure that the reporter gene was regulated by heat stress in 

mature leaves as would be predicted from previous studies of HSP17.4 protein 

accumulation (Wehmeyer et al., 1996). Three week old leaves were heat stressed to 38°C 

for 4 hours and then stained for GUS activity. As documented in Figure 3.1 A for one 

transgenic line, neither line showed GUS activity in the control leaves, but exhibited high 

levels of fairly uniform staining throughout heat-stiessed leaves. I concluded that the 
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Figure 3.1, HSP17.4::GUS activity in beat stressed leaves and developing embryos of 

Arabidopsis. A. Arabidopsis leaves (T3 generation) non-stressed (control) or heat 

stressed. B. Arabidopsis embryos (T3) stained for GUS activity during seed maturation. 

Seeds were collected at the designated days after pollination (DAP) and embryos were 

dissected away from the seed coat for staining. All nonstressed samples were stained with 

X-gluc for 4 hours at room temperature and heat stressed leaves were stained for 30 

minutes at 37°C. 
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HSP17.4;:GUS reporter gene was being expressed similarly to the endogenous gene and 

could be used to assess HSP17.4 gene transcription in developing embryos. 

Activity of the HSP17.4;;GUS reporter gene during normal development was 

examined to localize HSP17.4 expression in maturing embryos (Figure 3. IB). GUS 

activity was first seen at approximately 9 DAP, somewhat earlier than HSP17.4 protein, 

which was not detectable by Western analysis until approximately 11 DAP (Wehmeyeret 

al., 1996). GUS activity staining is more sensitive than Western analysis, and it is not 

surprising that HSP17.4 transcription occurs before measurable amounts of the 

corresponding protein accumulate. Significant GUS activity was Hrst apparent in the 

cotyledons, and until around 12 DAP GUS did not accumulate in the radicle. GUS levels 

increased throughout seed development until desiccation, and by the onset of desiccation 

(about 21 DAP) the entire embryo stained for GUS activity. During desiccation GUS 

activity decreased in the tip of the radicle and in the tips of the cotyledons, resulting in the 

staining seen in mature embryos (Figure 3.1B; 28 DAP and dry seed). The same pattern of 

staining was observed in both HSP17.4::GUS reporter lines and was confirmed in two 

separate developmental time courses. 

The fact that the entire embryo stains for GUS expression prior to desiccation 

suggests that the HSP17.4 protein is present throughout the seed at this point in 

development. The tip of the radicle in mature seed did not stain for GUS, indicating that 

HSP17.4 is not actively transcribed in this meristematic region late in the desiccation 

program. However, the sHSP protein could still be present in the root meristem of mature 

seed. To determine whether the shoot meristematic region also showed reduced 

HSP17.4::GUS activity, mature seeds were stained for GUS and sectioned. GUS staining 

was detected in the shoot meristem region (data not shown). Therefore, the decline in 

HSP17.4 promoter activi^ is not correlated simply with the meristematic nature of tissues. 
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Differential regulation of the HSP17.4 promoter by heat stress and 

development 

To examine the heat stress regulation of HSP17.4 promoter during seed 

development, seeds from HSP17.4::GUS plants were collected at representative times 

during development, heat stressed, and stained for GUS activity. Localization of GUS 

driven by the HSP17.4 promoter shows a dramatically different pattern of expression in 

heat stressed embryos (Figure 3.2A) compared to control embryos (Figure 3.IB). GUS 

activity is strong throughout heat-stressed embryos at all time points, in contrast to the 

resuicted localization of HSP17.4:;GUS during normal development. 

The intensity of GUS staining in heat stressed embryos suggested that heat shock 

not only leads to uniform GUS expression throughout the embryo, but also results in a 

significant overall increase in HSP17.4 promoter activity. To quantify this difference, 

GUS was measured in mature embryos with and without heat stress (SS'C, 4 hours) using 

a luminescence assay (Figure 3.2B). A consistent 3- to 4-fold increase in GUS activity 

was detected for heat stressed seed compared to control seed. These quantitative 

differences, along with the different spatial regulation of the HSP17.4 promoter during 

development compared to heat stress, demonstrate that the HSP17.4 promoter is regulated 

by distinct stress mediated and developmental factors. 

HSP17.4 protein expression in desiccation intolerant mutants, abi3-6, 

fus3*3 and lecl-2 

The regulation of HSP gene transcription by heat is known to involve Heat Shock 

Factor (HSF) (Wu, 1995). While HSF may also be required for developmental regulation 

in seeds (Prandl and Schoffl, 1996), at least one other factor must be involved (Coca et al., 

1996). Not only are there spatial and quantitative differences in sHSP expression, but also 
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Figure 3.2, Heat stress induces GUS expression in the entire embryo throughout seed 

maturation. A. Arabidopsis seeds were heat stressed for 4 hours at 38°C, embryos were 

dissected from the seed coat at the corresponding DAP and stained with X-gluc for 30 

minutes at 37°C (4 hours at room temperature yielded the same results). B. Quantitation 

of GUS activity in mature seeds expressing HSP17.4::GUS, either before (control) and 

after heat stress (HS), compared to GUS activity in wild-type (wt) seeds. Error bars 

indicate standard deviation from three replicates. 
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only a subset of the class I sHSPs seen in heat stressed leaves accumulate in mature 

embryos, with HSP17.4 being the most predominant sHSP (Wehmeyer et al., 1996). 

Chapter 2 showed that HSP17.4 protein is undetectable in mature seeds of a 

deletion allele of ABI3, abi3-6 (Nambaraet al., 1994), implicating ABI3 in HSP17.4 

transcriptional activation. However, I could not rule out an indirect effect of the pleiotropic 

nature of this mutation, or a possible loss of HSP17.4 protein during the abnormal late 

stage of the seed development. Therefore, the study was expanded to examine seeds 

carrying mutations in two other transcriptional activators that regulate seed development, 

LECl and FUS3 (Table 3.1), and followed HSP17.4 accumulation throughout seed 

maturation starting at the time of its first appearance in wildtype seed (11 DAP), led-2, a 

T-DNA insertional mutation (Westet al., 1994), a cryptic splice-site mutation 

(Luerssen et al., 1998), and abi3-6 mutants all produce desiccation intolerant seed. 

HSP17.4 protein levels were examined by Western analysis of homozygous seed 

from all three mutants, abi3-6, lecl-2 and fus3-3. HSP17.4 protein is undetectable in abi3-

6 seed all through development as well as in dry seed (Figure 3.3A). Therefore, the 

absence of HSP17.4 in mature abi3-6 seed appears to result from complete inability to 

express the sHSP rather than just a failure to maintain the protein in mamre seed. In 

contrast, both jus3-3 and led-2 seeds accumulated HSP17.4, albeit in greatly reduced 

amount. 

To confirm the identity of the polypeptides in the led-2 and fus3-3 mutants that 

reacted with the sHSP antibody, and to obtain a quantitative estimate of HSP17.4 reduction 

in all the mutants, 2D gel electrophoresis and western blotting were performed. To 

facilitate detection of low levels of HSP 17.4 in the mutants, 10-fold more protein was 

analyzed compared to wild-type. Both fus3-3 and led-2 have a polypeptide that migrated 

identically to HSP17.4 in wild-type seed (Figure 3.4A-C). However, the level of 

HSP17.4 in both mutants was only approximately 1-2% of that in wild-type seeds. In 
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Figure 3 J, Low HSP17.4 levels correlate with desiccation intolerance in seed 

development mutants of Arabidopsis. Seeds were collected from desiccation intolerant 

mutants, abi3-6, led-2 and fus3-3, during seed development at the indicated DAP. For 

comparison, beat stressed leaf (HS), control leaf (Q and wild-type seed (S) samples were 

also analyzed. A. Total seed proteins separated by SDS-PAGE and analyzed by Western 

blotting with anti-HSP17.6 antibodies. B. Total protein profile of samples in panel A 

visualized on separate gels by staining with Coomassie Blue. 10 ^g of total seed protein 

was loaded in each lane. Molecular weight markers in kD are on the right. 
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Figure 3.4, HSP17.4 accumulates to <2% of wild-type levels in seeds from desiccation 

intolerant mutants. Total seed proteins from wild-type, or the indicated seed mutants, were 

separated by 2D electrophoresis and analyzed by western blotting with HSP17.6 

antibodies. A. wild-type seed proteins (20 ng). B. fus3-3 seed proteins (200 ^ig). C. 

/ec7-2 seed proteins (2(X) ^ig). D. aWi-d seed proteins (2CX) ^g). Only a portion of the 

SDS-PAGE is shown, however there were no other significant cross-reacting 

polypeptides. The position of HSP17.4 is indicated with an arrow. 
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contrast, no HSP17.4 protein was detected in abi3-6 seed. These data support the 

hypothesis that ABD directly regulates HSP17.4 expression. The level of sHSP in fus3-3 

and led-2 seeds also extends the correlation of desiccation intolerance with extremely 

reduced sHSP content in mature seeds. 

Localization of HSP17.4::GUS in desiccation intolerant seed 

In order to determine if the decrease in HSP17.4 in the desiccation intolerant 

mutants is due to transcriptional or posttranscriptional control I crossed abi3-l (a 

desiccation tolerant allele of ABD, Table 3.1), abi3-6,fus3-3 and led-2 mutants to the 

HSP17.4::GUS plants and measured induction of GUS. Additionally these crosses were 

used to test for altered temporal and/or spatial regulation of HSP17.4 expression in the 

mutants. Figure 3.5 A shows the localization of GUS activity in homozygous F3 seed of 

HSP17.4::GUS crossed to abi3-6, abi3-I,fus3-3 and led-2 compared to wild-type. After 

4 hrs of staining virtually no GUS activity was observed in F3 seed from abi3-6 crosses. 

Seeds from fus3-5, and also from led-2 plants had greatly reduced levels of GUS, and 

activity was localized only in the cotyledons. GUS staining of abi3-6 seed for 24 hours 

revealed a small additional increase (data not shown), but still much less than the levels of 

GUS seen in fus3-3 and led-2 after only 4 hours. The level and localization of expression 

in the F3 seed was consistent with observations in the F2 generation, where I was able to 

compare GUS activity in wildtype to abi3-6,Jus3-3 or led-2 from the same silique (data 

not shown). Although the total GUS activity also seemed to be reduced in the abi3-l seed, 

localization of HSP17.4::GUS expression was relatively wild-type in this mutant. These 

data suggest that the decrease in HSP17.4 accumulation in these mutants is due to 

decreased transcript levels. Furthermore, aberrant localization of HSP17.4 may also 

contribute to the desiccation mtolerance offu53-3 and led-2. 
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Figure 3.5, Embryos from the desiccation intolerant mutants, and led-2, have 

altered spatial localization of HSP17.4;:GUS expression, but heat regulation is not 

affected. GUS activity levels in abi3-6 seeds is almost negligible, while heat regulation is 

not affected. A. Mature wild-type embryos or homozygous mutant embryos stained 4 

hours at room temperature for HSP17.4::GUS activity in the absence of heat. B. 

Embryos stained for GUS activity directly after a heat stress. Mutant embryos represent F3 

seed ftom the appropriate cross. Embryos were dissected from the seed coat and stained as 

described in Materials and Methods. 



A. Mature embryos 

B. Heat-stressed embryos 



108 

Li contrast to the differences in developmental control of GUS in the abi3-6, abiS-

I,fus3-3 and led-2 mutants compared to wildtype, heat stress strongly induced GUS 

expression throughout the mutant embryos, similar to what was observed in wildtype 

(Figure 3.SB). These results further demonstrate the independence of control of the 

promoter during heat stress versus development, and support the hypothesis that ABD 

regulates HSPI7.4 transcription during development. 

HSP17.4 levels correlate with desiccation intolerance 

Analysis of HSP17.4 levels in seed of the desiccation intolerant mutants exanuned 

here (abi3-6,fus3-3 and led-2), and previously {abi3-6, Wehmeyeret al., 1996) 

correlates reduced sHSP expression with desiccation intolerance. To investigate this 

correlation further I analyzed three other mutants (Table 3.1) that have defects in seed 

development: line24, which is desiccation intolerant and embryo defective; lec2-l, which is 

desiccation tolerant but otherwise shares many phenotypic similarities widi fus3-3 and led-

2; emb266 a desiccation tolerant mutant that has embryo defects. These mutants were 

maintained as heterozygotes due to the lethal nature of the embryo defects. The mixed 

population seeds were planted, and heterozygotes (based on KanO were grown to 

flowering. From each plant, phenotypically wild-type and mutant seed were collected and 

total seed proteins were extiracted. Proteins were separated by 2D gel electrophoresis for 

western analysis. Figure 3.6 presents the HSP17.4 accumulation in these three seed 

mutants (B, D, and F) compared to their phenotypically wild-type sibUngs (A, C and E). 

The desiccation intolerant seed of line24 had much reduced levels of HSP17.4, estimated 

as 2% of wild-type. Desiccation tolerant, embryo defective, Iec2-I and emb266 seed had 

wild-type levels of HSP17.4. These data further support a role for HSP17.4 in desiccation 

tolerance, and indicate that reduced HSPI7.4 is not a general consequence of pleiotropic 

defects in embryo development 
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Figure 3.6, HSP17.4 levels are reduced only in desiccation intolerant seed mutants, not 

in mutants with other defects in embryogenesis. Heterozygous mutant plants were grown 

to collect homozygous mutant or phenotypically wild-type seed as described in the 

Materials and Methods. For desiccation tolerant/ec2-i; A. phenotypically wild-type 

seed, B. homozygous mutant. For desiccation intolerant/ine 24; C. phenoQrpically 

wild-type seed, D. homozygous mutant. For desiccation tolerant emb266 E. 

phenotypically wild-type seed, F. homozygous mutant. Total seed proteins (10 or 100 ^g 

as indicated) were extracted, separated by 2D electrophoresis, blotted to nitrocellulose, and 

probed with anti-HSPl7.6 antibodies. 
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DISCUSSION 

This investigation of the temporal and spatial regulation of sHSP expression during 

seed development in both wild type and mutant embryos provides new insight toward the 

possible function of sHSPs in the embryo, and clearly demonstrates distinct control of 

sHSP gene transcription during development compared to heat stress. Assay of 

HSP17.4::GUS reporter gene transcription revealed sHSP expression shows little tissue 

specificity, but rather spreads throughout the embryo during development until essentially 

all cells are stained in mature seeds prior to complete desiccation. This pattern of 

expression suggests a generalized protective role for the sHSPs rather than specialized roles 

in speciHc seed cell or tissue types. These data are consistent with the sHSP 

immunolocalization data of zur Nieden (1995), especially in Vicia faba and Pisum sativum. 

I cannot rule out that HSP17.4 protein accumulation in the embryo is different from the 

pattern of GUS activity due to the absence of transcriptional regulatory elements or to post-

transcriptional control. However, as the temporal pattern of GUS activity closely parallels 

observed sHSP protein accumulation (Chapter 2, Wehmeyer et al., 1996), I believe tissue 

specificity is likely also accurately reflected by this reporter gene analysis. I have been 

unable to investigate sHSP protein localization directly because of cross-reactivity of the 

HSP17.6 antibodies with other seed proteins 

The fiinction of sHSPs during heat stress and in the seed maturation program is still 

unknown. It does not appear that sHSPs are developmentally upregulated as insurance 

against stress, due to an inability of embryos to mount a heat shock response. Even very 

young embryos, which have not yet activated the developmental sHSP expression 

program, respond with vigorous sHSP transcription in response to stress. The expression 

of HSP17.4 during seed maturation parallels the acquisition of dormancy and desiccation 

tolerance, and I have hypothesized that HSP17.4 may be important for one of these 

processes. Previous work revealed that mutants with reduced seed dormancy generally bad 
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wUd-type levels of HSP17.4 (Chapter 2, Wehmeyer et al., 1996), implying that HSP17.4 

is not sufficient, although it may still be necessary for dormancy. In contrast, all of the 

desiccation intolerant mutants I examined, abi3-6,fus3-3, led-2 and lme24, had greatly 

reduced (1-2% of wild-type) or undetectable HSP17.4. The lec2-l and emb266 mutants, 

which survive desiccation, but are arrested in development before late seed maturation and 

the onset of sHSP accumulation, expressed HSP17.4 to approximately wild-type levels, 

indicating that failure to express HSP17.4 is not a general consequence of aberrant embryo 

development. These data correlate a desiccation intolerance phenotype with low levels of 

HSP17.4. 

A few studies have utilized heat shock promoter reporter gene constructs to identify 

sHSP gene regulatory elements (Almoguera et al., 1998; Marrs and Sinibaldi, 1997; Prandl 

and Schoffl, 1996), as well as to investigate tissue specific localization of sHSPs in seed 

development (Coca et al., 1994; Prandl et al., 1995; Takahashi et al., 1992). However, 

with only one exception (Takahashi et al., 1992) these studies have been conducted in 

heterologous systems, and they have not resolved the relative importance of the HSE in 

developmental regulation. Using a homologous reporter system in Arabidopsis, I found 

HSP17.4::GUS expression in response to heat stress was always active throughout the 

entire embryo. The expression of HSP17.4::GUS in the heat stressed embryo at four days 

after flowering, a time at which the HSP17.4 promoter is not active developmentally, was 

indistinguishable from heat stressed embryos at other times during seed development. This 

implies a clear difference in regulation of the HSP17.4 promoter during heat stress versus 

during seed development. The HSE and HSF are known to be required for the regulation 

of sHSP expression during heat stress (Wu, 1995), and Prandl and Schoffi (1996) 

provided evidence that HSF also plays a role in developmental regulation. However, my 

data, and those of others (Almoguera et al., 1998), now directly demonstrate that other 

factors must be involved. Obvious candidates are transcriptional activators that control late 
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seed maturation. The data implicate ABI3 as an sHSP gene activator during development. 

HSP17.4 protein is undetectable in the deletion allele of abi3, abi3-6, whereas other likely 

null mutations in seed specific transcriptional activators led-2 (aT-DNA insertion 

mutation) and fiis3-3 (a splice site mutation), still produce detectable levels of HSP17.4. 

In a6i5-6XHSPl7.4::GUS plants I measured transcriptional activation of the HSP17.4 

promoter in the absence of ABB gene product. These seeds exhibited extremely low GUS 

activity when stained under the same conditions as fus3-3 and led -2 crossed to 

HSP17.4::GUS. These data are consistent with the hypothesis that ABI3 is necessary for 

transcriptional regulation of HSPI7.4 during seed development. However, the slight 

amount of GUS present in abi3-6 seed may indicate an alternative regulation of HSP17.4 

during seed development, potentially in addition to ABD regulation. I cannot rule out that 

ABB transcriptional control may be in conjunction with FUS3 or LECl, as FUS3 and 

LECl have been shown to interact genetically with ABI3 (Parcy et al., 1997). 

The DNA binding elements recognized by these seed transcriptional activators have 

not been defined. Both ABI3 and FUS3 have a homologous B3 domain (Giraudat et al., 

1992; Luerssen et al., 1998), which recently has been proposed to recognize a CACCTG 

motif (Kagaya et al,, 1999). Examination of the HSP17.4 promoter reveals two of these 

potential motifs that could be recognized by the B3 domain of ABD. In comparison, 

Arabidopsis HSP18.2, which is not developmentally regulated (Takahashi et al., 1992), 

does not have similar CACCTG motifs. However, CACCTG motifs do not seem to be 

present in the GmHSPI7.3B promoter, which was regulated during development in 

transgenic tobacco (Prandl and Schoffl, 1996). Additionally, 3SS::ABI3 transgenic plants 

do not accumulate HSPI7.4 in vegetative tissue without stress or with application of ABA 

(data not shown). These data are consistent with another trans-acting factor, in addition to 

ABB, being necessary for HSP17.4 expression. A better understanding of ABB 
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transcriptional activation will be required in order to define fiilly any role in sHSP gene 

regulation. 

The reduced GUS activity driven by the HSP17.4 promoter in the embryos oifus3-

3 and led-2 mutants is consistent with the western blot data of accumulated protein in 

these mutants (compare Figures 3 and 5), suggesting that posttranscriptional regulation is 

not a major factor controlling HSP17.4 accumulation. Interestingly, the HSP17.4::GUS 

expression pattern in abi3-l seed, a desiccation tolerant d3i3 allele, was relatively 

indistinguishable from wild-type compared to fiis3-3 and led-2, in which expression was 

restricted to the cotyledons. Thus, improper HSP17.4 localization as well as reduced 

sHSP levels may contribute to the desiccation intolerance offi4s3-3 and led-2. These data 

also support the contention that FUS3 and LECl are not solely responsible for 

transcriptional regulation of HSP17.4. The fact that heat stress induced HSP17.4::GUS 

throughout the entire embryo of the fus3-3 and led-2 mutants, again reveals independence 

of stress and developmental regulation. 



CHAPTER 4: Antisense suppression of HSP17.4 yields a 

reduced seed dormancy phenotype in Arabidopsis 
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INTRODUCTION 

In the past two chapters I have shown that sHSPs are under developmental control 

in Arabidopsis embryogenesis and that a speciHc class I sHSP, HSP17.4, is the 

predominant sHSP in the seeds. UtiiiziagArabidopsis late seed maturation mutants I 

further showed that HSP17.4 is not sufHcient for seed dormancy and that a substantial 

reduction of HSP17.4 in the seed correlates with desiccation intolerance. These 

observations lead to the hypothesis that HSP17.4 may have a role in the ability of the seed 

to desiccate properly and yet remain viable. Alternatively, HSP17.4 may be produced 

during seed development for a function in the germinating seedling. In all seeds 

investigated thus far, sHSP mRNA is still present in the germinating seedling, although 

levels declined rather rapidly (Table 1.1). During heat stress sHSP accumulation has been 

correlated with thermotolerance (Lee et al., 1995; Prandl et al., 1998; Yeh et al., 1997; zur 

Nieden et al., 1995), suggesting sHSPs may protect the germinating seedling in the event 

of heat or other environmental stress. Consistent with this idea, previous research on 

wheat embryos correlated the presence of sHSP mRNAs with the ability to germinate in the 

presence of heat. Thus, HSP17.4 may have a role in protecting the germinating 

Arabidopsis seedling in the event of an environmental stress. 

This chapter concerns experiments designed to test the function of HSP17.4 in late 

seed maturation and germination. First, the possible involvement of HSP17.4 in basal 

thermotolerance of germinating seedlings was evaluated using abi3,fus3 and led mutants, 

which have greatly reduced levels of HSPI7.4 compared to wild-type (Chapter 3 this 

dissertation and Wehmeyer et al., 1996). Although basal thermotolerance is correlated with 

HSP17.4 levels in wOd type seeds^ mutants with reduced HSPI7.4 exhibited similar basal 
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thermotolerance as wild-type. These data indicate that HSP17.4 is not required in seed 

basal thermotolerance. 

In the previous chapter I correlated the desiccation intolerance phenotype of mutant 

Arabidopsis seed with a reduction in HSP17.4. This correlation was observed with all of 

the desiccation intolerant mutants analyzed, and desiccation tolerant seed mutants always 

had wild-type levels of HSP17.4. Three of the desiccation intolerant mutants analyzed, 

abi3,fus3 and led, encode seed speciHc transcriptional activators. Thus, the phenotypic 

effects of these mutations are rather plieotropic (Braumlein et al., 1994; Keith et al., 1994; 

Nambara et al., 1995; West et al., 1994); the regulation of HSP17.4 and many other 

genes, any of which could be contributing to the desiccation intolerant phenotype, is 

altered. Therefore the desiccation intolerant phenotype may be unrelated to the decrease in 

HSP17.4. 

Although the analysis of the seed transcriptional activator mutants was informative, 

to address more directly the role of HSP17.4, mutants with a specific defect in this 

particular gene would be invaluable. While it is not yet possible to create targeted gene 

disruptions in plants, other approaches are available for isolating mutants defective in a 

speciHc gene or for generating plants with altered expression of a specific gene. This 

chapter discusses results from these two approaches. First, experiments were performed to 

identify T-DNA insertional mutants in HSP17.4 using a PGR based method. Although no 

speciHc mutants were found in HSP17.4, estabUshment of this technique will enable 

screening additional populations of insertional mutants as they become available. The 

second approach involved generation of transgenic plants expressing antisense HSP17.4 

RNA. These experiments led to successfiil, specific reduction of HSP17.4 in seeds. 

Phenotypic analysis of these seeds indicates a role for HSP17.4 in seed dormancy. 
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MATERIALS AND METHODS 

Plant material and growth conditions 

Arabidopsis thaliana (L.) Heynh., ecotype Nossen, was used for in planta 

transformation and was the standard wild type for the following experiments. Seeds were 

germinated on PN(-S) plates (Stasinopoulos and Hangarter, 1990) or wet 3MM filter paper 

for testing basal thermotolerance. Arabidopsis seed mutants have been previously 

described (Table 3.1). All plants were grown in a growth chamber on a 18/16°C, 16/8 h 

day/night cycle. Light intensity was approximately 300 |xmol m'^s"!. Seeds were 

collected from 3-4 week old plants. Heat stress was conducted as previously described 

(Chenetal., 1990; Wehmeyer et al., 1996, Chapter 2). 

Basal thermotolerance of Arabidopsis seedlings 

Seeds (~50/plate) were grown on PN(-S) plates and placed at 4''C for 4 days. Wild 

type seeds were imbibed at 22°C for the specified number of days, as indicated in the 

results (1.5 days to 4.5 days). Basal thermotolerance of mld-typt Arabidopsis seedlings 

was tested by placing imbibed seeds directly at di^erent temperatures for 2 hrs in the light. 

The temperatures used for this experiment were 42°C (ns=l), 44°C (n=4), 45°C (n=4), 46°C 

(n=4) and 47°C (n=2) (n=experimental replications). Seedling viability was scored 2 

weeks after the stress. Seedlings were considered viable if root growth was observed. 

Basal thermotolerance was also measured in mutants with reduced levels of 

HSP17.4. Ten seeds from each mutant or wild-type were plated in rows on PN(-S) plates, 

cold treated for 4 days and imbibed at 22°C for 1.5 days. The seeds were stressed for 2 

hours by placing the plates directly into a 46°C chamber. Seedling viability was scored as 

above. 
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PGR screen of T-DNA insertion lines for an hspl7.4 mutation 

Arabidopsis genomic DNA isolated from seedlings of individual Arabidopsis T-

DNA insertion lines was generously provided by the laboratories of Drs. K. Feldmann 

(University of Arizona) and M. Sussman (University of Wisconsin). The Feldmann DNA 

comprised of6000 T-DNA lines, while the Sussman DNA comprised 9100 T-DNA lines. 

Some of the T-DNA lines were represented in both the Feldmann and Sussman 

populations. The DNA was pooled into overlapping pools of 100 lines (Krysan et al., 

1996; Winkler and Feldmann, 1998), as shown in Appendix I for DNA from the 

Feldmann lines. The DNA was further pooled into pools of 1000 lines for PGR. 

The following PGR primers were used for the amplification of the HSP17.4 gene 

containing a T-DNA insert: T-DNA left border, gatgcactcgaaatcagccaattttagac; T-DNA right 

border, tccttcaatcgttgcggttctgtcagttc; hspl7.4 upl, cccaccttaatgaactgcatgtcgtctc; or hspl7.4 

up2, cgccaacgcacataagtgtttgcattcg; and hspl7.4 down, cgtatggttggctcgtaactatcaatgg. Both 

hsp 17.4 upl and up2 primers annealed to DNA upstream of the transcription start site; upl 

annealed approximately 200bp S' of transcription start and up2 incorporated the 

transcription start site of the hsp 17.4 gene. The hspl7.4 down primer annealed to DNA 

approximately ISObp 3' of translation stop, just 5' of the proposed polyadenylation signal. 

PGR was performed using X-Taq polymerase (Pan Vera, #RR(X)1A, Madison, WI) 

with the supplier's X-Taq buffer. The total reaction volume was 50^1: 40ng of DNA, 

12.5pmol of each primer as indicated, 0.2mM of dNTP mix, IX X-Taq reaction buffer and 

3 units of X-Taq. To prevent evaporation, reactions were covered with SO^i of mineral oil 

(Sigma #M-3S16, St. Louis MO). All reactions used the hot start procedure; 40^1 of the 

reaction consisting of all the components except X-Taq was heated to 94°G for S minutes. 

Then 10^1of3 units ofX-Taq polymerase in IX X-Taq buffer was added to each reaction. 

The following PGR program was used: 94°G S min,^ with pause to add enzyme to each 
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tube; and 41 cycles of 94°C 30 s, 65''C 1 mm, and72X 2.5 min; 1 cycle 72°C 5 min; 4°C 

hold. PGR was carried out in a Perkin-Elmer model 2400 thermal cycler. 

PGR products were separated on 0.8% agarose/TBE (0.S^g/ml ethidium bromide) 

gels and photographed. DNA was transferred to nylon membrane (Qiagen #60010, 

Chatsworth, CA) and hybridization was carried out under stringent conditions as 

previously described (Experimental Procedures-Chapter 2). The Southem blots were 

probed with radioactively labeled PCR product obtained using the hspl7.4 upl or up2 and 

hsp 17.4 down primers to amplify the corresponding Arabidopsis genomic DNA. Labeling 

of the hsp 17.4 DNA fragment with 32p^crp was performed by random priming with a 

Rediprime kit (#RPN1633, Amersham Life Sciences, Buckinghamshire England) 

according to the manufacture's recommendations. 

The PCR product from the pools of 100 that hybridized to HSP 17.4 as detected by 

Southem analysis was excised from the agarose gel and puriHed with the Qiagen gel 

exu-action kit (Qiaex II #2(X)21, Chatsworth, CA). The DNA was then reamplifed with the 

same primers to produce enough DNA for sequencing. The DNA was then sequenced 

using the same primers. 

Construction of hspl7.4 antisense and sense plasmids 

Three different antisense constructs were generated in which the hsp 17.4 cDNA 

was placed in an antisense orientation under the control of one of three different promoters: 

the CaMV3SS promoter, to drive constitutive high level antisense RNA expression; the 

Arabidopsis RAB18 promoter, which is regulated by ABA during seed maturation; and the 

hsp 17.4 promoter (Figure 4.1 A). The vector control used for all experiments conducted in 

this chapter was HSP17.4::GUS, which is described in Chapter 3. For complete details on 

all plasmid constructions see Appendix 4. 
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Figure 4.1, Antisense, control and overexpression constructs made for transformation 

of Arabidopsis thaliana. I. 18as, II. I7as, HI. 35as, IV. vector control, V. 170E. 

Standard in planta transformation procedures were followed. The number of primary 

transformants obtained for each construct is indicated. Transformants were selected on 

gentamycin or kanamycin. 



121 

1. KIM1-. RABl8proinoterandHSP17.4antisensecDNAintransfoniiationvectorpPZP22L 

18as-27 primary transformants. 

B K B I S E 

pPZP221—RBWIfJ RAB18 promoter j HSP17.4 antisense iNosterm Lm 

~1.3kb ~700bp -2S0bp 

n. AZ446; HSP17.4 promoter and HSP17.4 antisense cDNA in transformation vector pPZP221. 

l7as-28 primary transformants. 
ATG 

X B K I S E 
pE>ZP221—RB-<>4~ HSPL7.4 promoter ' j HSP17.4 antisense I Nos tenn~~|#-LB 

-l.Ikb -700bp -250bp 

HI. AZ442: HSP17.4 antisense cDNA in pMON530 (with 35S Promoter). 

3Sas-7 primary transfomnants. 
ATG 

}>$m B I E H 

pMON530—RB-<W 3SS promoter I—I HSPl 7.4 antisense' I—t̂ sterm UlB 

-800bp -250bp 

IV. Vector Control, AZ437: HSP17.4::GUS in transformation vector pPZP221. 

vector-IS primary transfoimants. 

ATG ATG 
X I B S E 

RB HSP17.4 promoter "H—I GUS h4 Nos term i-^LB 
-I.lkb ~2kb -250bp 

V. AZ443: HSP17.4 over-expression with pMJD91 cassette in transformation vector pPZP221. 

I70E-34 primary transformants. 

H XBSmK ^ E 
pP2T221—RB#^3SS promoter elements I 35S promot^ * * * I HSP17.4 sense! Nos term L^LB 

~800bp -250bp 
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CaMV35S promoter: :hsp 17.4 antisense vectors AZ319 andAZ442 

The binary transformation vector pMONSSO (Rogers et al., 1987), which consists 

of CaMV35S promoter, 3' NOS temunator, and the nopaline synthase gene to confer 

kanamycin resistance for the selection of transformed plants, was used to construct an 

hspl7.4 antisense vector. The hspl7.4 cDNA pTT7 (Takahashi and Komeda, 1989) was 

excised with £coRI and Xbal and ligated into the EcoEil site and the Klenow treated Xbal 

of the hspl7.4 cDNA was ligated into the Smal site of pMON530. This produced hspl7.4 

in an antisense orientation to the CaMV3SS promoter. Transgenic plants with this 

construct were designated 3Sas (sometimes these antisense lines are also called 319). 

RAB18 promoter::hsp 17.4 antisense vector AZ447 

The gene for the NOS tenm'nator was cut from the pBIlOl.2 vector (Clontech, Palo 

Alto, CA) with EcoRI and Sad and ligated into the pPZP221 binary transformation vector 

(accession number U10491) which carries the aacCI gene, encoding gentamycin 

acetyltransferase and conferring gentamycin resistance for selection of transformed plants 

(Hajdukiewicz et al., 1994). Approximately 8(X)bp of the RAB18 promoter to 15 bases 

before the ATG of the RAB gene was cut from p 18.71 (Lang and Palva, 1992) with 

BamVS. and Kpnl and ligated into the corresponding sites in pPZP221 + 3' NOS terminator 

construct. To obtain the proper antisense orientation, hspl7.4 cDNA was cut out of pTT7 

with Xbal and EcoRI and ligated into those sites in pPZP221, then cut out of pPZP221 

with EcoRI and Sail and ligated back into pBKS. This construct was then cut with Kpnl 

and Sad once again liberating the cDNA, which was ligated into pPZP221 + NOS + 

RAB 18 promoter, creating an antisense orientation of the hspl7.4 gene with respect to the 

RAB 18 promoter. The antisense orientation was verified by restriction analysis 

Transgenic plants with this construct were designated 18as. 
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HSP17A promoter::hsp 17,4 antisense vector AZ446 

An XbdUBamin. digest of the genomic HSP17.4 clone 107.3 (Takahashi and 

Komeda, 1989), liberates a 1.1 Kb promoter fragment which was ligated into the 

corresponding sites of pBKS. This HSP17.4 promoter region was then cut widi Xbal and 

KphL and ligated into corresponding sites in pPZP221 + NOS. Following the same 

cloning strategy as was used for the RAB18 promoter::hspl7.4 antisense, the hspl7.4 

antisense cDNA was cloned into pPZP221 + NOS + HSP17.4 promoter using Kpnl and 

Sad. Orientation was veri^ed by restriction analysis. Transgenic plants with this 

construct were designated 17as. 

HSP17.4 overexpression vector AZ443 

The overexpression cassette pJAl 1 (Dowson Day et al., 1994) was used to 

construct a vector for constitutive expression of hspl7.4. pJAl I was cut with HindOl and 

EcoRl liberating the overexpression cassette with a double CaMV35S promoter, TMV 

translational enhancers and a 3' NOS terminator, and ligated into pPZP221. The pTT7 

hspl7.4 cDNA was cut with Sail and Sad and ligated into the corresponding restriction 

sites between the promoter and the terminator in the overexpression cassette in pPZP221. 

Transgenic plants with this construct were designated 170E. Although over 30 

independent transformants were analyzed, none yielded significant overexpression of 

HSP17.4. Thus, these lines were judged unsatisfactory for my research, and were not 

further studied. 

Generation of transgenic plants 

Tbt Agrobacterium tunufaciens strain CSSCIRif^ containing the Ti plasmid 

pGV3101 (Van Larebeke et al., 1974) was transformed with one of the three antisense 

constructs or the overexpression construct. Agrobacterium cells were transformed by 
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electroporation(MozoandHooykaas, 1991). ThetransfonnatioiiofAra6tt/op5(5(ecotype 

Nossen) was performed with the vacuum infiltration method (Bechtold and Pelletier, 

1998). Infiltrated plants were grown to maturity and seeds from the plants were plated on 

selective medium (SO^,g/ml kanamycin or 90^g/ml gentamycin) to identify transformed 

individuals. Seeds harvested fiom individual gentamycin and kanamycin resistant plants 

were classified as independent transformants. These seeds were designated the T2 

population (Figure 4. IB). 

Protein electrophoresis and western analysis 

HSP17.4 protein levels in antisense seed compared to control seed were assessed 

by western analysis. Protein extraction fiom the seed, SDS-PAGE separation and western 

analysis were performed as already described (Material and Methods, Chapter 3). With the 

exception of the fresh seed experiment, proteins were extracted from the antisense lines 

along with wild-type, vector control (HSP17.4 promoter::GUS~Qiapter 3) and abi3-I 

seed 2 to 4 weeks after harvesting the seeds. Fresh seeds were collected when the siliques 

and seeds were yellow, corresponding to approximately 15-18 days after flowering (DAF). 

All westerns were conducted on extracts of 10 ^g of total protein separated by SDS-PAGE, 

except westerns analyzing HSPlOl levels, in which 2 ^g of total protein was used. 

Antibodies against AtHSPlOl were generated using antigen synthesized as a fusion 

protein in E. coli. The fusion protein construct was created to 1(X) amino acids of the 

nonconseved amino terminus and used at a 1/1000 dilution (Hong and Vierh'ng, 

unpublished results). RAB18 antibodies were obtained fiom Maria Nylander (Welin et al., 

1994) and used at a 1/5(X)0 dilution. 

Di order to assess the quantity of HSP17.4 in the antisense lines versus wild-type, 

total protein dilutions (l^g to 10^.g) of each were compared by Western analysis. 
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HSP17.4 was quantiHed using NIH-Image vl.54 (National Institutes of Health, NIH 

Bethesda, Maryland). 

Seed germination tests 

Seeds were desiccated on the plant 4 weeks prior to collection and stored at room 

temperature for at least 2 months. Dried seeds were surface sterilized and tested for the 

ability to germinate in the presence of ABA (50% cis/trans, Sigma #, St. Louis MO) by 

plating on 4 ml of 2.5 and 5 ̂ M ABA (50inM ABA in IN NaOH was diluted in water) on 

3MM Whatman Hlter paper. To avoid evaporation each dish was wrapped in Parafilm. 

Dormancy was broken by first placing the imbibing seeds at 4®C for 4 days. Seeds were 

then placed in a lighted growth chamber at 22°C and scored for germination with the 

unfolding of green cotyledons after 1 and 2 weeks. 

Fresh seed, prior to desiccation, was obtained from plants during the first three 

weeks of seed set. Unripe seeds were removed from the plant approximately 15-18 DAF, 

which corresponds to the yellowing of siliques. Seeds were inunediately surface sterilized 

and plated on wet 3MM Whatman filter paper (Koomneef et al., 1989) or PN(-S) agar 

medium and either placed directly in a growth chamber at 22°C or at 4°C for 4 days prior to 

growth at 22°C. Germination of fresh seed was scored 5 days after being placed into the 

growth chamber by noting the presence of green cotyledons. 

RESULTS 

Basal thermotolerance of germinating Arabidopsis seed 

Previously I described that a distinct set of stress induced class I sHSPs 

accumulate during Arabidopsis seed maturation and decline r^idly after germination 

(Chapter 2, Wehmeyer et al., 1996). One week old Arabidopsis seedlings exhibited 

extensive tissue damage after treatment at 44°C for 120 minutes, and 45°C treatment for 120 



126 

minutes is lethal (data not shown). Seedlings at different times after imbibition were tested 

to detemune if the level of sHSPs in germinating seedlings correlated with an 

intrinsic ability to survive a heat stress. Seedlings 1.5,2.S, 3.5 and 4.5 days after 

imbibition (DAI) were heat stressed at temperatures from 42 to 47°C for 2 hours and 

subsequently seedling growth was observed (Table 4.1). Seedlings obviously 

progressively lose the ability to withstand increasing heat stress with increasing age. 

Seedlings imbibed for 1.5 days survived a heat stress of 47°C, whereas 2.5 DAI 45''C 

severely limited growth and no growth was observed at higher temperatures (Table 4.1). 

Thus, the level of sHSPs is in general correlated with ability to survive a heat stress during 

germination. 

To test more directly the hypothesis that the presence of HSP17.4 in the seed 

protects against stress during germination, mutants with decreased HSP17.4 levels in the 

seed were examined. As previously described, the seed mutants, led-2 and abi3-

6, and the weak allele of abi3, abi3-l (Table 3.1), are greatly reduced in HSP17.4 levels. 

Abi3-6 seeds were enhanced in their germination rate, because of their heterochronic 

mutant phenotype (Nambaraet al., 1995). The germination program was already on and 

therefore germination of these seeds needed to be synchronized with wild-type in order to 

properly analyze basal thermotolerance in abi3-6 seed. The abi3-6 seeds were removed 

from 4°C 15-18 hours after wild-type seed to synchronize their germination with wild type. 

The enhanced germination was not as pronounced in fu53-3 or led-2, although both are 

also considered heterochronic seed mutants (Keith et al., 1994). Therefore, both fi4s3-3 

and led-2 were germinated in the same manner as wild-type. Seeds from abi3-l also 

exhibited germination rates resembling wild-Qrpe, and were also germinated in the same 

manner as wild-type. Although a 2 hour heat stress at 46°C did affect the growth of led -2, 

both Jus3-3 and abi3-6 retained the basal thermotolerance observed in germinating wild-



Table 4.1: Basal Thermotolerance of Germinating Seedlings 

Treatment Temperature • DAI (+++)••• 2.5 DAI (-I-) 3.5 DAI (1/2-t-) 4.5 DAI (none) 

42°C **alive/normal alive/normal alive/normal alive/normal 

44°C alive/normal alive/stunted alive/stunted alive/stunted 

45°C alive/normal alive/very stunted dead dead 

46®C alive/stunted dead dead dead 

47°C alive/stunted dead dead dead 

""heat stress was conducted at corresponding DAI for 2 hours 

''""survival was recorded at seedling age equals 2 weeks 

••• estimated level of HSP17.4, -H-H- equvalent to dry seed HSP17.4 levels 
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type seedlings (Table 4.2). These data suggest that HSP17.4 is not involved in basal 

thennotolerance of Arabidopsis seedlings. 

Screen for a null mutation in the hspl7.4 gene 

In order to test more directly the role of HSP17.4 during seed maturation, I 

searched for a T-DNA insertion mutation in the hspl7.4 gene. The Arabidopsis 

community has a number of T-DNA insertional mutation lines and has made DNA from 

these lines available for PGR screening (Krysan et al., 1996; Winkler and Feldmann, 1998) 

(see Materials and Methods). To identify a T-DNA insert within hspl7.4, four different 

combinations of primers were used on the pooled T-DNA insertion lines: hsp 17.4 up + T-

DNA left border, hspl7.4 down + T-DNA left border, hspl7.4 up + T-DNA right border, 

and hsp 17.4 down + T-DNA right border. When wild-type Arabidopsis genomic DNA 

was used as a template none of these primer combinations produced PGR products (data 

not shown). With the primer pair hsp 17.4 upl and T-DNA border left a positive product 

was detected by Southern blotting in the sp4 pool of 1000 Feldmann lines (Figure 4.2A). 

The DNA crresponding to sp4 was then analyzed in pools of 100, such that the T-DNA 

insertion line of interest could be speciOed to a pool of 10 T-DNA lines (3 KXMOOO and 

3910-4000 in Appendix 1). The positive PGR product was narrowed down to 3770, 

which corresponds to 10 T-DNA insertion lines. 

The positive PGR product was reamplifled and sequenced. DNA regions were 

identified as the T-DNA, and the remaining DNA (398 bp) was analyzed by BLAST 

against the Arabidopsis thalicma Database. The sequence had the highest identity with 

HSP17.6, scoressl870 and smallest sum probabilitys7.6e'159_ -jije T-DNA insert lies in 

the 3' untranslated region of the gene (Figure 4.2C). Although the hsp 17.6 gene is 

developmentally regulated, HSP17.6 is very minor compared to HSP17.4; HSP17.4 

produces approximately 90% of the class I sHSPs in seeds (Chapter 2). In addition, the T-
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Table 4.2: Basal Thermotolerance In Seed Mutants with Reduced HSP17.4 

seed @ 1.5 DAI 22°C 46°C 

wt(100% HSP17.4) + + 

abl3.1 (10% HSP17.4) + + 

abi3-6(0%HSP17.4) + + 

fus3-3 (2% HSP17.4) + + 

lecl-2 (2% HSP17.4) + -

•f: same as wild-type 

dead 
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Figure 4 J, Detection of a T-DNA insertion near the HSP17.6 gene coding region. 

PCR screen using DNA from the Feidmann T-DNA insertion lines. A. PCR was 

performed using four sets of primers: upl + L, upl + R, down + L, and down + R. The 

products were resolved by gel electrophoresis and blotted to nylon for Southern analysis. 

A positive hybridization with hspl7.4 endogenous gene as a probe was detected with the 

primer pair upl + L (U/L) in superpool 4 (sp4). U/D corresponds to the control hspl7.4 

endogenous gene product obtained by PCR with the upl and down primers. B. 

Southern blot of PCR ampHHed products, using upl + L primers and DNA from the 

subpools of 100 corresponding to sp4. Ten lanes of each subpool of 100 make up the 

1000 lines in the superpool. M is the 100 bp ladder and U/D is the wild-type endogenous 

HSP17.4 gene product. Product was amplified in each of the subpools, allowing the T-

DNA lines containing the insert to be narrowed to 10 lines (see Appendix 1). C. Pictorial 

representation of the location of the T-DNA insert in the 3' untranslated region of HSP17.6 

as was determined by sequencing with the left border primer (L) of the T-DNA. 
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A. Feldniaii Super-pools of 1000 
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HSPn^gme 

i?TT:n 

V 



132 

DNA insertion disrupts the gene 3' of the coding region and may not disrupt gene function. 

Therefore this T-DNA line was not pursued. 

A new hspl7.4 up primer was made to replace the primer that detected hspl7.6: 

hspl7.4 up2. The hspl7.4 up2 primer anneals to the region of the hspl7.4 gene just S' 

and including the transcription start site. No PCR products were detected in any of the 

pooled DNA analyzed with the two new combinations of primers. Additional T-DNA 

insertion lines were not available to pursue this line of experimentation further. 

Antisense repression of the hspl7.4 gene in transgenic Arabidopsis 

Three antisense hspl7.4 constructs were made and transformed into Arabidopsis to 

suppress sHSP accumulation in the seed (Figure 4.1). Both HSP17.4 and HSP17.6 are 

developmentally regtilated, however HSP17.4 comprised 90% of the class I sHSPs 

accumulated in the seed and therefore was emphasized. Due to the high degree of 

homology between the class I genes (>80% nucleotide identity) an hspl7.4 antisense RNA 

could also suppress hsp 17.6 mRNA. In the event that complete reduction of HSP17.4 is 

lethal to the seed, I wanted to make plants with potentially a range of HSP17.4 reduction. 

One hsp 17.4 antisense gene was constructed to be regulated by its own promoter (17as). 

This construct should drive the expression of the antisense gene with the same temporal 

and spatial patterns as the endogenous hsp 17.4. In a second construct the generally 

constitutive, high expression promoter, CaMV35S (Schardl et al., 1987), was used to 

drive the hsp 17.4 antisense gene (3Sas). Finally, the RAB18 promoter (Lang and Palva, 

1992) was used to drive hspl7.4 antisense expression (18as). RAB 18 is expressed with 

similar temporal regulation to HSP17.4, but appears to be expressed at higher levels (Parcy 

etal., 1994). 

Primary transformed seed were designated the T1 generation and were selected on 

appropriate antibiotic medium (Figure 43 and Appendix 2). T1 plants were grown to 
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Figure 4.3, Antibiotic selection screen for transformants: primary transformants are 

designated T1; all Tl seed and plants are hemizygous for the transgene. T2 seed are the 

first generation segregating for the transgene. T2 plants that are homozygous for the 

transgene can be identifled in the T3 generation by selection of the T3 seed on antibiotic. 

T3 seed from homozygous T2 plants were analyzed for reduction in HSP17.4 (for the 

antisense lines), or presence of HSP17.4 in the vegetative tissue in the absence of heat 

stress (for the overexpression h'nes). 
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produce T2 seed, which segregated with normal Mendelian genetics: 1/4 sensitive to 

antibiotic and 3/4 resistant, as expected for a single gene insertion. An average of 6-8 

antibiotic resistant T2 plants for each antisense construct were transplanted to soil and 

grown to maturity (Appendix 2). The T3 seed firom these plants were used to measure 

reduction in HSP17.4 levels in the mature seed. Figure 4.4 shows a Western analysis of 

the screen for reduction in HSP17.4. Neither 17as nor 35as resulted in a significant 

reduction of the protein in the seed. The phenotype of these plants was not further 

characterized. 

Several 18as plants showed significant HSP17.4 reduction in the T3 seed. Growth 

on gentamycin was used to demonstrate that the T3 seeds were homozygous for the 

antisense gene. The observed reduction was verified by propagation in the following 

generation (T4 seed). These seeds were then used for phenotypic characterization. Four 

independent I8as lines were established, 18asl-4. In order to estimate the percent of 

HSP17.4 in antisense seeds relative to wild-type, dilutions of total protein from I8as seeds 

were compared by western analysis to dilutions of wild-type seed protein (data not shown). 

The four I8as lines had 30-50% of wild-type levels of HSP17.4. Figure 4.5A compares 

HSP17.4 levels in the four I8as lines to one another as well as to abi3-l, wild-type and 

vector control. 

Since the RAfi 18 promoter is developmentally regulated, I wanted to ascertain that 

the RAB18 protein was not being reduced by co-suppression or other transgenic 

anomalies. To establish that the RAB 18 protein levels were not affected in the I8as lines, 

RAB 18 was measured by western analysis (Figure 4.5B). An insignificant difierence in 

RAB 18 levels was seen between 18as, wild-type, vector control and abi3-L As an 

additional control, protein levels of another developmentally regulated HSP, HSPlOl, 

were measured. Once again, an insignificant difference was detected between the seeds 

(Figure 4.5Q. 
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Figure 4.4, Western screen for HSP17.4 reduction in the antisense lines. Proteins were 

separated on 14% SDS-PAGE and either stained or transferred to nitrocellulose for western 

blotting with antibodies against HSP17.4. Stained gels were analyzed to assure equal 

protein loading for each of the antisense lines. M=niolecular weight markers, and 

wt=wild-type seed protein. A. Western for six representative 35as antisense lines. B. 

Western for 10 representative I7as antisense lines, C. Western for 13 representative 18as 

antisense lines. D. Stained gel for 3Sas. E. Stained gel for 17as. F. Stained gel for 

I8as. Results show only certain 18as lines had signiflcant reduction of HSP17.4 in 

mature embryos. 



T3 antisense seed analyzed for reduced 11SP17.4 
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Figure 4.5, Levels of HSP17.4, RAB18 and HSPlOl in four independent 18as lines. 

Either 10 ng of total protein for RAB18 and HSP17.4 western blots, or 2 |xg of total 

protein for HSPlOl western blots were separated by SDS-PAGE and transferred to 

nitrocellulose. A. Western blot probed with HSP 17.4 antibodies. B. Western blot 

probed with RAB 18 antibodies. C. Western blot probed with HSPlOl antibodies. D. 

Stained gel. M=molecular weight markers, wt=wild-type seed, 2)-\=abi3-l seed, l-

4=l8asl, I8as2, I8as3, and I8as4seed. 
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The reduced levels of HSP17.4 were concluded to be speciflc to the targeted antisense 

suppression and not a global seed regulatory effect This is the first time that expression of 

a specific sHSP has been successfully suppressed in plants. 

Phenotypic characterization of 18as lines 

General growth of 18as plants was compared to wild-type and abi3 plants. Seed 

germination was indistinguishable, and seedlings showed only expected ecotype 

differences (abi3-I; ecotype Landsberg erecta; wild-type, vector control and 18as: ecotype 

Nossen). Flowering time was not significantly different and silique characteristics 

exhibited only the expected ecotype differences. The yield of seeds was not noticeably 

different between 18as lines, wild-type, vector control and abi3-L Visual inspection of 

these seeds showed that no phenotypic differences were apparent in seed color, size, 

overall shape as well as embryo color, size and overall shape. 

One woridng hypothesis for the function of HSP17.4 during seed maturation is that 

it has a role in desiccation tolerance. The 18as seeds do not have a noticeable loss of 

germination as a result of drying the seed. Even if HSP17.4 functions in protecting the 

seed during desiccation, 18as seeds probably do not have a large enough reduction in 

HSP17.4 protein to exhibit this phenotype. Abi3-1 seeds which have much less HSP17.4 

(~10% of wild-type HSP17.4 levels) compared to the established 18as lines, are 

desiccation tolerant. Not until HSP17.4 levels were <2% of wild-type was a correlation 

with desiccation tolerance seen (Chapter 3). 

Dormancy of 18as lines 

The abi3-I mutation was originally isolated as a reduced dormancy mutation, as 

measured by the ability to germinate on 10^M ABA. Because HSP17.4 levels were 

reduced in abi3-l, I decided to investigate if the antisense lines with reduced HSP17.4 
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levels had a detectable reduction in dormancy. Dormancy was analyzed by two separate 

experiments: ABA responsiveness—the abili^ to germinate in the presence of ABA, and 

germination of fresh seed. 

Seeds from the four independent 18as lines, wild-type, vector control, and abi3-l 

were harvested after desiccation and germinated either on 2.5 and S ABA (Figure 4.6). 

An average of 60% of the 18as seeds germinated in the presence of 2.5 jiM ABA, 

compared to approximately 10% germination measured for wild-type and vector control. 

At higher concentrations of ABA, germination of 18as seed is dramatically reduced, but 

greater germination is still seen for 18as seed compared to wild-type or vector control 

(Figure 4.6). The ability to germinate in the presence of ABA was signiHcantly less than 

was seen for abi3-L Approximately 100% of the seeds from abi3-l can germinate on 

lO^M ABA, which is not the case in the four 18as lines. Thus, the ability of ABA to 

inhibit germination is noticeably greater for 18as seeds than for abiS-l seeds (Figure 4.6, 

5^MABA). 

Seed dormancy is generally maintained to prevent precocious germination or to 

prevent germination during adverse conditions. Generally, seeds that acquire dormancy 

will not germinate prior to desiccation. To test whether the reduced ABA responsiveness is 

due to a reduction in seed dormancy, fresh seeds were harvested firom 18as lines, wild-

type, vector control, an 18as line with insigniflcant reduction in HSP17.4 levels (an 

additional control), and abiS-l, and then measured for their abfliQr to germinate. Wild-type 

seeds acquire dormancy after about 10 DAF. These seeds will not germinate without 

breaking of dormancy (4 day at 4°C) (Koomneef et al., 1989; Koomneef et al., 1984). In 

contrast, 50% of the 18as seeds harvested 15-18 DAF were able to germinate, compared to 

less than 10% for wild-type, vector control figure 4.7) and ISas seeds with insignificant 

HSP17.4 reduction (data not shown). Germination was scored with the appearance of 

green cotyledons (Hgure 4.8), however radicle emergence prior to cotyledon emergence 
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Figure 4.6, Germination of dry seed on ABA. Seeds were placed on 3MM Whatmann 

filter paper moistened with either 2.5 or 5 ̂ M ABA. Germination was scored as unfolding 

of green cotyledons 10 days after being placed on the ABA. 18as lines show significant 

reduction of sensitiviQr to 2.5 ABA, however this effect is much lessened on 5 ̂ M 

ABA. Results are the average values from four independent experiments, +/- standard 

deviation. 



18as germination on ABA (n=4) 

wt vector 18asl I8as2 18as3 18as4 abi3-l 
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Figure 4.7, Germination of fresh seeds harvested prior to drying (15-18 DAF). Four 

independent antisense lines were compared to wild-type and vector control, and abi3-l as a 

positive control. Seeds were briefly imbibed with water and placed on PN(-S) plates. 

Germination was scored S days later by visualization of green cotyledons. Results show a 

signi^cant reduction in dormancy for the I8as lines. Results are average values from four 

independent experiments, +/- standard deviation. Seeds for three of the four experiments 

were obtained from the same set of plants, while seeds for one experiment were firom a 

different set of plants. There was no noticeable difference between the two, and caution 

was taken that the seeds were all of the same generation (T4). 



Fresh seed germination n=4 

wt vector 18asl I8as2 18as3 18as4 abi3-l 

6; 
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Figure 4.8, Germination of fresh seed from 18as seed compared to vector control and 

abi3-l seed. Seeds were germinated on PN(-S) immediately after plating. Photogn^hs 

were taken 7 days later 



Fresh seed from HSP17.4 antisense plants can 
germinate without breaking dormancy 

/ 

/ 

vector ISasl 18as3 18as4 8bi3-l 
control seed 
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was also observed in 18as seed before wild-type and vector control. These data indicate 

that 18as seed has reduced dormancy. 

To ascertain that this germination difference is due to dormancy, dormancy was 

released by placing fresh 18as, wild-type, vector control and abi2-l seed at 4°C for 4 days. 

No difference in percent germination between the seed was measured after domuuicy was 

broken. Additionally, 18as seeds acquired seed dormancy near desiccation. The difference 

in germination was not observed in seeds harvested after drying (data not shown). 

However, this is not due to a difference in HSP17.4 levels in fresh seed compared to dry 

seed. Seeds collected 15-18 DAF had similar levels of HSP17.4 compared to dry seeds 

(Figure 4.9 compared to Fig 4.5). In total these data strongly suggest that HSP17.4 has a 

vital fiinction in the establishment of seed dormancy. 

DISCUSSION 

The goal of these experiments was to gain insight into the in vivo function of 

HSP17.4 during seed maturation and germination. Because sHSP accumulation in 

vegetative tissue has been correlated with the acquisition of thermotolerance, I tested 

whether the function of HSP17.4 in the mature embryo was to withstand a potential stress 

during germination, by measuring basal seed thermotolerance. Wild-type seeds 1.5 DAI 

were tolerant to high temperatures, whereas by 2.5 DAI the germinating seedlings had 

already lost much of their ability to survive a heat stress. HSP17.4 is abundant at 1.5 DAI 

and dramatically declines by 2.5 DAI (Figure 2.5). Although sHSP levels were found to 

correlate with the decline of thermotolerance in wild type seeds, analysis of mutants failed 

to support a role in thermotolerance. Both fiis3-3 and abi3-6, which have <2% of wild-

type HSP17.4 levels in the dry seed were able to survive heat stress similar to wild-type 

seed (Table 4.2). Lecl-2 was not able to survive the heat stress during germination. 
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Figure 4.9, HSP17.4 is reduced in fresh seed compared to wild-type and vector control. 

Western analysis of fresh seed protein probed with HSP17.4 antibodies. wt=wild-type, 

v=vectorcontrol, 3-l=abi3-l and l-4=l8asl, 18as2,18as3, and 18as4. 
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however, lecl-2 has additional embryo defects that may result in the inability to germinate 

under heat stress. 

Table 4.1 clearly demonstrates seeds have increased temperature tolerance at early 

time points in germination (1.5 DAI) compared to any other time examined. Perh^s 

another developmentally regulated HSP functions in basal thermotolerance, such as 

HSPIOI. HSPIOI has been directly implicated in thermotolerance in both yeast and 

Arabidopsis (Lindquist and Kim, 1996; Schirmeret al., 1994), (Vierling and Hong, 

unpublished results). Consistent with this hypothesis, basal thermotolerance seems to be 

decreased in Arabidopsis with reduced HSPIOI expression in seeds (Lindquist and 

Queitsch, unpublished results). 

One possible caveat of the above basal thermotolerance analysis is that desiccation 

intolerant seeds need to be germinated before drying. Although similar developmental 

staged wild-type seeds were used for the basal thermotolerance experiment, differences 

were noted in germination rate of wild type and mutants. This difference is presumably 

due to the heterochronic nature of the mutants (Keith et al., 1994; Nambara et al., 1995). 

These differences were accounted for in the experimental procedure, such that germination 

was synochronized between mutants and wild type seed. These data show that basal 

thermotolerance is higher for germinating wild type seedlings, compared to one week old 

seedlings and that HSP17.4 is not required for the increase in basal thermotolerance. 

Data from my previous work showed that HSP 17.4 is not sufficient, but may be 

necessary for the acquisition of dormancy, and that reduced HSP 17.4 levels are correlated 

with desiccation intolerance (Chapters 2 and 3). To obtain direct genetic evidence for 

HSP 17.4 function in seed dormancy, desiccation tolerance, or other seed functions, 

experiments to identify or create HSPI7.4 deficient mutants were undertaken. A PCR-

based search of T-DNA insertion lines faOed to identify an insertion in HSP17.4. 

However, with a primer specific for a region 5' of the transcnption start site for HSP17.4, 
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an insert was found directly downstream of the HSP17.6 coding region. As genomic 

sequence is not available for HSP17.6, it had not been possible to design primers to 

discriminate between hspI7.4 and hspl7.6. However, identification of an insert in 

HSP17.6 indicates that the methods used in the PGR screen were appropriate. It is not 

surprising that a specific HSP17.4 mutant was not found in the population of 15,000 T-

DNA insertion lines analyzed. Only 10-15% of the total number of genes in Arabidopsis 

would be estimated to carry T-DNA insertions in this population. Continued screening of 

more T-DNA lines should ultimately yield the desired mutant. Additional lines will soon be 

available to the community as part of the Arabidopsis genome resources. 

An alternative approach, antisense inhibition of HSP17.4 expression, was 

successful in speciHcally reducing HSP17.4 levels in seeds. Driving the hspl7.4 antisense 

gene with the RAB18 promoter, which is strongly transcribed during seed development, 

produced significant reduction of HSP17.4 in the mature seed (Figure 4.4). HSPI7.4 was 

reduced to between 30-50% of the level in wild-^pe plants. In four independent 18as 

lines, a reduction in RAB 18, due to co-suppression by the RAB 18 promoter, was not 

detected. The levels of HSPIOI, another HSP regulated during seed maturation, was also 

measured and found to be not reduced in these seeds (Figure 4.5), indicating that the 

antisense effect was specific to HSP17.4 and that HSP17.4 reduction does not effect the 

levels of these other proteins. 

Characterization of the homozygous RAB 18 antisense lines revealed that they have 

reduced dormancy. Reduced dormancy was measured by ability to germinate on ABA and 

ability of fresh seed to germinate without breaking dormancy with a cold treatment ABA 

inhibits germination, but in mutations that are insensitive to ABA, such as abi3-I, this 

inhibition is alleviated. This was also seen in the 18as line, although less so than in abi3-L 

Approximately 60% of the 18as seeds germinated in the presence of 2.5^M ABA compared 

to the 10%, germination rate of wOd-type and vector control seed. The germination 
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precentage declined dramatically on S|iM ABA to approximately 10% compared to 1% for 

wild-type and vector control. In contrast, 80-90% of abi3-I seed germinate on 5^M, and 

even up to 10|xM ABA. ff HSP17.4 is a determim'ng factor for ABA responsiveness in 

seeds, then we would expect I8as seeds, which have more HSP17.4 than abi3-I, to be 

more inhibited by ABA It will be interesting to see if the inhibition of germination by ABA 

is signiflcantly lessened with an antisense Une that has much greater reduction of HSP17.4. 

This study would indicate that a mutation in hspl7.4 could be found in a screen for 

ABA response mutants. However, the ABA insensitive lines that have been found in 

mutant screens for ABA response mutants have not uncover a mutation in the hspl7.4 

gene. Undoubtedly, the mutant screen is not yet saturated, and therefore a mutation in 

hspl7.4 gene may not yet have been uncover. Additionally, the ABA concentration used 

for selection of ABA insensitive mutants may be selecting against a mutation in hspl7.4. It 

will be interesting to exanune other reduced dormancy mutants, speciflcally mutants that are 

not part of the signal transduction pathway, and possibly a mutation in hspl7.4 will thus be 

revealed. 

Seed dormancy was also measured by the ability of fresh seed to germinate, to 

ascertain that the reduced ABA responsiveness was due to altered dormancy. Fresh seed 

prior to drying should be prevented from precocious germination due to high ABA levels in 

the seed. Fresh seed of ISas and abi3-l however are able to germinate. These data 

indicate HSP17.4 is needed either for the acquisition or the maintenance of dormancy. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

Work presented here has Hrmly established that the expression of class I sHSPs is a 

normal part of the late maturation program of seed development. Class I sHSPs in 

Arabidopsis accumulate starting at mid-maturation of seed development, are abundant in 

dry seeds and rapidly disappear during germination. By identifying the speciHc class I 

genes regulated during development, I was able to integrate the regulation of these genes 

with what is known about the transcriptional program of gene expression in late seed 

maturation. Several lines of experimentation support the conclusion that the seed speciHc 

transcriptional activator ABI3 controls sHSP gene expression during development. The 

ABI3 gene product is required for activation of many genes involved in normal 

development of seed dormancy and desiccation tolerance. Therefore, it is very interesting 

that indirect evidence firom my studies supports a role for sHSPs in desiccation tolerance, 

and analysis of antisense plants indicates sHSPs are required for seed dormancy. Thus, a 

basic model can be developed incorporating the transcriptional control of HSP17.4 by the 

seed specific transcriptional activator, ABI3, and the role of HSP17.4 in late seed 

maturation for the acquisition of seed dormancy and desiccation tolerance. 

sHSP localization and transcriptional control have implications for sHSP 

function in developing embryos 

The developmental regulation of HSP17.4 transcription is independent of normal 

heat shock transcriptional control. Developmental expression was detected throughout the 

embryo in dry seeds, implying sHSPs have a general function required in the entire 

embryo. However, at mid-maturation the Hrst detectable activi^ of the HSP17.4:'.GUS 

reporter gene was restricted to the cotyledons, and only later was activity seen in the 

radicle. This could indicate a specific role for sHSPs in the cotyledons earlier in 

development, that is unique firom the fimction in the radicle and/or the fiinction later in 
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development In contrast, heat regulation of the HSP17.4::GUS gene in Arabidopsis 

embryos showed strong uniform distribution throughout the embryo at all stages of 

development. Thus, heat stress transcription appears to override developmental regulation, 

and during heat stress HSP17.4 can be assumed to function throughout the embryo, at all 

stages of development. This is consistent with a unique regulation for the developmentally 

produced sHSPs in the embryo compared to heat. 

My data support the conclusion that ABI3 regulates HSP17.4 transcription, during 

development, however, the data do not entirely rule out a role for FUS3 and LECl. Both 

FUSS and LECl have been implicated in controlling ABD accumulation (Parcy et al., 

1997). The reduced level of HSP17.4 detected in the fus3-3 and lecl-2 mutants could 

result from FUSS and LECl regulation of ABI3 expression. That localization of 

HSP17.4::GUS staining is restricted to the cotyledons of Jus3-3 and led-2 in dry seed, 

may indicate that ABI3 accumulation is more dramatically affected in the radicle offus3-3 

and lecl-2, or that ABI3 regulation is affected later in the development of the fus3-3 and 

lecl-2 mutants. Unfortunately, ABIS localization and expression in these mutants has not 

been determined. In total my results clearly showed that mutation of the seed speci^c 

transcriptional activator ABD dramatically affected HSP17.4::GUS expression. 

ABIS activity is controlled by ABA (Koomneef et al., 1984; Parcy and Giraudat, 

1997). This would imply that HSP17.4 is indirectly regulated by ABA. However, ABA 

alone will not induce HSP17.4 accumulation in vegetative tissue, nor will ABA induce 

HSP17.4 in an ABIS overexpressing line (data not shown). These data could imply that 

HSP17.4 is regulated by ABD independent of ABA, and/or another factor is required that 

is not present in the vegetative tissue for the transcription of HSP17.4. Based on the 

investigation by Prandl et al. (1996), HSF could be the other factor required for 

developmental expression of HSP 17.4. It would be interesting to see if HSF is 

maintained in an active state in the seed and what activates HSF during seed development 
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Additionally, if HSF or another factor is required for HSP17.4 expression, does this factor 

function with ABO or does each transcription activator function independently? It would 

be interesting to have mutations in HSF to determine their effect on HSP17.4 expression in 

seeds. 

Possible roles of sHSPs in desiccation tolerance 

Recent work in vitro has shown that the plant class I sHSPs act as molecular 

chaperones both by preventing aggregation of denatured proteins and by facilitating 

refolding of denatured proteins (Lee et al., 1995; Lee et al., 1997). The molecular 

chaperone activity of sHSPs provides the basis for a model by which HSP17.4 could 

facilitate desiccation tolerance in seeds. As the seed desiccates, loss of water alters ionic, 

hydrophobic and other molecular interactions that maintain correct protein structure. Some 

proteins could partially denature, exposing hydrophobic patches, and in the absence of a 

chaperone may aggregate. As a molecular chaperone, HSP17.4 could prevent this 

aggregation, and then during rehydration of the seed HSP17.4 could present partially 

denatured proteins to the refolding machinery. 

Envious studies have hypothesized that a "glassy" matrix made up of soluble 

sugars serves to immobilize macromolecules, thus providing protection to cell membranes 

and proteins in the cytoplasm during seed desiccation (Bemal-Lugo and Leopold, 1998). 

Recent results have suggested that sugars may have a lesser role in this cytoplasmic matrix 

based on the observation that more sugars are found in seeds of desiccation intolerant 

alleles of abi3 compared to the desiccation tolerant abi3'l allele and wild-type (Wolkers et 

al., 1998). It was suggested that proteins specific to late embryo maturation may have an 

important role in this molecular packaging. HSP17.4 acting as a molecular chaperone is a 

good candidate for helping to form a glassy matrix. 
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Both of the above models ate supported by the observation that at least 50% of the 

sHSPs are associated with a Triton insoluble cell fraction in the dry seed (data not shown). 

An insoluble fraction containing sHSPs has been previously characterized both in heat 

stressed vegetative tissue and in developing embryos (Nover et al., 1989; Nover et al., 

1983; zur Nieden et al., 1995). These insoluble aggregates have been termed "heat shock 

granules". Heat shock granules produced in response to heat contain both sHSPs and 

HSP70, which is consistent with the molecular chaperone model (Nover et al., 1989). The 

solubility of sHSPs during germination has not been analyzed, however during recovery 

from heat stress the heat shock granules dissipate and the sHSPs became soluble (Nover et 

al., 1989; Nover et al., 1983; Scharf et al., 1998; zur Nieden et al., 1995). Other proteins 

within the heat shock granule, which could represent potential substrates for the sHSPs, 

have not been identified. 

Recently it has been reported that sHSPs associate with membranes during heat 

stress (HorvM et al., 1998). Interactions of sHSPs with membranes were reported 

aheady 15 years ago in soybean seedlings (Lin et al., 1985). Whether the association of 

sHSPs with membranes is with lipid, or with hydrophobic regions of proteins exposed 

during heat stress or both, remains in question. Maintenance of membrane integrity is 

extremely important both during heat stress and during desiccation. HSP17.4 could have a 

role in the formation of the glassy matrix and still be essential for the maintenance of 

membrane integriQr during dehydration (Wolkers et al., 1998). The role of the glassy 

matrix is thought to be in protection of macromolecules during dehydration of the seed, 

thus membrane integrity may be maintained by the matrix. Alternatively, the membrane 

may act as an anchor for the glassy matrix structure within the cell. Whether HSP17.4 

could fimction in a similar manner during heat stress is doubtful, as a glassy matrix is not 

detected under these conditions, because water concentration is generally not reduced to the 

extent observed in desiccating seed. However, a role that includes membrane association 
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of HSP17.4 during beat stress is still possible. The association of sHSPs with the 

membrane may be reversible, and sHSPs may be required for maintenance of membrane 

integrity may be required only when the membrane is in a specific perturbed state. During 

recovery from heat stress and during seed imbibition sHSPs were found to be more 

soluble, than compared to their more insoluble state during heat stress and in the dry seed 

(data not shown and Nover et al., 1989; Osteryoung and Vierling, 1994; zur Nieden et al., 

1995). The resolubilization of sHSPs supports a possible change in subcellular localization 

of the stress protein. Thus, a potential interaction of sHSPs with the membrane would be 

reversible and dependent on the perturbed state of the membrane. 

The fact that all desiccation intolerant seed mutants analyzed had <2% wild type 

HSP17.4 levels provided indirect evidence that HSP17.4 has a role in desiccation 

tolerance. Arabidopsis seeds in which HSP 17.4 expression was speciHcally suppressed 

were generated for phenotypic characterization. Although many lines transformed with the 

antisense construct (18as) were isolated (Appendix 2), only four independent lines with the 

greatest reduction of HSP17.4 were used for phenotypic characterization. These four 

antisense lines showed a 50-70% reduction of HSP 17.4 in the seed. A reduction of 50-

70% is not expected to cause a desiccation intolerance phenotype. I predicted that less than 

10% of properly localized total wild-type protein would be necessary before this phenotype 

would be observed, since abi3-l is desiccation tolerant and has only -10% of wild-type 

protein. Thus the possible role for HSP17.4 in seed desiccation could not be tested with 

these lines. 

HSP17.4 appears to be necessary for seed dormancy 

An analysis of seed dormancy in HSP17.4 antisense seeds revealed a reduction in 

dormancy, as analyzed by the ability of seeds to germinate in the presence of ABA or when 

harvested without drying. Whether HSPI7.4 has a function in the establishment or the 
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maintenance of dormancy cannot be determined firom these data. This is the first specific 

gene product shown to be required for dormancy that is not a transcription factor or some 

other component of the ABA signal transduction pathway. Although these data provide 

strong evidence that sHSPs are necessary for dormancy, analysis of mutants defective in 

dormancy (abal, abil, abi2, abi3-l abi4 and abiS) indicates HSP17.4 alone is not 

suf^cient, as a number of these mutants have wild type HSP17.4 levels. As dormancy is a 

complex physiological state, it is not surprising that HSP17.4 is necessary, but not 

sufHcient, for dormancy. 

To maintain dormancy the membrane needs to be impermeable to solutes; water and 

ion channels remain closed until the embryo is ready for germination (Amritphale et al., 

1993; Egerton-Warburton, 1998). ABIl and ABE both encode protein phosphatases that 

have been implicated in stomatal closure in response to ABA (Rodriguez, 1998). ABA 

causes depolarization of die plasma membrane. ABA mediated stomatal closure involves 

the activation of S-type anion channels and the inactivation of an H'^ATPase, which 

contribute to membrane depolarization (Pei et al., 1997). Inward rectifying K*^ channels 

responsible for the influx of K"** to the guard cells ate inhibited by ABA. Outward 

rectifying guard cell K+ channels, which mediate K"*" efflux required for stomatal closure, 

are activated (Leung and Giraudat, 1998). It is conceivable that ABIl and ABI2 regulate 

membrane channel proteins ui the seed in response to ABA and in the maintenance of 

dormancy. However, the steps between a protein phosphatase and membrane channels 

remain to be elucidated. I hypothesize that HSP17.4 could function at the membrane, 

directly regulating a protein channel required for uptake of solutes. This regulation may be 

controlled in part, or completely, by ABIl and/or ABI2. In the absence of HSP17.4, 

either in antisense plants or abi3 mutants, the integral membrane channel protein would be 

deregulated resulting in a reduction of dormancy. Likewise in abil and abi2 mutant seed. 
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downstream control of the signaling pathway is lost, and therefore a reduction in dormancy 

is observed (Figure 5.1). 

An alternative hypothesis is that HSP17.4 interacts with the membrane to either 

maintain integrity or to prevent water absorption in the quiescent seed. With these 

processes hindered reduced dormancy could result. To remain consistent with all the data, 

when Abil or Abi2 are mutated, then dormancy is negatively affected due to deregulation 

of membrane channel proteins, while HSP17.4 levels remain constant. Similarly, when 

the Abi3 gene is mutated, but retains partial function as is the case with the weak abi3-l 

allele, HSP17.4 levels are decreased and dormancy is reduced. In the strong allele of abi3 

HSP17.4 would not be transcribed, therefore, a more dramatic effect in dormancy is seen. 

A role for HSP17.4 in dormancy and desiccation tolerance are not 

necessarily mutually exclusive 

As I have already discussed, HSP17.4, potentially acting to maintain membrane 

integrity, could be very important during desiccation (and also during heat stress). 

However, the mecham'sm by which HSP17.4 could effect both dormancy and desiccation 

tolerance needs to be addressed. I propose a model in which HSP17.4 could be affecting 

membranes during dormancy and desiccation tolerance: HSP17.4 could interact with 

membrane proteins or lipids to maintain a specific degree of membrane fluidity and could 

also interact with channel proteins preventing the transport of solutes. The maintenance of 

membrane integrity would be necessary for desiccation tolerance, while the prevention of 

solute transport by channel proteins would maintain dormancy (Egerton-Warburton, 1998). 

The transmembrane protein that is a potential target for HSP17.4 could serve multiple 

fiinctions, or HSP17.4 may interact with more than one protein. 

Alternatively, dormancy may be maintained by the glassy matrix, which has already 

been implicated in tolerance to desiccation (Wblkers et al., 1998). The glassy matrix may 



161 

Figure 5.1, Model for HSP17.4 function in seed dormancy. ABI3 induces the 

production of HSP17.4, and HSP17.4 may function at the plasma membrane to maintain 

dormancy. The proposed model shows HSP17.4 interacting with a channel protein that is 

also regulated by AB11/ABI2. Other components are as defined in Figure 1.4 A. 
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associate with membranes, regulating permeability to prevent the water and solute 

transport. To begin to assess the cellular fiinction of HSP17.4 during dormancy and 

desiccation, deHning the intracellular locaUzation of sHSPs in the seed would be 

invaluable. Unfortunately, immunolocalization of HSP17.4 was not possible due to high 

background detected with the antibodies available for this study. If a membrane association 

could be detected, then experiments toward determining whether HSP17.4 interacts with 

specific protein(s) or lipids could be undertaken. Some of these ideas are expanded in the 

next section. 

My smdies have provided insight to the function of HSP17.4 in late embryo 

maturation. HSP17.4 acts in the late seed development process, influencing dormancy and 

possibly desiccation tolerance. These data suggest that HSP17.4 is an important 

component in embryo development, and the absence of HSP17.4 could be detrimental to 

seed survival. The heat-induced expression of sHSPs is as old as life itself (Vierling, 

1997). Clearly plants have evolved new modes of regulation for these proteins in order to 

take advantage of their function during development. 

FUTURE DIRECTIONS 

Regulation of HSP17.4 

The regulatory elements recognized by ABD are not yet known. A DNA binding 

protein that has homology to ABO, RAVI, was characterized as binding to DNA sequence 

element CACCTG (Kagaya et al., 1999). A matching sequence is found in the HSP17.4 

promoter region, but it is several hundred bp upstream from the TATA box. Several HSEs 

are found within, and very close to the TATA box, and therefore it is less likely that a 

regulatory element for HSP17.4 transcription would be located several hundred bp 

upstream from the TATA box. The promoters for HSP17.4, which is developmentally 

regulated, and HSP18.2, which is not, were compared to define a possible developmental 
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regulatory element, however none are obvious (Takahashi and Komeda, 1989). Similarly, 

the HSP17.4 promoter was compared to LEA promoters, but no common elements are 

apparent. ABI3 regulatory elements could be determined using a deletion analysis of the 

HSP17.4 promoter. The HSP17.4 promoter would be ideal for such an analysis, because 

the regulation is very tight, compared to ABB regulation of LEA proteins. 

Whether or not ABA regulates HSP17.4 gene expression in seeds has not yet been 

determined. Because ABI3 is regulated by ABA, ABA may also regulate HSP17.4. 

Recently however, ABA independent regulation of ABD has been found to control 

expression of a LEA gene in sunflower embryos (Prieto-Dapena et al., 1999). I 

hypothesize that the regulation of HSP17.4 by ABD in seeds is independent of ABA. 

Consistent with HSP17.4 expression being independent of ABA, the abal biosynthetic 

mutant did not show any reduction in HSP17.4 levels, whereas LEA mRNAs are reduced 

because of the abal mutation (Finkelstein, 1993). LEA genes are regulated by ABA. To 

determine if ABA controls HSP17.4 expression in developing seeds, ABA would need to 

be applied to seeds, when ABD (and any other transcription factor(s) required) is present. 

If HSP17.4 has not yet reached maximum levels in the seed, a rapid induction of 

HSP17.4, compared to normal HSP17.4 accumulation, should be detectable. This 

experiment would be worthwhile, because whether ABD regulation of HSP17.4 is ABA 

dependent or independent would influence future experiments. 

HSP17.4 mutants 

To demonstrate unambiguously a requirement for HSP17.4 in desiccation 

tolerance, an hspl7.4 null mutation or a mutant with <10% wild type levels of HSP17.4 

would be needed. A null mutation, such as a T-DNA insertion mutation, would be ideal. 

Future experiments could use PCR screening of additional T-DNA lines to identify this 

type of mutation. In the near future, the University of Wisconsin, as part of the 
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Arabidopsis genome project, will perform PGR screening of DNA from an estimated 

100,000 T-DNA lines for a nominal fee using any defined set of primers. Thus identifying 

null alleles at any locus should soon be possible. This technique has the advantage that 

mutations can be identified in the heterozygous state. Thus, should an HSP17.4 null allele 

be lethal, it could still be identiHed and studied. 

More conventional mutagenesis could be employed to uncover a mutation in the 

hspl7.4 gene. A screen could utilize the reduced dormancy phenotype, then analyze 

HSP17.4 levels and map the mutation relative to the hspl7.4 locus. Several ^educed 

^rmancy mutants {rdo) have been obtained from Dr. M. Koomneef (L6on-Kloosterziel et 

al., 1996), and these will be assayed for HSP17.4. The Arabidopsis genome project is 

estimated to be completed by 2001 and at that time, if not before, hspl7.4 can be mapped 

to a specific locus. 

Other phenotypes of the antisense IISP17.4 seed 

The availability of seeds with specifrc reduction of HSP17.4 allows the analysis of 

other seed phenotypes. To address the model that HSP17.4 may be interacting with a 

membrane channel protein, preventing solute transfer in the dormant seed state, a difference 

in solute leakage between 18as seed and wild Qrpe could be measured. Experiments 

exanuning solute leakage are conducted in a variety of ways (Lin et al., 1985). Generally, 

to determine ion leakage, conductivity of a solution in which the seeds have been soaked is 

measured. Quanti^cation of leaked soluble sugars and amino acids can be compared 

between wild Qrpe and antisense seed. A difference in solute leakage would be consistent 

with a function for HSP17.4 regulating membrane permeability, either through direct 

interaction with membrane transport proteins or via a more general interaction with 

membranes. 



166 

A reduction in seed dormancy, and possibly desiccation tolerance, may also result 

in a reduction in seed viability. To test for seed viability, seed are stimulated to germinate 

and assayed by the ability to produce a viable plant. Viability can also be measured by 

biochemical assessment of metabolic activity of the resting seed. Tetrazolium salts 

(measures activity of dehydrogenases) are imbibed into the seed as a colorless solution. 

Tetrazolium reduction results in a red colored, stable, nondiffiisible substance that can be 

observed to deHne dead versus living tissue. Preliminary observations from a single 

homozygous lines suggest 18as seed could have reduced viability with long term storage. 

The original T3 seeds, which were collected approximately 2 years ago, showed reduced 

germination compared to wild type. This phenotype needs to be characterized further. 

In a recent study, sHSPs were positively correlated with seed vigor, which is 

deHned by the ability of the seed to withstand desiccation and to germinate and become a 

healthy seedling under sub-optimal conditions (Bettey and Finch-Savage, 1998). Seed 

vigor and quality are important for conmiercial seeds, because the measurement defines the 

potential seed performance. In vigor testing, seeds are generally germinated under water 

stress (imbibed in polyethylene glycol solution for 7 days), or immersed in hot water 

(50°C) for 30 minutes prior to gemunation. The experiments of Bettey et al. (1998) were 

conducted on seeds from di^erent seed lots of field grown Brassica oleracea plants. 

Greater seed vigor correlated with more sHSP in the dry seed. However, because these 

lots were grown at different times and under different conditions, many other aspects of 

seed development could have been different. It would be interesting to determine if 

different levels of HSP17.4 have an effect on Arabidopsis seed vigor. 

It may still be possible to create antisense lines that accumulate less HSP17.4 than 

the lines obtained in this study. The RAB18 gene is probably first expressed somewhat 

later during development than HSP17.4, as seen by relative timing of protein accumulation 

of RAB18 when compared to HSP17.4 (Wehmeyer et al., 1996; Welin et al., 1994). 
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Therefore, in the 18as plants hspl7.4 mRNA could be present before the antisense RNA. 

The level of HSP17.4 in the 18as lines seems to reach a plateau early in seed maturation 

and remains constant until the seed is fully mature (data not shown), indicating either that a 

small amount of protein is synthesized prior to the antisense effect, or that a small amount 

of mRNA is always produced in spite of the antisense suppression. If the former is 

occurring, then expression of additional antisense RNA earlier In development, before the 

RAB18 promoter is activated, could eliminate this mRNA and, more importantly the 

HSP17.4 protein. If the latter is occurring, then an overall higher level of the antisense 

gene expression would be necessary for greater reduction. 

In order to create antisense plants with more effective suppression of HSP17.4, the 

two above scenarios need to be considered. To attain an overall higher level of the 

antisense HSP17.4 gene expression, I crossed two independent ISas lines, each of which 

showed a reduction of HSP17.4 levels. To create plants that produce the antisense RNA 

earlier than 18as, I crossed 3Sas and 18as plants. The CaMV35S promoter is not highly 

expressed in the latter part of seed maturation (Williamson et al., 1989), but could be 

important for early down regulation of the sense gene. Crosses between 18as and 3Sas 

will hopefully produce early and late antisense mRNA. The seeds from these crosses 

require extensive analysis. Preliminary data revealed progeny from one cross that have 

reduced seed viability, potentially due to failure of embryos to desiccate properly. Also, 

seedlings from the same cross appear to lack the abili^ to survive a mild dehydration of the 

vegetative tissue (Appendix 3). These phenotypes will be further characterized once the 

genetics of the individuals are determined. 

Molecular mechanism of HSP17.4 in dormancy 

Finally, it will be important to define the mechanism that is employed by HSP17.4 

in seed dormancy and/or other seed processes in which HSP17.4 is involved. If HSP17.4 
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does indeed have a role in maintaining membrane integrity, an association with the 

membrane may be detectable. This could be accomplished by immunolocalization with a 

highly specific and purified antibody. Perhi^s association with specific membrane channel 

protein(s) can be determined by immunoprecipitation. During heat stress a shift fiom the 

soluble to the insoluble fraction has been measured (Lee and Vierling-unpubh'shed, and 

Osteryoung and Vierling, 1994). If this is due to a membrane association, a change in the 

membrane may be inducing the association. 

In order to analyze the possibility that HSP17.4 functions in the glassy matrix, 

antisense seed could be analyzed for a reduction of the matrix by FT-IR spectroscopy 

(Wolkers et al., 1998). However, this experiment would not elucidate a potential 

substrate(s) and would not eliminate possible interaction with the membrane. Additionally, 

since a glassy matrix has not been characterized in response to heat stress, the justification 

for this interaction is not strong. In response to heat this interaction could be replaced with 

an interaction with the cytoskeleton. Cytoskeletal interactions with sHSPs have been 

documented in yeast and mammalian tissue in response to heat These interactions have 

also been observed during Drosophilia and mammalian embryogenesis, in association with 

growth and differentiation (Arrigo and Landry, 1994). sHSPs have been implicated as 

molecular chaperones in vitro, and although their function may not be such in vivo, their 

function may still include interaction with other proteins. However, with which protein(s) 

HSP17.4 interacts and in which context, remain to be determined. 
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APPENDIXES: 

Appendix 1: Subpooled DNA of 100 from Feldmann T-DNA lines superpools of 1000. 

Each superpool of 1000 is divided into 20 subpools. E'CR analysis of DNA in the 10 P 

pools and the 10 PC pools allows T-DNA insertion line within the gene of interest, 

narrowed to 10 lines. 

Appendix 2: Transformations into Arabidopsis, each TI is an individual plant that was 

transformed, each T2 corresponds to a individual selected on antibiotic. Appendix 2.1: 

I8as, Appendix 2.2; 17as, Appendix 2.3; 3Sas (also called 319), Appendix 2.4; 170E, 

and Appendix 2.5: GUS (also used as vector control in Chapter 4). 

Appendix 3: Preliminary results for ISas crossed with 3Sas and 18as crossed with 18as. 

Appendix 4: Plasmids generated in this study. 
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Appendix 2.1 

T1 n w T4 T5 
18as2 (8-22) 2.1 plant #1-6 &1-12 

2.2 plant #1-4 
2.3 

18as3 (8-22) 3.1 plant #1-6 
3.2 

I8asl (9-3) 1 plant #1-6 
I8as2 (9-3) 
I8as3 (9-3) 
I8asl (9-22) 1 plant #1-6 (#l=18asl) propagated propagated 
18as2 (9-22) 
18as3 (9-22) 3.1 plant #1-6 

3.2 
I8as4 (9-22) 4 plant #1-6 
18as5 (9-22) 
18as6 (9-22) 
18asl (9-26) 
I8as2 (9-26) 
I8as3 (9-26) 
I8as4 (9-26) 
18as5 (9-26) 
I8as6 (9-26) 
I8as7 (9-26) 
I8as8 (9-26) 
I8as9 (9-26) 

18asIO(9-26) 
18asl (11-6) 1.1 ilant# 1,2,4,6,8 (3,5,7-sickly) 

1.2 plant #1-8 
1.3 plant #1-8 

l8as2(ll-6) 2.1 plant #1-6 (l&3=18as2) propagated 
2.2 plant #1-10 (3&7=18as4) propagated 
2.3 plant #1-8 

18as3(ll-6) 3.1 plant #l-4&6 and 1-8 
3.2 

18as4(ll-6) 4.1 plant #1-6 
4.2 

18as5(ll-6) 
18as6(ll-6) 6 plant #1,2,4-6 
18as7(Il-6) 
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18as8(ll-6) 
I8asl (12-1 1 plant #1-6 (2&3=:18as3) propagated 

18as2(12-2) 2.1 
2.2 

I8as3 (12-1) 3.1 
3.2 
3.3 

18as4(12-l) 
18as5 (12-1) 
18as6 (12-1) 
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T1 T2 T3 
17asl (8-22) (no seed left) l.l plants #1-6 

1.2 
1.3 

17as2 (8-22) (no seed left) 2.1 plants #1-6 
2.2 
2.3 
2.4 

17as3 (8-22) (no seed left) 3.1 plants #1-6 
3.2 
3.3 

I7asl (9-3) -

17as2 (9-3) -

I7as4 (9-3) -

I7asl (9-22) LI plants #1-6 
1.2 

I7as2 (9-22) 2 plants #1-6 
I7as3 (9-22) - -

I7as4 (9-22) 4 plants #1-6 
I7as5 (9-22) -

17as6 (9-22) -

I7asl (9-26) -

17as2 (9-26) -

I7as3 (9-26) -

17as4(9-26) 4 plants #1-4,6 
17as5 (9-26) 5 plants #1-5 
17as6 (9-26) -

17as7 (9-26) -

17as8 (9-26) -

I7as9 (9-26) -

I7asl0 (9-26) -

I7asl (U-6) 1 
17as2(ll-6) 2.1 plants #1-6 

2.2 plants #2-6 
17as3(ll-6) -

17as4(ll-6) 4.1 plants #1-6 
4.2 
4.3 

17as5(ll-6) -

17as6(lI-6) 6 plants #1-6 
17as7(ll-6) 7 
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17as8 (11-6) 8.1 plants #1-6 
17as9 (11-6) (no seed left) 9.1 plants #1-3,5,6 

17asl (12-1) -

17as2 (12-1) -

17as3 (12-1) -

17as4(12-l) -

17as5 (12-1) 5 plants #1-6 
17as6 (12-1) -

17as7 (12-1) -

I7as8 (12-1) -
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T1 T2 T3 
319 (Ten) -

319 #1(7-4) 1 plants #1-5 (one homo) 
319 #2 (7-4) 2.1 plants #1-5 

2.2 plants #1-5 
319 #3 (7-4) 3 plants #1-5 
319 #4 (7-4) 4 plants #1-5 (one homo) 

319 #5 (7-4) no seed left 5 plants #1-5 
319#l (8-22) 1 

319#1 (9-3) 
319 #2 (9-3) 
319 #3 (9-3) 
319 #4 (9-3) 
319 #1 (9-22) 
319 #2 (9-22) 
319 #3 (9-22) 
319 #4 (9-22) 
319 #5 (9-22) 
319 #1 (9-26) 
319 #2 (9-26) 

319 #3 (9-26) no seed left 
319 #4 (9-26) 
319 #5 (9-26) 
319 #6 (9-26) 
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T1 T2 T3 
170E1 (Teri) 1 no seed left 
170E2 (Teri) 2 no seed left 

170E (7-4) 1 plants #1-7 
170E1 (8-22) no seed left 1 

170E2 (8-22) 2.1 plants #1-6 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 

I70E1 (9-3) -

170E2 (9-3) no seed left -

170E3 (9-3) no seed left -

170E4 (9-3) -

170EI (9-22) no seed left -

170E2 (9-22) no seed left 2 
170E3 (9-22) -

170E4 (9-22) -

170E5 (9-22) 5.1 
5.2 plants #1-10 

170E6 (9-22) -

170EI (9-20) no seed left -

170E2 (9-20) no seed left -

170E3 (9-20) -

170E4 (9-20) no seed left -

170E5 (9-22) 5 
170E6 (9-22) 6 
170E8 (9-22) 8.1 

8.2 
170E9 (9-22) 9.1 

9.2 
9.3 

170E1 (11-6) 1.1 
1.2 
1.3 

l70E2(ll-6) 2 
l70E3(ll-6) 3 
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170E4(ll-6) 4 
170E5(ll-6) 5.1 

5.2 
5.3 

l70E6(ll-6) 

170E7(ll-6) 7 
l70E8(ll-6) 8.1 

8.2 
170EI (12-1) -

170E2(12-1) 2 
170E3 (12-1) -

170E4(12-1) -

170E5(12-1) -

170E6(12-1) -

170E7 (12-1) -
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T1 T2 T3 T4 T5 
GUS 1 (9-96) I 6 
GUS 2 (9-96) 2 19 
GUS 3 (9-96) 3 no expression 
GUS 4 (9-96) 4 no expression 
GUS 5 (9-96) 5 no expression 
GUS 6 (9-96) 6 GUS 6-9 homo (GUS T3) propagated propagated 
GUS 7 (9-96) 7 no expression 
GUS 8 (9-96) 8 no expression 
GUS I (11-6) I 
GUS 2 (11-6) 2 
GUS 3 (11-6) 3 
GUS 4 (11-6) 4 
GUS 1 (12-1) 1 
GUS 2 (12-1) 2 
GUS 3 (12-1) 3 
GUS 4 (12-1) -

GUS 5 (12-1) -



Appendix 3 

F1 F2 F3 Antibiotic 
Selection 

Desiccation intolerance 
in F3seed 

Reduced viability 
of plant 

Dehydration of 
veeetative material 

18as3#3X319#I 2 plants 7 plants Kan/Gent 3 plants with shriveled seeds >50% did not survive transplantation to soil sensitive to dehydration 
18as3#3X319#S 3 plants 24 plants Kan/Gent -30% did not survive transplantation to soil 
18as3#2X319#l 6 plants Kan/Gent 
18as3#2X319#S 1 plant 54 plants Kan/Gent 
18aslX319#S 9 plants 28 plants Kan/Gent 
18as2X 18as3 1 plant 64 plants Gent only 

VO 



Appendix 3 (continued) 

18as3 X 319#1 F3 seed 

B. Shriveled seeds stkic C. Shriveled and normal 
seeds in sillque to filter 

00 
o 
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Appendix 4 Plasmids generated in this study: 

1) AZ319 3SS promotenrbsp 17.4 antisense;:3'NOS terminator. 
pMON530 inserted: hsp 17.4 (AZl 1 l-pTH in pBSK). 
AZl 11 restricted at EcoRI and Xbal and ligated into pMONS30 EcoEU and Smal 
(Klenow). Resistance: spec/strep. Made by JorgThierfelder 7-93. 

2) AZ 431 pi8.7, RAB genomic fragment in pBSK. From Francoise Gosti. 
Accession number: X68M2. Amp resistance. Reference: Lang and Palva, PMB 
(1992) 20,951-962. l.l Kb BamlH insert, including 763 bp upstream of ORF. 
Sequence that does not appear in reference: 
GG ATCCATCr CTITACCAAC CAACTAATCC AACTC AGAAA 
ATTTTAAAAT CTC AATCAAA AATCCCTCT A AGATAGCCAG 
AGAAGAGATT GTAAACAAGG ATTTGAAATC TGGTGCAGAG 
AGGNGAAACT CCCGACAAT GAACACCAAC 
and then the published sequence starts: -613 GATCTAAACG.... 

3) AZ432 pi8.71, RAB 18 promoter in pBKS, resistance: amp. Deleted 350bp 
of ORF in pl8.7. Approximately 750bp of promoter region, starts at -15 of 
published sequence. Promoter/plasmid junction: 
pBS...GAATTCCTGCAGCCC / -15 AAGCAAACACTTT.... 

4) AZ433 Modified GFP in pBIl21 (Clontech), resistance: Kan, from Jim 
Haselhoff, GFP inserted at BamHI and Sacl. 

5) AZ434 hspl7.4promoter region in pBKS, resistance: amp. Xbal/BamHI 
fra^ent from pTT 107.2 (AZ365)~consists of approximately 1 kB of promoter 
region plus 69bp (to BamHI site) of coding region for hsp 17.4 gene. 

6) AZ435 3'NOS terminator (EcoRl/SacI fragment from pBI121) ligated into 
EcoRI/SacI pPZP221 (reference: Hajdukiewicz et al. (1994) PMB 25,989-994. 
Resistance: spec/strep 

7) AZ436 GUS, EcoRI/BamHI fragment from pBIlOl.2 (A2381) ligated into 
AZ435. Resistance: spec/strep 

8) AZ437 GUS used for transformation into Arabidopsis. AZ434 cut with Xbal 
and BamHI and ligated into Xbal/BamHI of AZ436. Resistance: spec/strep. 

9) AZ438 EcoRI/BamHI of GFP from AZ433 (with 3' NOS terminator) ligated 
into A2^35 (cut liberates 3' NOS terminator). Resistance: spec/strep. 

10) AZ439 EcoRI/BamHI of GFP from AZ433 (with 3' NOS terminator) ligated 
into pBKS (for PCR purposes). Resistance: amp. 
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11) AZ440 PGR product of GFP~to get inframe fusion protein with the 69bp of 
co^g regions left in promoter fragment (A2^34). Took the BamHI/EcoRI GFP 
from A2^39 and PCRed to be an ^oRI/Kpnl fragment and iigated back into 
pBKS. 
From BamHI-GFP-SacI-NOS-EcoRI to SacI—EcoRI-GFP-SacI-NOS-Kpnl 
Have this Iigated product for beginm'ng of GFP: 
pBS-BamHI-Smal-Pstl-start primer-EcoRI-
GAATTCGCTCTAAGAACTAAGTGGATCC-BamHI-start GFP. 
NOS terminator sequence ends like this: 
GFP-NOS-CGGTCTCATCTATCrTAGTACATCGGTACC-KpnI-ATT 

12) AZ441 EcoRl/Kpnl GFP fragment from AZ440 Iigated into AZ434, then this 
17.4 promoter::GFP was cut with SacI and Iigated into SacI of AZ43S. Resistance: 
spec/strep. 

13) AZ442 AZ319 antisense of hsp 17.4 in pMON530 made by Jorg Thierfelder, 
used for transformation of Arabidopsis. 

14) AZ443 HSP17.4 overexpression construct (170E),used for transformation 
of Arabidopsis. Overexpression cassette pJAl 1 was cut with HindHI and EcoRI 
and Iigated into pPZP221. Sacl/Sall hspl7.4 (from AZl 11) was Iigated into the 
pJAl 1 overexpression cassette in pZP221. Resistance: spec/strep. 

15) AZ444 RAB18 promoter from pi8.71 (AZ432) was cut with BamHI/Kpnl 
and Iigated into those sites of AZ43S. Resistance: spec/strep. 

16) AZ445 HSP 17.4 promoter from AZ434 was cut with Xbal/Kpnl and Iigated 
intoAZ435. Resistance: spec/strep. 

17) AZ446 17as used for transformation into Arabidopsis. AZl 11 hspl7.4 
cDNA was cut out with Xbal/EcoRI and Iigated into pPZP221, then sut out at 
EcoRI/Sall and Iigated back into pBKS to get the ability to make the construct with 
hsp 17.4 in the antisense orientation. This was cut with KpnI/SacI and Iigated into 
AZ445. Resistance: spec/strep. 

18) AZ447 18as used for transformation into Arabidopsis. AZl 11 hspl7.4 
cDNA was cut out with Xbal/EcoRI and Iigated into pPZP22U then sut out at 
EcoRI/SalE and h'gated back into pBKS to get the ability to make the construct with 
hsp 17.4 in the antisense orientation. This was cut with Kpnl^SacI and Iigated into 
AZ444. Resistance: spec/strep. 
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