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ABSTRACT. An in planta induced gene of Phytophthora infestans (the causal organism of potato late
blight) was isolated from a genomic library by differential hybridization using labelled cDNA derived
from poly(A). RNA of P. infestans grown in vitro and labelled cDNA made from potato-P. infestans
interaction poly(A) RNA as probes. Sequence analysis showed that the gene codes for ubiquitin, a highly
conserved protein which plays an important role in several cellular processes. The structure of the
polyubiquitin gene is consistent with the stucture of other known polyubiquitin genes. Northern and
Southern blot analyses revealed that the polyubiquitin gene is a member of a multigene family of which
all genes show induced expression in planta.

1. Introduction
Potato late blight caused by the fungus Phytophthora infestans (Mont.) de Bary (Oomycetes)
is one of the most important diseases of potato. Leaves and tubers of susceptible cultivars
become readily infected by this pathogen. The fungus spreads rapidly through the plant tissue
causing a destructive necrosis.
It can be assumed that the establishment of a pathogenic relation between the potato plant
and P. infestans involves mutual interference in cellular processes of each partner. Defence
responses of host tissue being colonized are relatively well studied [1-3], but nothing is known
about the molecular basis underlying pathogenicity of the fungus. In order to gain more insight
in the molecular processes involved we are studying the gene expression of P. infestans during
pathogenesis on potato by differential screening of a genomic library of P. infestans DNA.
Several differentially hybridizing clones containing putative in planta induced genes of P.
infestans were isolated. The coding region of one of these genes was mapped on the lambda
clone and completely sequenced. The sequence appeared to code for ubiquitin, a highly
conserved protein in eukaryotic organisms which is reported to be involved in several important
cellular processes such as intracellular protein breakdown, maintainance of chromatin structure,
regulation of gene expression and modification of cell surface receptors (for reviews see [46]). The significance of the in planta induced expression of this gene will be discussed.

2. Differential screening of the genomic library of P. infestans DNA
Differential screening of the genomic library with fungal and interaction cDNA is performed
under non-saturating conditions. Under these conditions the intensity of each obtained signal
corresponds with the abundancy of a particular cDNA in the probe. A stronger signal obtained
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after hybridization with interaction cDNA compared to the signal obtained after hybridization
with fungal cDNA indicates a higher abundancy of those cDNA's which are complementary
to the DNA in the hybridyzing genomic lambda clone. Since the filters are hybridized with
equal amounts of labeled cDNA the procedure even underestimates the difference in abundancy
because the quantity of fungal derived cDNA present in the interaction cDNA probe is much
less than in the fungal cDNA probe.

The genomic library of P. infestans DNA in phage lambda EMBL3 was differentially
screened using equal amounts (10' cpm) of 3213-labeled cDNA made from poly(A) RNA of the
fungus grown in vitro and 3213-labeled cDNA derived from interaction poly(A) RNA as probes.

Several clones giving a relatively strong signal after hybridization with labeled interaction
cDNA and a relatively weak or no signal after hybridization with labeled cDNA of the fungus
grown in vitro were isolated. One of these clones was purified after a second round of
hybridization. Southern analysis of various restriction fragments of the isolated lambda clone
with interaction cDNA as probe revealed a strongly hybridizing SstI-fragment of 3.2 kb in
length. This fragment containing a putative in planta induced gene was subcloned in pTZ19U
and a map of restriction sites was constructed from comparisons of single and multiple
restriction enzyme digests of the obtained plasmid pUB-S. The approximate location of the
coding region of the differentially expressed gene (closed bar in Fig. la) was determined by
Southern blot analysis using interaction cDNA as probe.

a

PB PB P

'I

CX
II

I I

B
,

1

I

C
I

1

KB RV
1I

RV
I

H X E RVBCS
1

1

1

I

III

1

---3

>

---3

>

<

<---

>

200 to

C=

Figure 1. a) Restriction map of the 3.2 kb Sstl insert of pUB-S. The closed bar indicates the
approximate location of the coding region of the differentially expressed gene as determined
by Southern hybridization using labeled interaction cDNA as probe. b) The sequencing strategy
is indicated by arrows. B=BVII; C=Clal; E=EcoRl; H=HindlII; K=Kpnl; P=Pvull; S=Sstl;
X=Xhol; RV=EcoRV.

3. Characterization of the in planta induced gene of P. infestans
Several fragments of the 3.2 kb Ssd-insert of pUB-S were subcloned and the sequence of 1632

nt was determined by dideoxy sequencing on both strands of various overlapping clones
(Pieterse et al. submitted). The sequencing strategy is summarized in Fig. lb. An open-reading

frame of 687 nt containing three almost identical 228 nt repeats was found in the 1632 nt
sequence. Comparison of the 687 nt sequence with the sequence databank revealed that the
sequence codes for polyubiquitin. The coding region encodes three ubiquitin units with a length
of 76 amino acids in a head-to-tail arrangement followed by an extra asparagine residue at the
carboxy-terminal end (Fig. 2). Although the ubiquitin-coding repeats within the gene differ up

to 8 out of 228 bases, they code for identical amino acid sequences. Only 5 amino acids of
the 76 amino acid ubiquitin sequence differ from the sequence of human, chicken and yeast
ubiquitin.
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Figure 2. Predicted amino acid sequence of the cloned ubiquitin gene of P. infestans. Arrows
indicate the start of the first, second and third ubiquitin encoding repeat.

4. In planta induced expression of P. infestans ubiquitin genes
Northern blot analysis of RNA isolated from the in vitro grown mycelium, using the two 228
bp PvuII-fragments from the ubiquitin coding region of pUB-S as probe, shows five bands of

approximately 640, 870, 1100, 1650 and 2150 nucleotides in length. The size differences
between the transcripts are such that each transcript appears to contain a different number of

ubiquitin repeats (2, 3, 4, 6 and 8 respectively). This indicates that the genome of P. infestans
contains multiple copies of ubiquitin encoding genes of different lengths. Southern blot analysis
of digested genomic DNA in which the ubiquitin encoding 228 bp Pvull-fragments of pUB-S
were used as a probe, confirmed that the identified ubiquitin gene belongs to a multigene
family.

The differential expression of the ubiquitin genes was confirmed by Northern blot analysis
of equal amounts of interaction and fungal poly(A)* RNA. RNA isolated from colonized leaf
tissue and RNA isolated from the fungus grown in vitro give rise to comparable signals upon
hybridization with the ubiquitin coding region. Although the amount of fungal RNA as a
percentage of the total RNA obtained from the interaction is difficult to measure, it most
certainly is very low (5-10%). Taking the strong under representation of fungal RNA in the
interaction RNA mixture in consideration, a several fold higher expression of all the ubiquitin
encoding genes during growth of the fungus in planta could be deduced from the Northern

blot.

5. Discussion

Ubiquitin is one of the most highly conserved proteins known to date (for reviews see [461). The 76 amino acid protein occurs in all eukaryotic cells, either free or covalently attached
to proteins in the cytosol, plasma membrane or to chromosomal histones. Ubiquitin has been

shown to play a key role in several important cellular processes such as the selective

degradation of intra-cellular proteins, maintainance of chromatin structure, regulation of gene
expression and modification of cell surface receptors. Genes encoding ubiquitin have been
characterized from a variety of organisms such as yeast [7], human [8], chicken [9]. In each
case, ubiquitin is encoded by one or more polyubiquitin genes which consist of direct repeats
of the 76 amino acid coding units. The last repeat at the 3' end of the polyubiquitin gene is
usually followed by an extra amino acid residue which is not conserved among different
species. Although the unique structure of polyubiquitin genes has been conserved in evolution,
considerable variation exists in the number of repeats within each polyubiquitin gene and the
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number of polyubiquitin encoding loci in the genome.
Induced expression of polyubiquitin genes by heatshock or other types of stress has been
observed in a number of organisms [9, 10]. This facilitates an increased production of ubiquitin
monomers for the ubiquitin-mediated degradation of abnormal proteins which arise during
stress. The induced expression of ubiquitin genes in P. infestans during colonization of potato
leaves may reflect the highly-active metabolic state of the mycelium in the host tissue. During
exponential growth in vitro however, the mycelium is also in a highly-active metabolic state

but the ubiquitin encoding genes show no induced expression. This implies that the host
environment specifically induces the expression of the ubiquitin genes. In view of the
regulatory function of ubiquitin in gene expression it is tempting to speculate that induction
of the P. infestans polyubiquitin genes may lead to expression of genes involved in
pathogenicity.
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