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Abstract 

We isolated and sequenced Ha hsp17.9, a DNA complementary (cDNA) of dry-seed stored mRNA 
that encodes a low-molecular-weight heat-shock protein (LMW HSP). Sequence analysis identified 
Ha hspl7.9, and the previously reported Ha hspl7.6, as cDNAs encoding proteins (HSP17.6 and 
H S P 17.9) which belong to different families of cytoplasmic LMW H S Ps. Using specific antibodies we 
observed differential expression of both proteins during zygotic embryogenesis under controlled envi- 
ronment, and a remarkable persistence of these LMW HSPs during germination. Immuno-blot analy- 
sis of HSP17.9 proteins in two-dimensional gels revealed that the polypeptides expressed in embryos 
were indistinguishable from LMW HSPs expressed in vegetative tissues in response to water deficit; but 
they appeared different from homologeous proteins expressed in response to thermal-stress. Tissue-print 
immunolocalization experiments showed that HSP17.9 and HSP17.6 were homogeneously distributed 
in every tissue of desiccation-tolerant dry seeds and young seedlings under non-stress conditions. These 
results demonstrate developmental regulation of specific, cytoplasmic, plant LMW HSPs, suggesting also 
their involvement in water-stress tolerance. 

Introduction 

Heat shock, as well as other stresses, induces the 
expression of groups of conserved genes that en- 
code heat-shock proteins (HSPs). The stress- 
induced activation of HSP genes is a cellular re- 
sponse characteristic of most living organisms, 
both prokaryotic and eukaryotic [1 ]. The plant 
heat-shock response is characterized by the syn- 
thesis of multiple, abundant, low-molecular- 

weight (LMW) HSPs. These proteins, with mo- 
lecular sizes between 15 and 28 kDa, belong to at 
least four gene families, two of which (class I and 
class II) encode polypeptides primarily located in 
the cytoplasm [2]. 

HSP genes are also expressed during normal 
development, in particular at definite stages of 
embryogenesis and gametogenesis. Considerable 
evidence for their developmental regulation has 
been gathered in animal systems [review in 3]. 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession number Z29554. 
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Similar observations in plants are still scarce 
[reviews in 4, 5], although there are examples 
showing expression of specific HSP genes during 
pollen development [6, 7], fungal sporulation [8], 
and in zygotic [ 9-11] as well as somatic embryo- 
genesis [12, 13]. Some of these examples include 
LMW HSP genes [6, 7, 10, 12, 13], but in most 
cases only mRNA accumulation or in vitro trans- 
lation data have been reported. Use of antibodies 
against cytoplasmic class I LMW HSPs [ 14] has 
confirmed in vivo accumulation of these proteins 
in mature seeds from field-grown plants [ 15]. The 
latter observation is strongly indicative of devel- 
opmental expression of these proteins during 
plant zygotic embryogenesis, which had been 
suggested by earlier studies [ 10, 16-18]. 

To investigate the molecular basis of the desic- 
cation tolerance of zygotic embryos, we have iso- 
lated and characterized cDNA clones from 
mRNA stored in sunflower mature (dry) seeds 
[10]. We found novel LMW HSP genes whose 
transcripts accumulate during embryogenesis 
[10], in response to ABA and osmotic stress in 
young seedlings [10], and in response to water 
stress in vegetative tissues of mature plants [19]. 
In a previous paper, using antibodies against the 
LMW HSPs encoded by seed-stored mRNAs, 
we demonstrated expression of homologeous 
HSPs in response to water stress. This expres- 
sion was specific for lateral meristems in the root 
and stem of adult sunflower plants [19]. The 
water-stress response of specific LMW HSP 
genes could be distinguished from a heat-shock 
response by a distinct tissue specificity of the 
proteins induced by either stress [19]. 

In this paper, using specific antibodies, we pro- 
vide direct evidence for developmental expression 
of a class II LMW HSP (HSP17.9), during plant 
zygotic embryogenesis and in early stages of ger- 
mination. We also confirm the developmental ex- 
pression of sunflower HSP17.6, a class I LMW 
HSP. Our experiments thus independently cor- 
roborate conclusions reached in a recent report 
by DeRocher and Vierling [20]. In addition, we 
compare developmental expression of HSP17.6 
and HSP17.9 proteins with expression, in veg- 
etative tissues, of homologeous polypeptides in 

response to stress. We find inspring similarities 
and differences between the two phenomena: the 
water stress-induced and developmentally ex- 
pressed LMW HSPs could be very similar, if not 
identical, polypeptides; but only in seeds and in 
young seedlings is their expression widespread. 
The latter result contrasts with the narrow tissue 
specificity of LMW HSPs observed in stressed, 
adult, vegetative tissues [ 19]. We discuss possible 
protective and (or) repair functions for specific 
LMW H S Ps during sygotic embryogenesis. These 
functions are deduced from a correlation between 
the observed protein expression patterns (this 
work), and the acquisition of embryo desiccation 
tolerance during seed development, or its loss 
early after imbibition of the mature seed (i.e., 
physiological observations reviewed in [21]). 

Materials and methods 

Plant material 

Sunflower (Helianthus annuus L., cv. Sunweed, 
Rh6ne Poulenc) was grown under controlled en- 
vironment: 18-h day cycles, day temperature 
20 ° C, night temperature 18 ° C, 80 ~o relative 
humidity. Mature seeds and staged embryos were 
collected, dissected and stored essentially as de- 
scribed [10]. Seeds were germinated either by 
placing them in water-soaked vermiculite or by 
laying them in Petri dishes between two pieces of 
filter paper, moistened with sterile distilled water. 
Seeds germinated in Petri dishes were kept in the 
dark at 25 °C. Seeds germinated in vermiculite 
were exposed to light after cotyledon expansion. 
Heat-shock and water-stress treatments of 4-6- 
week-old sunflower plants were performed as in 
Almoguera et al. [ 19]. 

Recombinant DNA techniques, RNA hybridizations 
and DNA sequencing 

Construction and differential screening of a sun- 
flower dry-seed cDNA library has been described 
in Almoguera and Jordano [10]. Conventional 
molecular cloning techniques were used for puri- 
fication of plasmid and phage DNA, purification 



and ligation of DNA fragments, and labelling of 
RNA and DNA probes [19,22]. Helianthinin 
(HAG3), 18S rRNA, and Ha hspl7.6 probes 
have been described earlier [10, 19]. The Ha 
hspl7.9 cDNA insert (described in this work), as 
well as its two internal Eco RI fragments, were 
excised with Not I (or Eco RI) and subcloned in 
pBluescript SK +.  The 514 bp Eco RI fragment 
that contains the coding region and 5' leader se- 
quences was used to prepare Ha hspl7.9 DNA 
probes. Uniformly labelled RNA probes (ribo- 
probes) complementary to hspl7.9 mRNAs were 
also used. The plasmid containing the 514bp 
Eco RI fragment was linearized with Xho I and 
in vitro transcribed, using T3 RNA polymerase as 
described in Almoguera et al. [ 19]. RNA prepa- 
ration and sequential hybridization of Hybond-N 
filters were performed as described previously 
[ 19]. The nucleotide sequence of both strands of 
Ha hspl7.9 cDNA was obtained by dideoxy se- 
quencing, using Sequenase (United States Bio- 
chemicals) and single-stranded DNA templates. 
Sequence analysis was performed with the G C G  
(Madison, WI) software package. Sequence com- 
parisons were carried out as described [10]. 

Protein analysis and immunodetection 

Seedlings, three day after imbibition (and older), 
were dissected in two portions that contained the 
cotyledons, or the hypocotyl plus the radicle. 
Total protein from frozen embryos, mature seeds 
and seedlings, was extracted and analyzed by 
one-dimensional or two-dimensional gel electro- 
phoresis and protein blotting essentially as re- 
ported [19]. To improve resolution of LMW 
HSPs,  the SDS-PAGE gels were cast with 15~o 
polyacrylamide. The production and purification 
of the HSP17.6 and HSP17.9 antibodies, as wel 
as their characterization, and the experimental 
conditions used for the immunodetection experi- 
ments have been described in detail [ 19]. 

Tissue printing 

Mature dry seeds were soaked in distilled water 
for 2-4  h at room temperature. Once moistened, 
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and after removal of the seed coat, hand-cut sec- 
tions of the embryo were printed on nitrocellulose 
(B45, Schleicher & Schuell) by applying them with 
gentle pressure. Sections from the cotyledon, hy- 
pocotyl, and primary root of three-day-old seed- 
lings, germinated in the dark (see Plant material), 
were directly printed without pre-soaking. Tissue 
prints were stained with Ponceau S (Sigma), and 
processed for immunodetection [ 19]. Micropho- 
tography was performed with a Nikon SMZ-10 
stereomicroscope, using Kodacolor II (100 ASA) 
film. 

Results 

Isolation of Ha hspl 7.9 cDNA and sequence analy- 
sis 

Differential screening of a sunflower cDNA 
library [10], using dry-seed and three-day post- 
imbibition cDNA probes, allowed us to isolate a 
cDNA clone named Ha hspl7.9  (see below). This 
clone hybridized preferentially to the dry-seed 
probe (data not shown) and did not cross- 
hybridize [ 19] with the previously isolated sun- 
flower cDNA Ha hspl7.6 [10]. Based on its se- 
quence (Figs. 1 and 2) and heat-shock response 
[19], Ha hspl7.9 was tentatively identified as a 
LMW HSP and thus named accordingly (Ha, for 
Helianthus annuus L.). 

The complete DNA sequence of Ha hspl7.9,  
and its corresponding predicted amino acid se- 
quence is shown in Fig. 1. The length of the cDNA 
insert (824 bp) agrees quite well with the esti- 
mated size (850 nt) of mRNAs  detected in north- 
ern hybridization experiments (Fig. 3). This indi- 
cates that Ha hspl7.9  is essentially a full-length 
clone. On the cDNA sequence, we identified a 
putative polyadenylation signal, as well as the 
most  likely initiation codon (Fig. 1). Sequences in 
the vicinity of the latter show similarity to the 
plant translation initiation consensus [23]. The 
only plausible open reading frame (ORF) present 
in Ha hspl7.9  is flanked by a relatively short 
leader (24 nt) and a long trailer (312 nt). Trans- 
lation of this ORF predicts an encoded polypep- 
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i ATCAGACATAAATTCTAT~CC~TCGAAATGGACATCGATAGTTT~T~GGTTCGATC 60 

M D I D S L M G F D P  

61 CGTTACTCCGC~CCTCCACTACATCCTCG~GCCACTGACGAC~CACCACTGGAAACA 120 
L L R N L H Y I L E A T D D N T T G N K  

121 AGTCC~C~CA~GGTCCGTCTC~GCTTACGTCC~GACGC~GA~TGGC~ 180 
S N N S G P S R A Y V R D A R A M A A T  

181 CCCCTGCTGACGTC~AGTGTCCT~CTCCTACGTGTTTATTGTT~TAT~CGGGGC 240 
P A D V K E C P N S Y V F I V D M P G L  

241 TG~GTCAGGGGATATAAA~T~A~TGG~CGCGAC~CGTTTT~TGAT~GCGG~ 300 
K S G D I K V Q V E R D N V L V I S G K  

301 AGA~CCGAGAGG~GAG~GG~GGAGTC~GTATGTGAGGAT~AGA~CGGATGG 360 
R N R E E E K E G V K Y V R M E R R M G  

361 GG~GTTCATG~G~GTTTGCATT~CAGAGGATGCG~TACGGAT~GATATCGGCGA 420 
K F M K K F A L P E D A N T D K I S A I  

421 TTTGTC~GACGGAGTGCTTAC~T~CTGTGGAG~GCTGCCTCC~CTGA~CC~GA 480 
C Q D G V L T V T V E K L P P P E P K K  

481 AGCCG~GACGATTCA~TGCAGGT~CTTG~G~TTCGTATGCGATATGGG~TG~G 540 
P K T I Q V Q V A *  

541 GATGTTTGGTGTGTTATGAGTT~GGGGTTTGAA~ATGTTTTGTTGTTTTGCTCTGTTT 600 
601 AT~TG~TCTGATATCA~TGCTCTGTTTGATACGAT~TG~TCTGATATCAGTTTTT 660 
661 TTTTTTTTT~CC~GTAC~TGTTCTT~TATTAGT~TAAACTGT~CATAAAACAAA 720 

721 CAAACCGAAAATACAGTACAGAAAACACAAACCGCAT~CCAAAGAAAAACCC~CG~C 780 
781 AC~TCCACAAACCAAACATTTAAACCATC~CAC~CAAACAG 824 

~ .  1. Nucleotide and predicted amino acid sequence of Ha hspl7.9 cDNA. On the mRNA strand, nucleotides matching plant 
initiation and polyadenylation consensus are underlined. The predicted stop codon is shown in bold ~ce  on ~ e  amino acid 
sequence. The conserved LMW HSP motif GVLTV is underlined. 

tide with a molecular mass of 17.9 kDa and an 
isoelectric point (pl) of 8.0. Its deduced amino 
acid sequence (Fig. 1) contains the characteristic 
motif GVLTV located within a conserved hydro- 
phobic domain which is present in the carboxy- 
terminal region of LMW HSPs ([2, 24]; see 
below). 

Dry-seed-stored L M W  HSP mRNAs encode puta- 
tive class I and class H cytoplasmic proteins 

Recently, Vierling [2] classified plant LMW HSPs 
into at least four families, two of which (class I 
and class II) encode cytoplasmic proteins. Align- 
ment, with minimal gaps, between the predicted 
amino acid sequences for sunflower HSP17.9, 
that of previously reported HSP17.6 [10], and 
other well-characterized plant LMW HSPs is 
shown in Fig. 2. Sunflower HSP17.6 was found 
to be highly homologeous (similarity 96.1 ~/o, iden- 

tity 70.1 ~o) to Arabidopsis HSP17.6 [25], as well 
as to other members of class I proteins (Fig. 2A 
and data not shown). Conversely, sunflower 
HSP17.9 showed the highest homology (similar- 
ity 95.0~o; identity 63.5~/o) to proteins such as 
soybean HSP17.9D [24], belonging to class II 
(Fig. 2B). Thus the two sunflower LMW HSPs 
could be respectively assigned to these distinct 
protein families. As reported for other class I and 
class II LMW HSPs [2], their sequence conser- 
vation improved towards the carboxy-terminal 
portion of the protein (Fig. 2). Considerably less 
homology was found between the two sunflower 
LMW HSPs (similarity 55 ~o, identity 35 ~) ,  than 
between members of each class. This latter obser- 
vation agrees with the previously reported speci- 
ficity of antibodies prepared against each sun- 
flower protein. The two antibodies did not cross- 
react [19]; and antibodies against pea HSP18.1 
[14], another class I protein, detected Ha 
HSP17.6 but not Ha HSP17.9 [19]. 
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A 
Ha HSPI7.6 

At HSPI7.6 

Ha HSPI7.6 

At HSPI7.6 

Ha HSPI7.6 

At HSPI7.6 

I0 20 30 40 50 
MSIIPSFFTSKRSNIFDPFSLDTWDPFQGI ..... ISTEPARETAAIVNARIDWKETPEA 

ll:tli:i:::l:i:liillli::lii:i: ::::ii:::ii::li::iT:lllil 
MSLIPSIFGGRRTNVFDPFSLDVFDPFEGFLTPSGLANAPAMDVAAFTNAKVDWRETPEA 

i0 20 30 40 50 60 

60 70 80 90 i00 ii0 
HVLKADLPGMKKEEVKVEVEDGRVLHISGERCREQEEKDDTWHRVERSSGKFIRRFRLPE 

ll:llilil::ililliilili::l:liiil::i:lll:i:llliilliill:lililll 
HVFKADLPGLRKEEVKVEVEDGNILQISGERSNENEEKNDKWHRVERSSGKFTRRFRLPE 

70 80 90 i00 ii0 120 

120 130 140 150 
NAKMDEVKAMblENGV-L'IrVVVPKEEEEKKP~IDISG 

Itii:i:ll Ililil:l:lli IIli ll:iIlll 
NAKMEEIKASMENGVLSVTVPK-VPEKKPEVKSIDISG 

130 140 150 

B 
Ha HSPI7.9 

Gm HSPI7.9D 

Ha HSPI7.9 

Gm HSPI7.9D 

i0 20 30 40 50 
MDIDSLMGFD-PLLRNLHYILEATDDNTTGNKSNNSGPSRAYVRDARAMAATPADVKECP 

tl :I[:: il:::l::::: ::l::::li::i :l:::lilil:illillllili:t 
MD-FRVMGLESPLFHTLQHMMDMSEDGAGDNKTHN-APTWSYVRDAKAMAATPADVKEYP 

i0 20 30 40 50 

60 70 80 90 I00 ii0 
NSYVFIVDMPGLKSGDIKVQVERDNVLVISGKRNREEEKEGVKYVRMERRMGKFMKKFAL 

llLil :iltlitIiiLIliti li:i:l:l:l:l:liill:it:lilll:li:l:li:l 
NSYVFEIDMPGLKSGDIKVQVEDDNLLLICGERKRDEEKEGAKYLRMERRVGKLMRKFVL 
60 70 80 90 100 Ii0 

120 130 140 150 160 
Ha HSPI7.9 PEDANTDKISAICQDGVLTVTVEKLPPPEPKKPKTIQVQVA 

if:Jill 111:lilili:iil:iillililil:lii1:ll 
Gm HSPI7.9D PENANTDAISAVCQDGVLSVTVQKLPPPEPKKPRTIQVKVA 

120 130 140 150 

Fig. 2. Comparison of sunflower, seed-stored, heat shock proteins with canonical cytoplasmic LMW HSPs. A. Alignment between 
predicted amino acid sequences for sunflower HSP17.6 (X59701) and class I Arabidopsis HSP17.6 (X16076). B. Alignment between 
sunflower HSP17.9 and class II soybean HSP17.9D (X07159). Identical amino acids are indicated by bars, and conservative 
changes by colons. Gaps, introduced to optimize the alignments, are shown by hyphens (one per amino acid). The conserved 
GVLTV motif is underlined. 

Expression of sunflower LMW HSPs during zygotic 
embryogenesis and their persistence in early stages 
of germination 

We first investigated the accumulation pattern of 
Ha hspl7.9 mRNAs during zygotic embryo- 
genesis. Total mRNA from seedlings or staged 
embryos, dissected from plants grown under con- 
trolled environment, was analyzed by northern 
blot experiments (Fig. 3A). Hybridization of the 
same filter with a seed-storage protein (Ha G3) 
and 18S rRNA probes was performed to verify 
the developmental stage of analyzed embryos, and 
the amount of RNA in each sample, respectively 

[ 10]. Ha hspl7.9 mRNAs were initially detected 
in embryos 8-10 days after flowering (DAF). The 
amount of accumulated hspl7.9 mRNAs in- 
creased during seed maturation (8-15 DAF), and 
reached its highest level in dry (25 DAF, and 
older) seeds. However, and unlike previously re- 
ported for Ha hspl7.6 mRNAs [10], we did not 
observe for HSP17.9 a secondary peak of accu- 
mulation coincident with maximal expression of 
Ha G3 during mid-maturation [26]. We also in- 
vestigated the time course for disappearance of 
dry-seed accumulated LMW HSP mRNA during 
germination (Fig. 3B). Using cDNA probes, 
hspl7.6 [10] and hspl7.9 homologeous mRNAs 
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antibodies [19] against sunflower HSP17.6, and 
H S P 17.9, allowed us to investigate the expression 
of these two proteins during embryogenesis and 
germination. Expression of class I (HSP17.6) and 
class II (HSP17.9) proteins during zygotic em- 
bryogenesis, and their accumulation to high levels 
in dry-seeds, was confirmed with immunoblot 
experiments. Total protein was extracted from 
staged embryos, or mature seeds, and analyzed 
by SDS-PAGE followed by western immunode- 
tection (Fig. 4). We show that proteins that 
react with HSP17.9 antibodies appeared about 
12 DAF. These proteins accumulated to higher 
levels later in development (12-25 DAF), once 
seed desiccation has started (Fig. 4A). This ex- 
pression pattern was very similar to that observed 
for the corresponding mRNAs (Fig. 3A). On the 
other hand, proteins that reacted with HSP17.6 
antibodies also accumulated to high levels in ma- 

Fig. 3. A. Accumulation of Ha hsp17.9 mRNAs during 
zygotic embryogenesis. B. Disappearance of dry-seed-stored 
LMW HSP mRNAs during germination. In both cases total 
mRNA was analyzed by northern hybridization. Numbers 
correspond to either the age of staged embryos (A: 6, 8, 10, 
12, 15, and 25 DAF) or, in B, to time (DPI) after imbibition 
of mature dry seeds (M). Probes used are indicated to the right 
of autoradiographs. In panel B, Ha hspl7.6 and Ha hspl7.9 
mRNAs were detected using riboprobes. All other probes were 
labelled DNA. Each filter was sequentially hybridized with all 
probes (see Materials and methods). 

were nearly undetectable 2 days post-imbibition 
(DPI). Most of dry seed-accumulated mRNAs 
was degraded during the first 1-2 days of germi- 
nation. Similar results were observed with either 
sunflower cDNA probe (compare Ha hspl7.6 
and Ha hspl7.9, Fig. 3B). 

Because of complex post-transcriptional regu- 
lation of HSP genes [ 1, and data reviewed in 27], 
plant HSP mRNA accumulation does not always 
imply actual synthesis of the encoded heat-shock 
proteins [19]. The availability of characterized 

Fig. 4. Differential developmental expression of sunflower 
LMW HSPs. Protein extracts isolated from staged embryos, 
or mature dry seeds (ds), were separated by SDS-PAGE, 
blotted, and probed with HSP17.9 anti-fl-galactosidase-free 
antisera (A) or with HSP17.6 purified antibodies (B). Reac- 
tions with the respective pre-immune antisera are shown to the 
right. Numbers correspond to embryo age (DAF). Ordinate, 
molecular size in kDa. 



ture seeds (Fig. 4B); but, in contrast to HSP17.9 
(Fig. 4A), HSP17.6 proteins did not appear until 
25 DAF, about the stage when sunflower sygotic 
embryos desiccate faster in the seed [28]. Thus, 
for HSP17.6, the accumulation of homologeous 
mRNAs earlier (10-15 DAF) in embryogenesis 
[ 10] did not result in detectable LMW HSP syn- 
thesis before 25 DAF. This result agrees with 
other previous observations that suggest consid- 
erable post-transcriptional regulation of sun- 
flower hsplT.6 genes [ 19]. 

We also used the HSP17.6 and HSP17.9 anti- 
bodies to investigate expression of LMW HSPs 
during germination of sunflower seeds. Figure 5 
summarizes representative results of these experi- 
ments. In seedlings 3 DPI and older, dissection of 
the hypocothyl plus radicle showed that HSP 17.9 
proteins are expressed in these organs at high 
levels, even by 5 DPI (Fig. 5A). In cotyledons of 
germinating seed s, protein s immuno-reacting with 
H SP 17.9 antibodies are detectable until 3 DPI, at 
levels comparable to those present in dry seeds 
(Fig. 5B). Similar results were obtained using 

Fig. 5. Persistence of HSP17.9 during germination. Proteins 
extracted either from the hypocothyl plus radicle (A), or from 
cotyledons (B), of sunflower seedlings were analyzed, as 
described in the legend of Fig. 4. Numbers indicate days post 
imbibition of mature dry seeds. 
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HSP17.6 antibodies, and independently of illu- 
mination conditions during germination (data not 
shown). The apparent molecular weight for the 
major protein(s) recognized by each antibody 
(Figs. 4 and 5) resulted in values (data not shown) 
very similar, or identical, to those previously 
found for sunflower LMW HSPs synthesized in 
response to water stress, and detected using the 
same antibodies [ 19]. This observation prompted 
us to further investigate the relation between some 
of these homologeous polypeptides, as described 
below. 

Class H L M W  HSPs expressed during seed devel- 
opment in sunflower plants are indistinguishable 
from homologeous, water stress-inducible, vegetative 
proteins 

Most plant LMW H SP genes belong to conserved 
multigene families with complex expression pat- 
terns, which are result of the intrinsic genetic vari- 
ability of these families, and (or) of diverse post- 
translational modification of their encoded 
proteins [2, 24]. In a previous paper, we showed 
that using antibodies against seed-stored 
HSP17.9, we could distinguish between the 
immuno-reacting polypeptides that were ex- 
pressed either in response to heat shock, or in 
response to water stress in sunflower plants. The 
heat-shock induced proteins were more acidic, 
and had lower apparent MW than the water- 
stress-induced proteins [ 19]. To analyze the re- 
lation of these polypeptides with HSP17.9 
(class II) protein(s) expressed during embryo de- 
velopment and seed germination, we performed 
similar two-dimensional (2D) gel electrophoresis 
and immunoblot analyses. The result of these ex- 
periments is shown in Fig. 6. During early em- 
bryo development, a unique polypeptide (appar- 
ent MW 21.4 kDa; pI ca. 5.9) was detected in 2D 
gels using HSP17.9 antibodies (Fig. 6B). This 
polypeptide was also observed in protein extracts 
from older (25 DAF to dry seeds) embryos (data 
not shown). As demonstrated by mixing experi- 
ments such polypeptide (arrowed) was indistin- 
guishable from the major protein that reacts with 
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Fig. 6. 2D gel analysis of the different polypeptides, detected by HSP17.9 antibodies. Proteins in extracts from 3 DPI cotyledons 
(A), 12 DAF embryos (B), and water-stressed (C) or heat-shock-stressed (H) sunflower stems were resolved by denaturing IEF 
and SDS-PAGE electrophoresis. LMW HSPs were immuno-detected after transfer to nitrocellulose membranes. Small resolution, 
or migration, differences observed between the individual analyses were controled by mixing experiments. Protein-extract mixtures 
analyzed in the same gels were: 12 DAF embryo + water-stressed stem (D); 3 DPI cotyledons + heat-shock-stressed stem (E); 
12 DAF embryo + heat-shock-stressed stem (F); and water-stressed stem + heat-shock-stressed stem (G). 

the HSP17.9 antibody, and that is expressed in 
vegetative tissues of adult sunflower plants in re- 
sponse to water stress (Fig. 6C). In contrast, and 
in agreement with the results reported earlier [ 19], 
the heat-shock induced proteins (Fig. 6H) clearly 
differ from the seed- and water-stress-specific 
polypeptide(s); both in apparent MW (17.9 kDa), 
and in pI (ca. 5.0). 

Although one-dimensional electrophoretical 
analyses of HSP17.9 proteins yielded similar re- 

suits in developing seeds and in seedlings (Figs. 
4A and 5), 2D gel analysis demonstrated a higher 
complexity of homologeous proteins in mature 
seeds (data not shown), and after germination 
(Fig. 6A). Mixing and immunodetection experi- 
ments, performed with protein extracts from 
cotyledons of 3 DPI seedlings, demonstrated the 
presence during germination of the same seed- 
(and water stress-) specific polypeptide (Fig. 6E). 
This protein was perhaps the most abundant 



among other homologeous, HSP17.9 cross- 
reacting, polypeptides that were conspicuous after 
seed imbibition (Fig. 6A). 

Sequence data predict that Ha hspl7.9 encodes 
a polypeptide with a pI of 8.0. Using antibodies 
again st H S P 17.9, we failed to detect homologeous 
proteins with this pI. The most abundant cross- 
reacting protein (arrowed in Fig. 6) was consid- 
erably more acidic (pI ca. 6). Other, less abun- 
dant, more basic, polypeptides were detected with 
pI reaching ca. 7.5, but only after imbibition 
(Fig. 6A). Differences between the predicted and 
apparent MW and pI of HSP17.9 (discrete in- 
crease of MW and acidity) might be due to post- 
translational modification of HSP17.9 during 
seed development. 

Immunolocalization of developmentally expressed 
LMW HSPs 

We have used antibodies against HSP17.6 and 
HSP17.9 to analyze the organ and tissue local- 
ization of these proteins in mature seeds. Tissue 
print immunostaining showed a similar general- 
ized distribution of LMW HSP proteins recog- 
nized by either antibody. The observed LMW 
HSP distribution in the cotyledon, hypocothyl 
and radicle of dry seeds (representative results in 
Fig. 7B, E and G) was comparable in most cases 
to the histological staining of total protein ob- 
tained with Ponceau S. In the embryo, LMW 
HSPs were localized in the parenchyma, as well 
as in the pro-vascular tissues (Fig. 7G). These 
results are clearly distinct from the tissue-specific 
localization ofhomologeous, apparently identical 
polypeptides (see above) in the lateral meristems 
of water-stressed sunflower plants [ 19]. 

Localization of HSP17.6 and HSP17.9 cross- 
reacting proteins in tissues of 3 DPI seedlings 
matched the results obtained with mature seeds 
(representative results in Fig. 7H-O).  Both anti- 
bodies recognized proteins located in every ana- 
lyzed organ and tissue (radicle, 7J and 7K; hy- 
pocothyl, 7N and 70; cotyledon, identical results 
as in 7E, data not shown). As observed for ma- 
ture seeds, immunostaining of prints from seed- 
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ling sections with either HSP17.9 (Fig. 7J and N), 
or HSP17.6 (Fig. 7K and O) antibodies gave re- 
sults similar to those obtained with Ponceau S. 
Both antibodies detected LMW HSPs in paren- 
chyma, as well as in provascular tissues. Com- 
parable localization results were obtained with 
seedlings germinated either in the dark (Fig. 7), 
or exposed to the light (data not shown, see 
methods). Accumulation of pigments in light- 
grown seedlings resulted in 'colored' tissue prints 
from cotyledon and hypocothyl sections. Immu- 
nostaining of these prints was possible, but 
estheticaUy poorer results were obtained because 
of color interference with used detection proce- 
dures [ 19]. 

Discussion 

Preliminary observations in our laboratory (10) 
and other groups [ 15-28, 29] indicated expres- 
sion of LMW HSPs during zygotic embryogen- 
esis and seed germination. The results presented 
in this paper demonstrate differential develop- 
mental expression of two distinct families of cyto- 
plasmic proteins. In addition, we propose a func- 
tional relationship between this LMW HSP 
expression and desiccation tolerance. 

Developmental expression of cytoplasmic LMW 
HSPs during sunflower zygotic embryogenesis 

Sequence comparison of the predicted amino acid 
sequences for the proteins encoded by cDNAs 
Ha hspl7.6 and Ha hspl7.9 (this work) allowed 
us to assign these proteins (HSP17.6 and 
HSP17.9) to two distinct families (class I and 
class II, respectively) of cytoplasmic LMW HSPs 
[2]. Study of mRNA accumulation during em- 
bryogenesis did not reveal substantial differences 
between these two cDNAs. Ha hsp17.6 [ 10] and 
Ha hspl7.9 mRNAs (Fig. 3) appear quite early 
(8-10 DAF) and accumulate to become more 
abundant in mature seeds. However, protein ex- 
pression patterns, determined using specific anti- 
bodies, were very different. HSP17.9 proteins 
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Fig. 7. Tissue-print immunolocalization ofLMW HSPs in sunflower seeds and 4 DP1 seedlings. Longitudinal sections (A-C), and 
cross sections (D-G) of mature seeds sections through the cotyledon (D and E); and sections between the hypocothyl and the 
radicle (F and G). Seedling cross sections (H-O): radicle (H-K); and hypocotyl (L-O). Prints in B, G, J, and N probed with 
HSP17.9 anti-//-galactosidase-free antisera. Prints in E, K, and O probed with purified HSP17.6 antibodies. Reactions with 
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were detected from 12 DAF (Fig. 4A), roughly in 
correspondence with mRNA accumulation data 
(Fig. 3). In contrast, H S P 17.6 did not appear until 
25 DAF (Fig. 4B). In these experiments we used 
identical protein samples from embryos dissected 
from plants grown under conditions that ensure 
homogeneous, low temperature in all organs [ 19]. 
The work by Hernandez and Vierling [15] pro- 
vides evidence comparable to data presented here. 
In that study, using antibodies against pea 
HSP18.1 [ 14] and plants grown in a greenhouse, 
they found abundant accumulation of class I 
LMW HSPs in mature seeds, but not in devel- 
oping pods. In their conditions, temperature dif- 
ferences between reproductive organs and leaves 
would not induce these proteins, unless the 
threshold temperature for HSP induction were 
much lower in seeds than in leaves. Thus they 
suggested that seed accumulation of these LMW 
HSPs could be developmentally regulated. Our 
results confirm their suggestions and provide, 
novel, stronger evidence for developmental ex- 
pression of class II LMW HSPs. Differential ex- 
pression of HSP17.6 and HSP17.9 leaves very 
little margin for alternative explanations to devel- 
opment al expre s sion of both protein s. If H S P 17.6 
and HSP17.9 were induced in seeds by tempera- 
ture differences, those would be quite small in our 
controlled growth conditions (<  1-2 °C [ 19]). In 
addition, each class of LMW HSPs would have 
a different induction temperature, or their induc- 
tion by minor temperature changes would be de- 
velopmentally regulated. We consider the latter 
possibilities very unlikely. Our work thus inde- 
pendently cooroborates the recent demonstration 
of developmental control of Class I and Class II 
LMW HSPs during pea seed maturation by 
DeRocher and Vierling [20]. Furthermore, analy- 
sis of HSP17.9 proteins from embryos and com- 
parison with homologeous proteins that accu- 
mulate in heat-shock- or water-stress-induced 
vegetative tissue, strengthens our conclusions. 
The HSP17.9 protein(s) expressed in developing 

seeds differ in their apparent MW and pI from 
homologeous peptides synthesized in response to 
heat shock in vegetative tissues. However, they 
are very similar, if not identical, to LMW HSPs 
produced in response to water stress in the same 
tissues (Fig. 6). Thus, expression of HSP17.9 
proteins, at least, could be induced by the pro- 
gressive water loss of the embryo during sun- 
flower seed development [28]. 

Localization of HSP17.6 and HSP17.9 and their 
persistence during germination: involvement in de- 
siccation tolerance? 

Whereas seed-accumulated HSP17.6 and 
HSP17.9 mRNAs disappear shortly after imbi- 
bition, the proteins persist at high levels in the 
germinating seedling even after 3 DPI (Figs. 4 
and 5). Similar disappearance patterns were 
observed for class I and class II LMW HSPs 
(Fig. 5). A recent immunological study by Kruse 
et al. [29] demonstrated accumulation of plastid- 
localized barley HSP26 in 2 DPI seedlings. They 
assumed that detected HSP26 was synthesized 
shortly after imbibition from mRNAs which were 
pre-formed in the embryo [29]. Because of the 
long life of LMW HSPs [15], it could be also 
assumed that proteins accumulated during seed 
development might endure early germination. In 
seedlings, HSP17.6 and HSP17.9 proteins were 
present in the cotyledons and in the embryo axis, 
being homogeneously distributed in most tissues, 
as was also observed in mature dry seeds (Fig. 7). 
To our knowledge, no similar observations have 
been reported before for LMW HSPs. Interest- 
ingly, high-molecular-weight HSPs detected in 
mung-bean seeds and seedlings show similar dis- 
tribution [30]. The temporal and spatial expres- 
sion patterns of HSP17.6 and HSP17.9 may be 
important in considering their possible functions. 
We would like to point out striking similarities 
between the data presented in this paper and work 

(HSP17.9) preimmune antisera are shown in C, I, and M. For anatomical comparisons, prints in A, D, F, H and L were stained 
with Ponceau S. Abbreviations: c, cotyledon; h, hypocothyl; r, radicle; v, pro-vascular tissue, and p, parenchyma. Scale bars in- 
dicate 1 mm (A-E),  and 0.5 mm (F-O) .  
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on expression of late embryogenesis-abundant 
(lea) proteins in desiccation-tolerant seeds, seed- 
lings, and resurrection plants. Like H S P 17.6 and 
HSP17.9, lea proteins are cytoplasmic and mostly 
hydrophilic [review in 31]. As observed for lea 
proteins, HSP17.6 and HSP17.9 accumulate 
during seed maturation, being more abundant in 
desiccation-tolerant seeds. During germination, 
some lea proteins persist at high levels until 0.5 to 
1 DPI [ 31 ]. A recent report showed that, in wheat 
seedlings, expression of lea proteins during early 
germination correlates with their ability to toler- 
ate more than 90~o of water loss [32]. In pre- 
liminary desiccation tolerance experiments per- 
formed in our lab, sunflower 2-3 DPI seedlings 
were able to withstand water losses of 80~o; and 
to recover growth upon dehydration in almost 
100~o of the cases. In contrast, older (7 DPI) 
seedlings did not recover from similar treatments 
(data not shown). Thus, accumulation of high 
levels of specific LMW HSPs, in some instances 
distinguishable from proteins expressed in re- 
sponse to heat shock (Figs. 4, 5 and 6), could 
correlate with the desiccation tolerance of seeds 
and young seedlings. Differences in the tissue 
localization of apparently identical polypeptides 
(i.e., HSP17.9 proteins, Fig. 6) could also be im- 
portant. These polypeptides show a widespread 
distribution, but only in desiccation-tolerant seeds 
and young seedlings (Fig. 7). This contrasts with 
the narrow tissue specificity observed in adult, 
water-stressed plants [19]. Again, the homo- 
geneous distribution of these LMW HSPs in 
seeds and young seedlings is comparable to the 
observations made for some lea proteins in tis- 
sues of desiccation-tolerant resurrection plants 
[ 33 ], and in embryos of normal dicot plants [ 34 ]. 

Potential functions of sunflower LMW HSPs in seed 
development 

Although the correlations outlined above are ap- 
pealing, a functional involvement of specific 
LMW HSPs in desiccation tolerance, as hypoth- 
esized here, is based on circumstantial evidence 
only. Other roles would also be consistent with 

the expression patterns of these proteins. For ex- 
ample, expression of HSP17.9 during embryo- 
genesis (Fig. 4A) parallels storage protein [26] 
and lipid [28] accumulation in developing sun- 
flower seeds. However, expression of HSP17.6 
(Fig. 4B) occurs well after deposition of most re- 
serve substances in sunflower seeds [26,28]. 
During germination, HSP17.9 and HSP17.6 dis- 
appear after the major storage proteins, which are 
degraded before 3 DPI (data not shown). The 
persistence of LMW HSPs beyond this stage 
could be related to their involvement in mobili- 
zation of lipid reserves. Even if most steps of 
deposition and mobilization of reserve substances 
take place within membrane-bound organelles 
(plastids, the vacuole, oil bodies etc.), a different 
subcellular localization of liSP17.6 and HSP17.9 
could still be consistent with such role(s). As pro- 
posed for cytoplasmic HSPs of the 70 kDa family 
[35], HSP17.6 and HSP17.9 could be involved in 
assisting the translocation of structural proteins 
(or enzymes) between the cytoplasm and mem- 
branes in these organelles. 

In animals, LMW HSPs have been proposed 
to maintain, or help to recover, cel integrity after 
stress [1]. Recent work has demonstrated in vitro 
a molecular chaperone activity for HSP27 [36], 
thus elucidating molecular mechanisms for its in- 
volvement in heat-shock tolerance, which has 
been demonstrated with HSP27 over-expression 
in transformed cells. In this system, it was sug- 
gested that HSP27 would interact with, and sta- 
bilize, actin filaments [37]. In plants, experimen- 
tal work on HSP function is still far for similar 
refinement [reviewed in 2]. If plant LMW HSPs 
were also molecular chaperones, as inferred from 
their structural similarity with animal proteins 
[2, 24], such activity would be meaningful in any 
of the possible functional scenarios for HSP17.6 
and HSP 17.9 discussed above. LMW HSPs 
present in dry seeds and young seedlings could be 
abundant (0.5-1.5 ~o of total proteins [ 15 ]). This 
observation, as suggested for lea proteins with 
similar localization and abundance [34], would 
fit better functional hypotheses [2] involving in- 
teraction of plant LMW HSPs with abundant 
molecules (RNA or protein), rather than with 



minor cellular components (i.e., enzymes). Fu- 
ture experiments, similar to those performed for 
animal proteins, will be necessary to analyze pos- 
sible functions of these plant LMW HSPs. 
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