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Ubiquitin genes are differentially regulated in protoplast-derived cultures
of Nicotiana sylvestris and in response to various stresses
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Abstract

Four ubiquitin mRNA size classes were found to be differentially regulated in mesophyll protoplast-
derived cultures of Nicotiana sylvestris. Three mRNA families of 1.9, 1.6 and 1.35 kb were expressed as
soon as protoplasts were isolated. The 1.9 and 1.6 kb size classes were transiently expressed during the
first hours of culture, whereas the level of expression of the 1.35 kb size class was maintained as long
as cells kept dividing. A 0.7 kb mRNA size class started to be expressed just before the first divisions
were observed. cDNAs corresponding to each of these families were isolated from a 6-h-old protoplast
c¢DNA library and characterized. The 1.9, 1.6 and 1.35 kb mRNAs thus encode 7- or more, 6- and 5-
mers, respectively, of ubiquitin whereas the 0.7 kb mRNAs encode a monomer of ubiquitin fused to a
carboxyl extension protein of 52 amino acids. The expression of ubiquitin genes was studied, using probes
specific for each of these transcript families, during protoplast culture and, for comparison, after vari-
ous stresses including heat shock, HgCl, treatment, a viral infection giving rise to a hypersensitive re-
action, and an Agrobacterium tumefaciens infection which resulted in tumour formation. The 1.9 and
1.6 kb mRNA size classes were found to be stress-regulated, the 0.7 kb mRNA size class developmen-
tally regulated and the 1.35 kb size class both stress- and developmentally regulated.

Introduction is provided by protoplasts isolated from leaves of

Nicotiana sylvestris. Indeed, once isolated and in-
Protoplasts represent an attractive model to study cubated in appropriate culture medium, these
the molecular mechanisms responsible for one of protoplasts are able to regenerate a cell wall and
the most intriguing properties of plant cells: toti- to re-enter the cell cycle within a few hours. Cells
potency. In this regard, an easy-to-handle system from just fully expanded leaves are in a quiescent

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession numbers M74101 (N. sylvestris 6PU11), M74156 (N. sylvestris 6PU4) and M74100 (N. sylvestris 6PUCEP52-7).
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stage (GO phase) and well differentiated towards
the photosynthetic function. On the contrary,
protoplasts progressively become undifferenti-
ated cells and at the same time enter G1 phase
and divide. The transition between these two
physiological stages requires a precise orchestra-
tion of numerous processes including switching
off the leaf programme of gene expression and
settling a new programme, while fighting against
the multiple stresses of the isolation procedure
[22, 23]. Indeed, we recently analysed a cDNA
library from 6-h-old protoplasts and found that
809, of the clones were related to stress whereas
part of the programme of gene expression was
related to cell division [14].

We showed that several ubiquitin mRNAs were
induced at the time protoplasts were isolated [33].
Ubiquitin might have several roles in protoplasts
considering all the changes undergone by these
cells within a short time. Ubiquitin is a 76 amino
acid polypeptide highly conserved in all eukary-
otes. It displays multiple functions in the cell (for
review, see [40]): it is involved in selective deg-
radation of proteins [ 12, 49]; it has a role in chro-
matin structure and possibly in gene expression
since histones H2A and H2B can be ubiquiti-
nated [15]; it is part of the stress response [20];
and it participates in ribosome biogenesis [21]. A
few proteins have been shown to be degraded by
the ubiquitin pathway, i.e. phytochrome [31, 53],
cyclin [27], the MYCN oncoprotein [13], and
possibly the yeast o2 repressor [30].

Our study is now devoted to the regulation of
ubiquitin gene expression in protoplasts and
protoplast-derived cultures as a system to study
both the reaction of the cell to stress and the
transition from GO to G1 phase. Four ubiquitin
mRNA size classes were found to be differentially
regulated during protoplast culture. cDNAs for
representatives of each size class were isolated
and characterized. Specific probes were designed
to study the regulation of the expression of ubig-
uitin genes not only in protoplast cultures, but
also in response to various stresses, or pathogen
infections. We show that the 1.9 and 1.6 kb ubig-
uitin mRNAs are stress regulated, the 0.7 kb
mRNAs developmentally regulated, and the

1.35 kb mRNAS are stress and developmentally
regulated. The expression of 1.35 kb mRNA en-
coding genes is shown in more details using spe-
cific probes.

Materials and methods
Plant material

Seeds of Nicotiana sylvestris and Nicotiana taba-
cum var. Xanthi nc were kindly donated by
SEITA (Institut Expérimental du Tabac, Berg-
erac, France). Plants were grown for 50 days in
a greenhouse in a 12 h light/12 h dark cycle at
18-25 °C.

In vitro plantlets were grown in a 12 h light/12 h
dark cycle at 20-24 °C in a medium composed of
macroelements and FeEDTA [42], microele-
ments without FeCl; [29], sucrose (10 g/1) and
agar (8 g/1). They were subcultured every 6 weeks
and upper leaves were taken after 3—4 weeks for
preparation of protoplasts.

Protoplasts were isolated from just fully ex-
panded leaves of in vitro plantlets. Leaves were
sliced into thin strips. The following steps of pro-
toplast preparation were as previously described
[33], and protoplasts were cultured according to
Nagy and Maliga [44]. Short preparations in-
cluding 4 h incubation in enzyme solution were
performed. The viability of protoplasts was tested
with 0.019% fluorescein diacetate [34], and the
presence of cellulose was detected with 0.01%,
calcofluor [43].

Cell suspension cultures of N. tabacum var.
Xanthi nc, initiated from friable calli were grown
and subcultured every 3 weeks in a medium after
Nagy and Maliga [44] except that 2,4-dichlo-
rophenoxyacetic acid, 6-benzylaminopurine and
xylose were omitted and 20 g/l sucrose were
added instead of 127 g/l.

Stressed leaf strips were obtained by slicing
leaves into 1-2 mm wide strips. These were im-
mersed for 24 h in plasmolysis medium [33].

Two fully expanded leaves at the top of
N. sylvestris plants were inoculated with G-
TAMY (green tomato atypical mosaic virus) [ 56]



by rubbing the upper surface with an abrasive pad
soaked in virus suspension at a dilution to pro-
duce 200 to 250 local lesions per leaf.

One just fully expanded leaf at the top of
N. sylvestris plants was sprayed with a 0.1%, mer-
curic chloride solution.

Stems of N. sylvestris plants were infected with
the Agrobacterium tumefaciens strain B6S3 pro-
ducing tumours [57].

Nucleic acid extraction and analysis

DNA and RNA extraction and analysis were per-
formed as previously described [32,33]. The
amount of nucleic acids was determined by OD
measurement and checked by UV illumination
after electrophoresis and ethidium bromide stain-
ing. The single modification was the hybridization
buffer for RNA gel blots: 5x SSPE (20 x SSPE
is 3.6 M NaCl, 0.2 M NaH,PO,, 0.02M Na,-
EDTA pH 7.7) 50% formamide, 5 x Denhardt’s
solution [16] (100 x Denhardt’s solution is 2%,
Ficoll, 2% PVP, 2% BSA), 1% SDS and 50 ug/
ml denatured salmon sperm DNA.

Probes

The integrity as well as the amount of RNAs was
systematically checked by using a potato 258
rRNA probe [38]. A ¢cDNA encoding a tobacco
basic chitinase was a gift from Dr Meins [54].
Clone pHUb14-38 contains a 680 bp Xho I/Pst 1
fragment of a human ubiquitin cDNA spanning
the ubiquitin coding region [59]. A Pst1/Eco R1
fragment of clone UbCEPS52 contains the se-
quence for a Chlamydomonas reinhardii 52 amino
acids CEP and its 3'-untranslated region [8].
Specific N. sylvestris ubiquitin probes were de-
signed as described in Results.

The probes were labelled with [a-**P]-dATP
and [a-**P]-dCTP (3000 Ci/mmol, Amersham)
by random primer labelling [ 19]. The conditions
were adjusted to obtain specific activities of about
10 x 10® dpm/ug DNA for DNA gel blot analysis,
and 2.5 x 10® dpm/ug DNA for RNA gel blot
analysis and screening of the cDNA library.
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Screening of a cDNA library and DNA sequencing

A 6-h-old protoplast cDNA library was con-
structed in phage Agt10 [ 14]. It was screened with
the human ubiquitin ¢cDNA pHUb14-38 [59].
Hybridizations were performed overnight at
42 °C in 5x SSPE, 509 formamide, 5 x Den-
hardt’s solution, 1% SDS and 50 ug/ml dena-
tured salmon sperm DNA. Filters were subse-
quently washed in 2 x SSC and 0.1%, SDS for
30 min at42 °C, and twicein 0.2 X SSCand 0.1%,
SDS for 30 min at 42 °C.

Isolated clones were amplified, inserts were
purified and subcloned into plasmid vector
Bluescript (Stratagene) according to standard ex-
perimental procedures [39, 51]. They were se-
quenced on both strands by the dideoxynucle-
otide chain termination method [52] using T7
DNA polymerase.

Results

Ubiquitin genes are differentially regulated during
protoplast culture

As a first step towards a detailed analysis of the
regulation of ubiquitin gene expression, we fol-
lowed their transcription in freshly isolated pro-
toplasts after a 4 h enzymatic digestion (time 0 h),
and in the derived culture after 1, 2 and 4 days.
As controls, RNAs were extracted from the just
fully expanded leaves from which protoplasts
were isolated, from 7-day-old cell suspension cul-
tures and from leaf strips immersed for 24 h in the
protoplast isolation medium devoid of enzymes.
A mRNA gel blot was performed and hybridized
to the human ubiquitin cDNA pHUb14-38 car-
rying sequences of the coding region [59] (Fig. 1).
All the observations reported below were con-
firmed after hybridization of the same blot to the
specific probes described in the following section
(not shown).

As reported earlier [33], three mRNA size
classes of 1.9, 1.6 and 1.35 kb appeared as soon
as protoplasts were isolated, while these mRNAs
were detected at a much lower level in leaf strips
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Fig. 1. Expression of ubiquitin genes in protoplasts and
protoplast-derived cultures. Total RNAs were extracted from
just-fully-expanded leaves (L), leaf strips immersed in proto-
plast isolation medium devoid of enzymes for 24 h (LS), pro-
toplasts right after a 4 h isolation procedure (0), and after 24 h,
48 h and 96 h of culture, and a 7-day-old suspension culture
(S8C). 5 ug RNAs per sample were electrophoresed through an
agarose-formaldehyde gel, transferred to a nylon membrane
and probed with a labelled human ubiquitin cDNA (pHUb14-
38). The sizes of the mRNAs are indicated in kb.

(LS). Low amounts of 1.35 kb mRNAs were de-
tected in just-fully expanded leaves (L) after over-
exposure of the autoradiogram (not shown). The
transcription of ubiquitin genes changed during
protoplast culture: the 1.9and 1.6 kb mRNAs
rapidly decreased, the 1.9kb mRNAs being
maintained at a low level in cell suspension cul-
tures. On the contrary, the 1.35 kb mRNAs were
maintained at a high level, while the 0.7 kb
mRNAs were detected after 1 day of culture and
their amount kept increasing during the time cul-
ture was followed. The appearance of the 0.7 kb
mRNAs preceded the observation of the first di-
visions: in this experiment, 15% of protoplasts
were dividing after 3 days and 409, after 4 days.

Three mRNA size classes encode polyubiquitins, the
Jfourth one encodes a ubiquitin monomer fused to a
carboxyl extension protein

In order to characterize ubiquitin genes expressed
in freshly-isolated protoplasts, a ¢cDNA library
from 6-h-old protoplasts [ 14] was screened. Two
probes were used: the insert of the human cDNA

pHUD14-38 [59], and the insert of a Chlamy-
domonas reinhardii cDNA carrying the sequence
for a 52 amino acid carboxyl extension protein
(CEP52) [8]. Positive clones were analysed by
restriction mapping and quick sequencing of the
ends. They were named 6P clones since they orig-
inated from the 6-h-old protoplast cDNA library.

Out of 1600 recombinant phages, 18 clones
were selected with the human probe. They were
sorted in three groups according to the number of
encoded ubiquitin monomers: the longest cDNA
of each of these groups is schematized in Fig. 2.
Most clones were incomplete at their 5’ end prob-
ably because of inverted repeats in coding regions
of ubiquitin mRNAs forming snap back loop
structures which are self-primed during cDNA
synthesis [2]. For these clones, the number of
encoded ubiquitin monomers could be deter-
mined by comparing their length to the size of the
corresponding mRNAs. 6PU1 encoded a 7- or
8-mer of ubiquitin, 6PU11 a 6-mer, 6PU18 and
6PU4 S-mers of ubiquitin. The number of ubig-

6PU1 5
(1645 nt)

(1606 nt)

6PU18 5°
(1199 nt)

6PU4 &'
(1321 ny)

6PCEP52-7 5' b
(591 nt) —

Fig. 2. Schematic representation of ubiquitin cDNAs isolated
from a 6-h-old protoplast cDNA library. Shaded portions
represent ubiquitin monomers, the speckled part a 52 amino
acid carboxyl extension protein, and the white boxes the 5'-
and 3'-untranslated regions. Horizontal bars indicated by
symbols represent the fragments used as probes. Open arrows
indicate restriction sites present in the cDNA sequences and
black arrows the restriction sites present in the vectors used
to prepare specific probes spanning 3'-untranslated regions.
El, Eco RI; H2, Hind 11; Hp, Hpa l; P, PstI; S, Sall.



uitin monomers of the 6PU4 clone was confirmed
by sequencing of the corresponding gene (P. Gen-
schik et al., unpublished results). On the other
hand, the 6PU4 clone had a poly(A) tail of 48
nucleotides whereas the other clones were incom-
plete at their 3’ end.

Out of 50000 recombinant phages, 7 clones
gave a positive signal with the CEP52 probe. All
these clones had an identical sequence and en-
coded a ubiquitin monomer fused to a carboxyl
extension protein of 52 amino acids schematized
in Fig. 2 (6PCEP52-7). It should be noted that
the CEP52 was already described as a constitu-
ent of the large ribosomal subunit in yeast [21].

The complete nucleotide sequences of cDNAs
6PU11, 6PU4 and 6PCEP52-7 are depicted in
Figs. 3 and 4A. The repeats of 228 nucleotides
encoding ubiquitin monomers were aligned below
the first one taken as an arbitrary reference. Ho-
mologies were found to range between 80 to 909, .

6PU4 6PU11

DYNTIQKESTILHLVILRLRGGTF

TARACTGIOCGTOSGTAGTEE TR AR TR OCTETCTCIGTGICTTGEEICIGTTIGCIGT
TIGITIGATTCATGAT T TAGTAG TTTGTGTAGT TICTGTTACT IGTCATCATGICATGTC
mmg@mmmcmmmmmmmmm

TATGGTTIA
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In all cases, these differences in nucleotide se-
quences corresponded to silent mutations.

The amino acid sequence of N. sylvestris ubiq-
uitin is identical to that of higher-plant ubiquitins
already described [4, 7, 11, 24]. It was previously
noticed that higher-plant and yeast ubiquitins dif-
fer from the animal sequence at three positions
(19, 24 and 28 for yeast or 57 for plants), and that
two of the differences resulted in identical amino
acids in yeast and plants [24]. All the N. sylvestris
ubiquitin genes we have studied encode a unique
non-ubiquitin residue at the 3’ end of the last
ubiquitin repeat. It was a phenylalanine as re-
ported for Arabidopsis thaliana [7] and for one
sunflower ubiquitin gene [4]. Concerning the
CEP52 amino acid sequence of the 6PCEP52-7
clone, it showed a homology of 949, to 4. th-
aliana CEP52 [9], of 86%, to C. reinhardii CEP52
[8] and of 789 to yeast CEP52 [47]. An align-
ment of amino acid sequences is given in Fig. 4B.

DYNIOQEKESTLHLVLRLZRGGTF

TGAGARGTTAACTCCTOOGT TTARGGATCT TGAAGACT TCTGTGCT TTOCTTIAGTGACT
TTIGT TATGCTTIGTGTTTGAACTGT IGGT T TG TTGAATOCTAAGACTTGCA TGCTAT
GOCTTATATGE ATTGATTACGTTCTTICTGTCAAGACAGTTGT TTTTACCTGTIGECTT

CGIAAATARATTTAGIT

Fig. 3. Nucleotide and derived amino acid sequences of two polyubiquitin cDNAs (6PU4, 6PU11). Nucleotide sequences of the
ubiquitin repeats are aligned. Identical nucleotides are indicated by dots. Amino acid sequences are given in the one-letter code
below the last ubiquitin repeat. Putative polyadenylation signals are underlined.
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A

AGAGAAGAGTGOGOCGCARA

ATGCAGATCTTCGTARAARCCCTARCCGGGAAGACAATCACGCTOGAGG TTGARTOGAGCGACACCAT TGACAA TG TCARAGC TAAGAT TCAAGACAARGAAGG TATTCCACCG
MQIFVKTILTGE KTITLEVESSDTTIDNVEKAZKIOQOQDIE KESGTIZPTP

GACCAGCAGCGGT TGATCTTTACCGGAAAGCAGC TOGAAGATEEACGTACTCT TGCTGATTATAACATOCAGAAAGAGTCAACT T TGCATT TCGT TTTGAGGCTTCGTGGAGGG
D OQRLIFAGIKQLEDGRTILADYNTIOQEKET STULHILVILRILRSGGEG

ATTATTGACCCT TCTCTGATGRCT T TS GUGAGGARAGTACAACCAGGATAAGAT AT TTGCCGCAAGTGCTATCC TCACCTECATCCTOGTGCTGTTAACTGCAGAAGAAAZARA
ITEPSLMALAREKYNOQDE KMI CREKCYARTLUHEPRAVNTCRR RIKTEK

TETGGGCACAGCAACCAGCTGAGGCCAAAGAAGAAGATCAAC TAGGCETEA TG TC TT TTC TAAGC T TAAA TCAA T T T TGTGTGT TCCAGCTATAT TGCCAGTOCGI TGTTTTTA

CGHSNQLRPIEKIE KI KTIZKH®*

CAGTTT TCAGTCCTGCT TCAACT TGATGT CATCAATACACAAGCAT TIGT T T TGAACATCTAA TTATTGGATAAGA TATCTTTGTGCATTCAATATATG TCTGT TTOGATGGARA

(B)

\ a4 v v
Nicotiana sylvestris T TEPSIMATARKYNCDKMI CRKCYARLHPRAVNCRRKKCGHSNOLRPKKKIK

Arabidopsis thaliana . ......Mevoooennn
Chlamydomonas

Yeast eee.. Koo S.LCLUSVL

...... O

B O T K...K.S...T........L.
..... Lo T KReLLWT. L LWL

Fig. 4. Nucleotide and derived amino acid sequence of 6PCEP52-7 (A) and amino acid sequence comparisons of CEP52 of plants
and yeast (B). The four cysteine residues forming the zinc finger structure are indicated by arrowheads. The putative nuclear
translocation signal is underlined. Dots indicate identical amino acids.

The cysteine residues forming a zinc finger motif
essential for binding of nucleic acids [3] are con-
served, as well as the putative nuclear localization
signal [17].

The amino acid sequence of N. sylvestris
6PCEP52-7 was also different from that of a clone
we isolated from a genomic library of N. tabacum
[25]. The CEP portion of the N. tabacum encoded
fusion protein is more likely to be a 52 amino acid
CEP since the additional sequence of 60 nucle-
otides inserted between codons for amino acids
24 and 25 of classical CEP52 is probably an in-
tron as consensus recoguition sites border it.
A. thaliana CEP52 also exhibits an intron, but
located at a slightly different position [9]. On the
other hand, this clone turned out to encode a
ubiquitin monomer having changed amino acids
as compared to the consensus plant ubiquitin se-
quence: it is thus probably a pseudogene.

An interesting feature of all the ubiquitin en-
coding cDNAs we isolated was that they all had
different 3’-untranslated regions (not shown).
This fact allowed us to design probes specific for
each of them. They are schematized and indi-
cated by recognition symbols in Fig. 2. These
probes were employed for RNA gel blots where

RNAs extracted from 0-h-old protoplasts (P0)
and 7-day-old cell suspension cultures were anal-
ysed (SC) (Fig. 5). Each of them revealed a dif-
ferent class of ubiquitin mRNAs. 6PU1 corre-
sponded to the 1.9 kb, 6PU11 to the 1.6 kb, 6PU4
and 6PU18 to the 1.35 kb and 6PCEP52-7 to the
0.7 kb mRNAs. It should be noted that the 1.6 kb
mRNA s were not detected with the 6PU11 probe

UHb 6PU1 6PUI1 6PU4
=3 ] C

B 1.9 Y R
. 16-
o135 M“l . L )

e 07 -

6PUIS 6PCEP52-7

21] sC PO SC M S5C PO 3C PO SC PO SC

Fig. 5. Specific probes for each ubiquitin mRNA size class.
Total RNAs were extracted from 6-h-old protoplasts (PO),
and a 7 day-old cell suspension culture (SC). 5 ug per sample
were electrophoresed in an agarose-formaldehyde gel and sub-
sequently transferred to a nylon membrane. The same mem-
brane was successively probed with the insert of the human
pHUB14-38 (HUb) and with the 3’-untranslated regions of
c¢cDNAs 6PU1, 6PU1IL, 6PU4, 6PU18 and 6PCEP52-7 (for
symbol explanation, see Fig. 2). Sizes of ubiquitin mRNAs are
indicated in kb.



in 7-day-old cell suspension cultures. On the other
hand, the autoradiogram showed a hybridization
signal which actually corresponded to a hybrid-
ization to 1.35 kb mRNAs. An explanation would
be that the same gene gives rise to two related
mRNAs by differential splicing or that two highly
related genes are differentially regulated since the
two hybridization signals do not appear in the
same conditions (compare PO to SC). This col-
lection of specific probes allowed us to better
characterize the ubiquitin multigene family of
N. sylvestris and to study the regulation of expres-
sion of some of its members.

Analysis of the ubiquitin multigene family of
Nicotiana sylvestris

Genomic DNA was isolated from N. sylvestris
and restricted with Eco RI or Hind I11. There was
one Hind III site at the beginning of the 3’ un-
translated region of cDNA 6PCEP52-7 (Fig. 2)
and one Eco RI site at the very 5' end of cDNAs
6PU1 and 6PU18 and in the 3’ -untranslated re-
gion of cDNA 6PU1 (Fig. 2). DNA gel blots were
performed and probed with the human cDNA
probe and the specific N. sylvestris probes we de-
signed and which are indicated by their specific
recognition symbols from Fig. 2. Results are given
in Fig. 6.

The human probe recognized 10 to 15 frag-
ments depending on the restriction enzyme used.
All the specific probes recognized at most two
fragments. The same results were observed with
Eco RV (data not shown). These results suggest
that the corresponding genes are either unique per
haploid genome, or present in multiple copies or-
ganized in clusters.

Polyubiquitin genes are regulated by stress

We have previously shown that polyubiquitin
genes were slightly activated in protoplasts due to
the stress of the isolation procedure [33]. The
question we then addressed was: how are ubig-
uitin genes activated in response to other stresses?
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Fig. 6. Analysis of the ubiquitin multigene family of N. sylves-
tris using specific probes for each mRNA size class. Genomic
DNA was restricted with Eco RI (E) or Hind III (H) prior to
electrophoresis in an agarose gel and subsequent transfer to a
nylon membrane. The same membrane was successively
probed with the human ubiquitin fragment (HUb) and with the
3’ untranslated regions of ¢cDNAs 6PU1, 6PU1l, 6PU4,
6PU18 and 6PCEP52-7 (for symbol explanation, see Fig. 2).
Size markers are indicated in kb.

Having both the human probe and N. sylvestris-
specific probes, we performed a detailed study of
the regulation of polyubiquitin gene expression in
response to heat shock, to mercuric chloride
treatment and to viral infection giving rise to a
hypersensitive reaction. The human probe span-
ning the ubiquitin coding region turned out to be
a powerful tool since all the N. sylvestris ubiquitin
coding regions we tested showed a strong pref-
erence for their own messenger RNA when taken
as a probe for RNA gel blot analysis. On the
contrary, the human probe revealed all N. sylves-
tris ubiquitin mRNAs in the same way.
Ubiquitin was already described as a heat
shock protein in chicken [6], yeast [20] and maize
[11]. To test the response of N. sylvestris to heat
shock, plants were maintained for 20 min at
42 °C and total RNAs were extracted at various
times after returning to 25 °C. Results from RNA
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gel blot analyses are shown in Fig. 7. As previ-
ously described, control leaves mainly yielded
1.35kb mRNAs at a basal level. The level of
accumulation of polyubiquitin mRNAs was
greatly enhanced after 20 min of heat shock. But
already 30 min after transferring plants back to
25 °C, their abundance started to decrease and
reached its basal level after about 180 min. Ad-
ditional bands were revealed by the human ubiq-
uitin probe. They might originate from other ubig-
uitin genes not yet characterized. The use of
probes specific for each mRNA size class showed
that only 1.9 kb (not shown) and 1.35 kb (Fig. 7)
mRNAs were actively synthesized in response to
heat shock. Hybridization of the RNA gel blot to
the 6PU11 probe specific for the 1.6 kb mRNAs
revealed no signal (not shown). The 6PU18 probe
specific for 1.35kb mRNAs revealed several
bands (at least 3) ranging from 1.35 to 1.6 kb on
that RNA gel blot. It may indicate that these
mRNAs are differing in the length of their trailer
region or of their poly(A) tail or that they could
correspond to unspliced forms, as described for

Heat shock 20 min

C +0 +15 +30 +60+180+240

HUb
1.9 -
1.6 -|.
1.35 -|% -
07 -
Ui18 _
1.35-“‘. 4 3

Fig. 7. Analysis of ubiquitin transcript levels in N. sylvestris
plants heat shocked for 20 min at 42 °C. C stands for control
leaves. Leaves from heat-shocked plants were harvested at
various times after treatment from 0 min to 240 min. RNA gel
blots were carried out and analysed as described in Materials
and methods, with 5 ug of total RNAs loaded per lane. Hy-
bridizations were successively performed on the same mem-
brane with a human ubiquitin-coding region (HUb) and a
probe specific for 6PU18 (U18). Sizes of ubiquitin mRNAs
are indicated in kb.

other genes [37]. On the contrary, the 6PU4 probe
also specific for 1.35 kb mRNAs revealed a weak
activation of the corresponding gene(s). Levels of
1.9kb and 1.35 kb mRNAs accumulation were
determined by densitometric analysis of the au-
toradiograms. They were found to be 8.5 and 3.5
fold higher respectively after 20 min of heat shock
as compared to the control.

The second type of stress we tested was a
chemical stress. Leaves were sprayed with a mer-
curic chiloride solution and total RNAs were ex-
tracted at various times after the treatment. A
weak but significant increase in the level of accu-
mulation of 1.9 and 1.35 kb polyubiquitin tran-
scripts was reproducibly observed (Fig. 8). The
greatest accumulation was reached 6 h after the
treatment. The effect of the treatment was mon-
itored by the level of expression of the genes en-
coding a 3-hydroxy-3 methylglutaryl coenzyme A
reductase [26].

Finally we looked at the accumulation of poly-
ubiquitin mRNAs in response to a viral infection
by G-TAMYV (green tomato atypical mosaic virus)
giving rise to a hypersensitive reaction (Fig. 9).
Control plants were either non-treated (C) or
mock-inoculated with sterile water (M). Test
plants were inoculated with a suspension of G-

HgCl,
C 2 4 6 8 24 48
1.9 -
1.6 -
1.35 - - - L)
0.7 -

Fig. 8. Analysis of ubiquitin transcript levels in N. sylvestris
leaves sprayed with a 0.1% mercuric chloride solution. C
stands for control leaves. Treated leaves were harvested at
various times after treatment from 2 h to 48 h. RNA gel blots
were carried out and analysed as described in Materials and
methods, with 5 ug of total RNAs loaded per lane. Hybrid-
ization was performed with a human ubiquitin-coding region
(HUD). Sizes of ubiquitin mRNAs are indicated in kb.
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Fig. 9. Analysis of ubiquitin transcript levels in N. sylvestris
leaves inoculated with G-TAMYV and showing a hypersensi-
tive reaction. C, M and V respectively stand for control leaves,
leaves mock-inoculated with sterile water and virus-infected
leaves. Samples were harvested 1 to 4 days after the beginning
of the experiment. RNA gel blots were carried out and anal-
ysed as described in Materials and methods, with 5 pg of total
RNAs loaded per lane. Hybridizations were successively per-
formed on the same membrane with a human ubiquitin-coding
region (HUb), a probe specific for 6PU4 (U4) and a cDNA
coding for a basic chitinase (Chit). Sizes of ubiquitin mRNAs
are indicated in kb.

TAMYV adjusted to a concentration giving around
250 lesions per leaf. Again the accumulation of
ubiquitin transcripts was not as strong as after
heat shock and it was necessary to expose auto-
radiograms longer. The human probe already re-
vealed a significant increase of the level of accu-
mulation of ubiquitin 1.35 kb transcripts 2 days
after inoculation which was also the time local
lesions appeared. The amount of 1.35 kb mRNAs
kept increasing during the time we followed the
infection. This result was confirmed by using a
probe specific for 1.35 kb 6PU4 mRNAs (Fig. 9).
On the other hand, the response of the plant to
this viral infection was monitored by examining
the amount of transcripts of a basic chitinase, one
of the pathogenesis-related (PR) proteins well
known to be associated with plant defence
reactions [10]. The level of accumulation of this
mRNA was already very high 2 days after
inoculation and kept increasing afterwards. It
means that the reaction of the plants was very
active.
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Expression of ubiquitin genes in dividing cells

As mentioned above, due to the isolation proce-
dure, protoplasts are highly stressed cells which
are able to re-enter the cell cycle within a very
short time. As shown in Fig. 1, the level of accu-
mulation of ubiquitin transcripts varied during
protoplast culture. The 1.35kb polyubiquitin
mRNAs were maintained at a high level in
protoplast-derived cultures while the 0.7 kb
mRNASs started to accumulate just before the first
divisions occurred. We were interested in know-
ing how the corresponding genes were regulated
in tissues where cells were actively dividing. We
looked at the level of accumulation of ubiquitin
transcripts in meristems and found a high level of
1.35 and 0.7 kb mRNAs as well as a significant
amount of 1.6 kb mRNAs (data not shown). The
second type of tissue we examined was stem tu-
mours induced by Agrobacterium tumefaciens
(Fig. 10). Control stems were inoculated with
sterile water. Total RNAs were extracted at var-
ious times after inoculation and analysed. The
response of the plant tissue to the inoculation was

Cl Atl C3 A3 C5 At5 C9 A9 Cl13 A3

HUb
19 - ad
1.6 -
135. dbw Pfu -
0.7 -
Ul8
1.35 - ¢ | | -
CEP52-7
0.7 - 3 ; .

Fig. 10. Analysis of ubiquitin transcript levels in N. sylvestris
stems infected by Agrobacterium tumefaciens during the tumor-
isation process. C and At respectively stand for control stems
inoculated with sterile water and A. mumefaciens-infected
stems. Samples were harvested 1to 13 days after the begin-
ning of the experiment. RNA gel blots were carried out and
analysed as described in Materials and methods, with 5 ug of
total RN As loaded per lane. Hybridizations were successively
performed on the same membrane with a human ubiquitin-
coding region (HUDb), a probe specific for 6PU18 (U18) and
a probe specific for 6PCEP52-7 (CEP52-7). Sizes of ubiquitin
mRNAs are indicated in kb.
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a typical stress response after 1 day both in con-~
trol and in A. tumefaciens-infected stems. The
three classes of polyubiquitin mRNAs accumu-
lated, the 1.35 kb mRNAs being predominant.
After 5 days, polyubiquitin mRNA levels dropped
back to the basal level in control stems. On the
contrary, the accumulation of 1.35 kb mRNAs
was maintained at a high level in infected stems
and 0.7 kb mRNAs started to accumulate. This
was also the time the tumor started to be visible.
It should be noted that the amount of polyubig-
uitin mRNAs slowly increased with time in the
control due to ageing of the tissues: 1.35kb as
well as 1.9 kb mRNAs were found at a relatively
high level after 13 days {C13). This fact has also
been observed in untreated senescent stems and
leaves (not shown). But in all cases, the steady-
state levels of 1.35kb and 0.7 kb mRNAs were
found to be higher in 4. tumefaciens induced tu-
mours than in control stems of the same age.
These results were confirmed using probes
specific for 6PU18 (1.35kb mRNAs) and
6PCEP52-7 (0.7 kb mRNAs) (Fig. 10) and 6PU4
(1.35 kb mRNAs) (not shown).

Discussion

Our results clearly show that several ubiquitin
genes are differentially expressed in protoplasts
and protoplast-derived cultures. Several cDNAs
were isolated from a 6-h-old protoplast cDNA
library and subsequently characterized. Together
with yeast [47], Dictyostelium discoideum [45] and
A. thaliana |7, 9], N. sylvestris is one of the organ-
isms for which representatives of a number of
ubiquitin mRNA size classes are now described.

Four size classes of ubiquitin transcripts are
presentin N. sylvestris: 1.9 kb, 1.6 kb, 1.35 kb and
0.7 kb. The 1.35 kb mRNAs are the most repre-
sented in protoplasts since they corresponded to
half of the isolated cDNA clones. The 1.9 kb,
1.6 kb and 1.35 kb mRNAs encode 7-or more, 6-
and S5-mers of ubiquitin, respectively, whereas
0.7kb mRNAs encode a ubiquitin monomer
fused to a 52 amino acid CEP. No cDNAs en-
coding the 80 amino acid CEP observed in other

organisms including plants [40] have been iso-
lated probably because of their low frequency in
the 6-h-old protoplasts cDNA library. N. sylves-
tris polyubiquitins all end with a Phe as a non-
ubiquitin residue. This residue is presumably
cleaved off during processing of the polyprotein.
It is highly variable between species and may even
vary within a species. The terminal amino acid of
barley polyubiquitin is also Phe [24], it is Glu in
maize [11], Phe or Asn in sunflower [4, 5], Tyr
in yeast [46] and Asn or Leu in D. discoideum
[45]. The four RNA size classes we describe in
N. sylvestris are also found in other plants like
barley [24] and A. thaliana [7]. On the contrary,
only three size classes are present in sunflower:
1.6 kb, 1.3 kb and 0.7 kb. The 1.6 kb transcripts
are predominant and encode a 6-mer of ubiquitin
[5]. Animal ubiquitin mRNAs can be longer, for
example in Drosophila where a 4.4 kb transcript
encodes a 18-mer [36] and in Trypanosoma cruzi
where transcripts range in size from 0.65 kb to
12.5 kb, one of them encoding a 52-mer of ubig-
uitin [55]. Only one example of such unusually
long ubiquitin mRNAs has been described for
plants, this transcript appears after heat shock of
maize seedlings and was interpreted as unspliced
mRNAs [11].

Specific probes spanning 3’-untranslated re-
gions of the cDNAs have been designed and used
to study the genomic organization of ubiquitin
genes. The ubiquitin multigene family probably
comprises about twelve members in N. sylvestris
which is comparable to what was described for
barley [24], A. thaliana [ 7], flax [ 1] and sunflower
[5]. The cDNAs we analysed are encoded by five
different genes.

These specific probes were also used to study
the regulation of the expression of several ubig-
uitin genes which could be related to stress and/or
to development by examining their steady-state
level of expression in various physiological con-
ditions.

Due to the dual nature of protoplasts (stressed
cells re-initiating their cell cycle) and to the di-
versity of ubiquitin functions in the cell (see In-
troduction), it was of importance to follow the
expression of ubiquitin genes in protoplast-



derived cultures, in response to various stresses,
and in actively dividing cells as a first approach
towards the understanding of ubiquitin role(s) in
protoplasts. This study allowed us to relate the
expression of the 1.9kb, 1.6kb and 1.35kb
mRNA encoding genes to a stress state, whereas
that of 1.35 kb and 0.7 kb mRNA encoding genes
could be related to cell division. In all organisms
studied so far, the expression of at least some
polyubiquitin genes has been related to stress sit-
uations. It has especially been shown in the case
of heat shock [6, 11, 20], starvation and presence
of amino acid analogues [20], cold shock, pres-
ence of cadmium and inhibitors of protein syn-
thesis [41] and wounding [33, 50]. In only one
case, the steady-state level of a polyubiquitin gene
was found to decrease after heat shock [7]. The
activation of ubiquitin genes after mercuric chlo-
ride treatment has not been shown before, but it
has probably to be linked to the effect of cadmium
reported for D. discoideum as a general effect of
heavy metals [41]. On the other hand, it is also
the first time that the activation of ubiquitin genes
after a plant viral infection is reported, although
ubiquitinated structural proteins have been found
in several plant virus particles [18, 28]. It was
shown that ubiquitin gene expression is transcrip-
tionally induced upon infection of hamster cells
with herpes simplex virus [35]. Concerning the
0.7 kb ubiquitin fusion protein encoding mRNAs,
they have been classically related to development
since the extensions represent ribosomal proteins
[21]. Our results on the expression of 0.7 kb
mRNAs in protoplast-derived cultures, mer-
isterns and A. umefaciens-induced tumours are in
agreement with that finding. This has already been
shown in the case of yeast [47], barley [24],
D. discoideum [58] and A. thaliana [9]. In one
case, C. reinhardii, the steady-state level of
ubiquitin-CEP mRNAs was found to decrease
after heat shock [48]. It was also shown to in-
crease in potato tubers after wounding [50]. But
this is not the case in N. sylvestris.

This is now the first time that the expression of
some polyubiquitin genes, namely the 1.35kb
mRNA encoding genes, can be related to
cell division. This is the case in protoplast-deri-
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ved cultures, in meristems and in A. tumefa-
ciens-induced tumours. Thus, the use of specific
probes allows us to ensure that the same genes
are indeed under a double control, stress and
development.

It is interesting to note the differences in tim-
ing and relative levels of activation of polyubig-
uitin genes in response to the various stresses we
applied to plants. The heat shock response occurs
within the 20 min following the beginning of the
treatment, is of very high intensity and transient
as previously described [6, 11]. The reaction to
mercuric chloride treatment occurs somewhat
later and has its maximum around 6 h after treat-
ment, whereas the response to wounding also oc-
curs quite early but lasts for about 2 days [33, 50;
this paper]. In both cases, the activation of ubig-
uitin genes is relatively weak. The activation of
polyubiquitin genes in response to a viral infec-
tion becomes detectable only after 2 days, at
which time local lesions appear. But it is proba-
bly a question of level of detection since only the
cells around the points of virus entry participate
in the defense reaction at the beginning of the
infection process. However, there seem to be sev-
eral levels of regulation of ubiquitin gene expres-
sion as exemplified by the difference between the
effects of heat shock and mercuric chloride treat-
ment. In both cases, all cells are participating in
the defense reaction. Activation of ubiquitin genes
by heat shock is then more likely to be a one-step
mechanism since it occurs within such a short
time, whereas it may require additional step(s)
after a chemical treatment. On the other hand,
1.9 kb and 1.6 kb mRNAs are found in response
to a chemical stress and to wounding. 1.6 kb
mRNASs are not found after a heat shock, whereas
1.9 kb mRNAs accumulate at a very high level.
On the contrary, the activation of 1.35 kb mRNA
encoding genes seems to constitute a more gen-
eral reaction of plants to any kind of aggression.
However, it is interesting to note that the two
sub-familics we studied are not regulated in the
same way. All these cases illustrate the complex-
ity of the regulation of polyubiquitin gene expres-
sion.

Taken together, these results shed light on the
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possible roles of ubiquitin in protoplasts. An es-
sential function is probably exerted at the time
protoplasts are isolated. As part of plant defense
mechanisms, ubiquitin might be a key actor for
protoplast recovery which seems to be a prereq-
uisite for subsequent division [14]. But it should
be noted that the expression of ubiquitin genes is
not only related to the stress of the isolation pro-
cedure since it is only very weak after wounding
[33]. The identification of target proteins at that
stage will be an essential part of our future work
to understand how far ubiquitin is involved in
protein degradation during the process of dedif-
ferentiation. Of course, another essential point is
the regulation of the expression of ubiquitin genes
in protoplasts. Polyubiquitin 1.35kb mRNA-
encoding genes could be essential in N. sylvestris
since they are activated by all stress situations as
well as during division. On the other hand, poly-
ubiquitin 1.9kb and 1.6kb mRNA encoding
genes are part of the immediate response of pro-
toplast to the new environmental conditions: their
expression is only transient. The availability of
specific probes will allow us to isolate the corre-
sponding genes. Cis- and frans-regulatory factors/
elements active in protoplasts will be character-
ized. This should enable us to understand the
complexity of the expression pattern of polyubig-
uitin genes in protoplasts especially since all of
them encode the same polypeptide.
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