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Sporulation in Phytophthora infestans is associated with a major remodeling of the transcriptome. To bet-
ter understand promoter structure and how sporulation-specific expression is determined in this organ-
ism, the Pks1 gene was analyzed. Pks1 encodes a protein kinase that is induced at an intermediate stage of
sporulation, prior to sporangium maturation. Major and minor transcription start sites mapped through-
out the promoter, which contains many T-rich stretches and Inr-like elements. Within the T-rich region
are several motifs which bound nuclear proteins in EMSA. Tests of modified promoters in transformants
implicated a CCGTTG located 110-nt upstream of the transcription start point as a major regulator of
sporulation-specific transcription. The motif also bound a sporulation-specific nuclear protein complex.
A bioinformatics analysis indicated that the motif is highly over-represented within co-expressed pro-
moters, in which it predominantly resides 100–300-nt upstream of transcription start sites. Other
sequences, such as a CATTTGTT motif, also bound nuclear proteins but did not play an essential role in
spore-specific expression.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Many eukaryotic microbes, including true fungi and oomycetes,
utilize asexual spores for dissemination and infection. The differen-
tiation of these structures is largely regulated at the level of RNA syn-
thesis by transcription factors that recruit RNA polymerase II to
promoters. These promoters are typically bipartite, containing a
proximal core region which binds the transcriptional apparatus near
the initiation site, and distal activation or repression domains (Lee
and Young, 2000). Tissue-specific transcription is thought to be pre-
dominantly regulated by the distal sites, although contributions may
also be made by core promoters (Smale, 2001). An important ele-
ment of understanding an organism entails identifying the promoter
motifs and transcription factors that regulate its development.

Little is known of transcriptional mechanisms that control spor-
ulation or other developmental processes in oomycetes, a group of
important plant and animal pathogens and saprophytes. Compared
to well-studied model organisms, oomycetes have a unique evolu-
tionary history as they reside in the kingdom Stramenopila (Bal-
dauf et al., 2000). The extent to which transcriptional regulation
in oomycetes resembles that of other eukaryotes remains to be
determined. Data from oomycete genomes indicate that their
intergenic regions are typically small (<500 nt) and may therefore
lack the complexity of many metazoan and plant promoters. Many
oomycete promoters contain sequences resembling the Initiator or
ll rights reserved.

elson).
Inr (YYANWYY), which is one of several core promoter motifs
found in higher eukaryotes (Juven-Gershon et al., 2006; McLeod
et al., 2004; Smale, 2001).

Phytophthora infestans, which causes the devastating late blight
disease of potato, is a promising model for studying both oomycete
spores and promoters (Fry, 2008; Judelson and Blanco, 2005). Copi-
ous amounts of sporangia are produced which are easily purified
for molecular studies, and genome sequence and expression data
are available to aid analyses of transcription during development
(Judelson et al., 2008). Although its application is complicated by
copy number and position effects, a transformation system has
proved useful for manipulating genes and promoters associated
with development. This has helped to define the binding sites for
two stage-specific transcription factors, one acting during early
sporulation and another during zoosporogenesis (Ah Fong et al.,
2007; Tani and Judelson, 2006).

Sporulation in P. infestans begins when vegetative mycelia, in re-
sponse to environmental and internal cues, produce aerial hyphae
and then sporangiophores (Hardham and Hyde, 1997). After cyto-
plasm, nuclei, and other organelles move into each developing spo-
rangium, a septum forms at its base and a papilla at its apex that is
important for germination. Unlike the typically dormant fungal
spores, P. infestans sporangia are physiologically active and capable
of rapid germination. At lower temperatures and high humidity,
which are the climatic factors most conducive to epidemics, the
sporangium cleaves into six or more flagellated zoospores that exit
through the papilla. After an interval of swimming, each zoospore
forms a cyst, germ tube, and appressorium. Genes transcribed during
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sporulation appear to participate in both early events in sporangia
development and subsequent stages including germination and
encystment (Clark et al., 1978; Penington et al., 1989).

To enhance our understanding of both asexual reproduction and
gene expression mechanisms in P. infestans, this study describes
the transcription pattern and promoter structure of the sporula-
tion-induced Pks1 protein kinase gene, which had been identified
as a cDNA in an expression profiling study (Kim and Judelson,
2003). Using transformants expressing the Pks1 promoter fused
to the b-glucuronidase reporter, the gene was shown to be ex-
pressed at an intermediate stage of sporulation. Through functional
dissection and bioinformatics, the promoter was shown to exhibit
a complex structure containing multiple regulatory elements and
binding sites for nuclear proteins. In addition, a motif necessary
for activating Pks1 during sporulation was detected which also ex-
ists within many similarly-expressed promoters. Such data helps
illuminate the pathways regulating asexual reproduction, which
in the long-term may lead to targets for crop protection strategies.

2. Materials and methods

2.1. Manipulations of P. infestans

Isolates were cultured on rye-sucrose media at 18 �C in the
dark. Strains employed included isolate 1306 and transformants
made using the protoplast method (Judelson, 1993). Non-sporulat-
ing mycelia were obtained by inoculating clarified rye-sucrose
broth with sporangia, followed by 3 days incubation. Sporulating
hyphae were from rye-sucrose agar cultures grown for 9–11 days.
Sporangia were purified from such cultures by adding water, rub-
bing with a glass rod, and passing the fluid through a 50-lm mesh
to remove hyphal fragments. To induce germination, sporangia
were either placed in rye-sucrose broth for 6 h at 18 �C, or water
at 4 �C for 1 h to induce zoospores. RNA was extracted using the
RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA).

2.2. Cloning and sequencing of Pks1

A cDNA clone corresponding to Pks1 was hybridized to a bacte-
rial artificial chromosome library (Randall and Judelson, 1999). Po-
sitive colonies were subcloned and sequenced.

2.3. Gene expression analysis

Staining for b-glucuronidase (GUS) was performed as described
(Judelson, 1993). For blot studies, total RNA was resolved on form-
aldehyde gels and hybridized with 32P-labeled probes. These were
generated by polymerase chain reaction using primer pairs for Pks1
(50-TAGGATCCTTCTCTTCCAACGTAAG and 50-CGGCGGCCGCGA
AATCTTGATCCG AACCGA), GUS (50-AAACCCCAACCCGTGAAAT-
CAAAA and 50-ATCGGTGTGAGCGTCGCAGAA CA), or elongation fac-
tor 1-a (EF-1; 50-ATTCTGGTGGTCGCTTCGGGTGTGG and 50-GA
CGAA ACCACGACGCAGCTCCTTG) and labeled by the random pri-
mer method. To map transcription start sites (TSSs), RACE was per-
formed using a kit from Invitrogen (Carlsbad, CA, USA) with
specific primers QX68R (50-GCGTGTTTTGCTGCCAGAA and QX69R
(50-CCTCACTCAACACCGAGTCCTTA). Products were resolved on 2%
agarose, cloned into pGEM-T Easy (Promega, Madison, WI, USA),
and sequenced.

2.4. GUS plasmid construction

Promoter fragments were generated by polymerase chain reac-
tion (PCR) using Platinum Taq DNA polymerase High-Fidelity
(Invitrogen) and primers with ApaI sites, and cloned into pOGUS
which contains a promoterless GUS gene along with neomycin
phosphotransferase (nptII) for G418 selection. For 50 deletion con-
structs, plasmids are named based on the size of the promoter as
counted upstream from the TSS (+1); p877 contains 877 nt of se-
quences upstream of the TSS plus the 125-nt 50 untranslated re-
gion, for example. These were amplified using reverse primer
RP1 (50-AAGGGCCC GATAGCTTCGGACTTAG) and upstream primers
50-AAGGGCCCGGGATACTATTGATGCT for p877, 50-AAGGGCCCAC
CCGAACGACCCCAAGA for p525, 50-AAGGGCCCAATGGTAG GTG
CTCTTAG for p225, 50-AAGGGCCCTTTGCGTTGCCGTTGTGC for
p119, 50-AAGGGC CCTTGTGCCATTTGTTTT for p107, 50-AAGGG
CCCTTTTTCCTCGTCCCA for p95, 50-AAGG GCCCCGTCCCATTTTCTCA
for p87, 50-AAGGGCCCTTCTCATGCTGCTCGTAT for p78, or 50-AA
GGGCCCAAAAGTGTTCTCCATCG for p50. To mutate the CGTTG mo-
tifs, PCR was performed using RP1 with MR1 (50-TTGGGCCCT
TTTGACGGTCCGTTGTGCCATTTGTT), MR2 (50-TTGGGCCCTTTT
GCGTTGCATGACTGCCATTTGTTTTTCC), or MR12 (50-TTGGGC
CCTTTTGACGGTCATGACTGCCATTTGTTTT TCC) using p119 as tem-
plate. To mutate the CAGTTTGTT motif, PCR used RP1 and NC (50-TT
GGGCCCTTTTGCGTTGCCGTTGTGCACGGGTGGTTTCCTCGTCCCAT)
against p119. Other mutations described in the text were made by
two stage PCR using outer primers matching wild-type Pks1 and in-
ner mutagenic primers.

2.5. Electrophoretic mobility shift assay (EMSA)

Nuclear protein isolation and EMSA were performed as de-
scribed (Ah Fong et al., 2007), except that heparin agarose was
not used for the extractions. Briefly, EMSA involved mixing 5 lg
of nuclear protein with 1 lg poly dI-dC and 1.6 ng of 32P-labeled
probe for 30 min on ice, followed by electrophoresis at room tem-
perature. For competition assays, protein was incubated with unla-
beled DNA for 30 min and then the labeled probe. Double-stranded
oligonucleotides listed in Results were used as probe and cold
competitors. Bands were quantified using a phosphorimager.

2.6. Bioinformatics surveys

Genes induced or repressed during sporulation were identified
from microarray data (Judelson et al., 2008). The corresponding
promoters, and total promoters, were extracted from the P. infe-
stans genome database developed by the Broad Institute of MIT
and Harvard (www.broad.mit.edu). Motif searches were performed
using a combination of text editors and custom perl scripts, and
background frequencies were calculated based on the base compo-
sition of P. infestans promoters.

3. Results

3.1. Pks1 encodes a protein kinase induced upon spore maturation

Our previous macroarray study identified a cDNA clone named
pisp18 that corresponds to a gene induced during sporulation (Kim
and Judelson, 2003). To identify the structure of the full-length
gene, a genomic clone was obtained from a BAC library and se-
quenced. The gene is renamed here as Pks1 (P. infestans protein ki-
nase in sporangia 1), as its sequence matched a serine/threonine
protein kinase. Subsequently, Pks1 was defined in the P. infestans
genome sequencing project underway at the Broad Institute of
MIT and Harvard as gene PITG_10884. DNA blot analysis indicated
that Pks1 is a single-copy gene (not shown).

Pks1 encodes an intron-lacking open reading frame of 541 ami-
no acids with similarity to the AGC group of the eukaryotic protein
kinase superfamily. AGC kinases typically control essential cellular
processes such as growth, cell cycle progression, differentiation,

http://www.broad.mit.edu


Fig. 1. Expression pattern of Pks1. (A) RNA blot analysis of wild-type P. infestans.
RNA (5 lg) from non-sporulating mycelia (MC), sporangia (SP), sporangia under-
going zoosporogenesis (ZO), and sporangia directly germinating in rye-sucrose
broth (DG) were hybridized with probes for Pks1 (Pks1) or elongation factor-1a (EF-
1). (B) 50 RACE using RNA from sporangia (SP) or non-sporulating mycelia (MC). (C)
RNA blot analysis of transformant expressing GUS driven by a plasmid p877, which
contains 877 nt of DNA upstream of the major TSS. RNA is from the tissue types
described in panel A, hybridized against GUS or EF-1. (D) GUS reporter assay using
transformant grown in submerged rye-sucrose broth and then transferred onto agar
media to induce sporulation. Illustrated is a young sporangial initial with no
staining (1), activity in sporangiophore and developing sporangium (2), activity in a
slightly older but still immature sporangium (3), sporangium approaching maturity
based on the presence of an early-stage papilla (4), mature detached sporangia (5),
and lobed hyphae occasionally seen in older cultures (6).
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and stress resistance (Bogre et al., 2003). The P. infestans protein
contains a central kinase domain (Pfam00069), a protein kinase
C-like terminal catalytic domain (Pfam00433), and a weak match
at its N-terminus to a Pleckstrin homology domain (Pfam00169).
Its best match in GenBank is to an uncharacterized protein kinase
from Paramecium (accession CAK85399, E = 2e�62), and the best
match to a functionally characterized protein is to a serum/gluco-
corticoid-regulated kinase from Xenopus laevis (NP_001083809,
E = 1e�57). Based on alignments with a putative full-length cDNA
and RACE experiments described below, 50 and 30 untranslated re-
gions of the Pks1 transcript are 125 and 59 nt, respectively, yielding
a mRNA of about 1.9 kb.

The expression pattern of Pks1 was assessed using RNA blot and
GUS reporter methods. In blots, Pks1 mRNA was not detected in
non-sporulating mycelia but had strong signals in sporangia
(Fig. 1A). The mRNA was maintained after sporangia were induced
to indirectly germinate, i.e. release swimming zoospores. However,
when sporangia were placed in rye-sucrose broth to stimulate di-
rect germination, the mRNA disappeared. To follow expression
using GUS (and obtain a functional promoter for later analysis), se-
quences upstream of the ATG translation start were cloned next to
the promoter-lacking GUS gene in pOGUS and stable G418-resis-
tant transformants were generated. Initial studies utilized frag-
ments contained 877 and 525 nt of DNA upstream of the
transcription start point (TSS), which yielded similar results. As
in previous studies with Phytophthora promoters, convincing
expression was detected in only a subset of transformants due to
position effects (Ah Fong et al., 2007; Tani and Judelson, 2006).
Consequently, transformants were first screened for expression
by GUS histochemical staining and then analyzed using RNA blots.
Such blots indicated that the transgene showed a pattern of
expression similar to that of wild-type Pks1 (Fig. 1C). Histochemi-
cal staining was typically observed in both immature sporangia
connected to sporangiophores (Fig. 1D, panels 2–4) and mature
sporangia (Fig. 1D, panel 5). Whether the staining in sporangio-
phores reflects expression in that compartment or diffusion of
the reaction product from immature sporangia cannot be deter-
mined. Nevertheless, the timing of Pks1 expression follows early-
induced genes such as Cdc14 that are expressed in sporangiophore
and sporangia initials (Ah Fong et al., 2007), which lack Pks1
expression as shown in Fig. 1D panel 1. Therefore, Pks1 expression
appears to normally begin at an intermediate stage. In much older
cultures, about 5 days after the onset of sporulation, Pks1 expres-
sion was sometimes observed in hyphae containing lateral bulges
(Fig. 1C, panel 6). This suggests that development proceeds more
slowly or with a slightly different pattern in aged cultures, if these
represent sporangiophore initials.

3.2. Multiple transcription start sites from Inr-like and T-rich regions

50 RACE was performed to locate the transcription start sites
(TSSs). Typical reactions are shown in Fig. 1B, and the TSSs are
mapped in Fig. 2 with bent arrows. Both a predominant and minor
band were detected in sporangia, with the major TSS being 125-nt
upstream of the translation start codon at a cytosine defined as +1.
A few bands extended to the adenosine at �1. Both are within a re-
gion that resembles the eukaryotic Inr consensus YYANWYY (Ju-
ven-Gershon et al., 2006), except that the last base is not
conserved in Pks1 (TCAC+1TTG). This and other Inr-like sequences
are denoted by wavy lines in Fig. 2. It should be noted that the
Inr has a loose consensus in most organisms, and some other P.
infestans genes such as ipiO1 also contain a G at the 30 position
(McLeod et al., 2004). Interestingly, while the Inr-like sequence
at +1 is identical in P. infestans and Phytophthora sojae, it is very dif-
ferent in Phytophthora ramorum where the corresponding region
(TGGCAAT) is tandemly repeated. The 23 bases downstream of
the putative P. infestans Inr are nearly identical between the spe-
cies; while the 50 region of this conserved block resembles the
‘‘flanking promoter region” or FPR motif noted by McLeod et al.
(2004), the rest appears to be a novel motif.

The minor RACE bands from sporangia started at �49 and �51,
which are within an A-rich region that does not resemble an Inr.
Due to the absence of an ATG between +1 and �51, these minor
mRNAs encode the same protein as the major transcription
product.

RACE products were also obtained from non-sporulating myce-
lia, even though no signal was detected in RNA blots (Fig. 1A and
B). As no amplification occurred in the absence of reverse trans-
criptase (not shown), it can be concluded that a very low level of



Fig. 2. Comparison of Pks1 promoter with P. ramorum and P. sojae orthologs. Alignment was performed using CLUSTALW, with conserved bases indicated in black. No
significant regions of alignment were observed upstream of nucleotide �173. Indicated are transcription start sites (TSS; bent arrow) from sporangia (s) or mycelia (m); end-
points of deletion constructs (boxed numbers), Inr-like sequences (wavy lines), repeats described in the text (R1, R2, DR1 and DR2), and regions showing specific binding in
EMSA (dashed lines).
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basal transcription of Pks1 occurs in hyphae. One type of RACE
product had the same 50 terminus as the major band from sporan-
gia, while the others mapped further upstream to positions �80
(T), �81 (A), �95 (T), and �126 (C). All of these are within an ex-
tremely T-rich region; the �58 to �137 interval, for example, con-
tains 53% T. Potential Inr-like sequences are also within this region.
For example, the minor initiation sites at �80 and �81 are within
an Inr-like element, CCATTTT. The existence of the minor start sites
illustrate some leakiness in the regulation of transcription, but may
be insignificant to Phytophthora growth or development since the
resulting transcripts would not be translated into a functional ki-
nase due to an out-of-phase ATG at �73.

3.3. Deletion analysis identifies region required for sporangia-specific
transcription

To search for the DNA element(s) activating Pks1 during sporu-
lation, the ability of truncated promoters to express GUS was mea-
sured. This involved screening sporulating cultures of stable
transformants by histochemical staining, followed by RNA blot
analysis of positive transformants (if any) to confirm that tran-
scription started at the expected site within the promoter. Due to
position effects, not all transformants obtained with the same plas-
mid expressed GUS at equal levels. Therefore, the conclusions re-
ported represent a consensus drawn from analyses of multiple
strains.

Tests of 50 deletions indicated that a motif with a major positive
effect on sporulation-specific transcription was near position
�110. Promoters containing 525, 225, and 119-nt upstream of
the TSS (p525, p225, and p119) conferred strong GUS staining in
sporangia with no staining in hyphae. However, a plasmid with a
larger deletion (p107) yielded only extremely low staining in the
sporangia of some transformants and none in hyphae, suggesting
that an important element was near the �107 to �119 region. Sev-
eral further deletions exhibited the same phenotype (p95, p87, and
p78), but when position �50 was reached by the deletions (p50)
this residual staining was eliminated.

RNA blot data supported these findings. As shown in Fig. 3B and
C, a strong spore-specific band of the expected size (2.1 kb) was ob-
served in p119-containing transformants. However, transformants
generated with the smaller promoters showed either no signal
(p107, p95, and p78) or very weak bands (p87). An exception
was one transformant generated with p107, which produced an
aberrantly-sized (1.4 kb) transcript which may be due to promoter
activity from a chromosomal locus flanking the insertion site. Some
plasmids yielded weak GUS staining but no signal in the RNA blots
(p107 and p95), indicating that expression was below the limit of
detection. Also, a faint band of 1.6 kb was detected in many of the



Fig. 3. Identification of functional regions by mutation analysis. (A) Phenotypes
obtained with promoter-GUS fusion constructs in sporangia (SP) and mycelia (MC).
The sizes of 50 deletion plasmids correspond to their names, i.e. p225 contains 225-
nt 50 of the major TSS. Names with ‘‘M” contain mutagenized bases within repeat R1
(pMR1), R2 (pMR2), R1 and R2 (pMR12), or the CATTTGTT motif (pMCA). pCHI and
pCHIR contain Pks1 promoter sequences (�144 to �51) fused to minimal promoter
in sense and antisense orientations, respectively. (B) RNA blot analysis of repre-
sentative transformants using total RNA from sporangia and probes for GUS or EF-1.
Letters a to x denote individual transformants. (C) RNA blot of same transformants
as panel B but RNA is from non-sporulating hyphae, except for the first lane that
shows RNA from sporangia as a control. (D) RNA blot of transformants containing
p119 or versions of p119 that contain mutagenized promoter elements as shown in
panel A.
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transformants, which could represent weak cryptic promoter
activity or non-specific hybridization.

Several conclusions can be drawn from these results. First, since
no deletion caused constitutive transcription (i.e. activity in both
hyphae and sporangia), the sporulation-specific expression of
Pks1 is determined primarily by positive and not negative regula-
tion. Secondly, an important regulator binds between �119 and
�107. Thirdly, elements with other functions may exist between
�107 and �50. These may confer sporulation-specific expression
independently of a sporulation-specific activator in the �119 to
�107 interval; there are many precedents of autonomous tran-
scription factors activating the same promoter (Hoshino and Fujii,
2007). Alternatively, the motif between �119 and �107 could be a
specific enhancer of a sporulation-specific motif between �107
and �50.

As will be described below, additional experiments and bioin-
formatics analyses were used to address the scenarios listed above,
leading to the conclusion that a CCGTTG motif at �110 was the
critical sporulation-specific determinant. These included studying
additional promoter mutations, identifying regions with protein
binding activity using electrophoretic mobility binding assays
(EMSA), and searching for motifs shared with other sporulation-in-
duced genes.

3.4. A functional domain in the �119 to �107 interval spans a
repeated motif

A notable feature of this region is the presence of two tandem
repeats of CGTTG (R1 and R2 in Fig. 2), since repeats are often used
to bind multimeric transcription factors. The role of the CGTTG re-
peats were tested by mutating them individually or in combination
within p119, by making base changes (A to C, C to A, G to T, and T
to G). A plasmid incorporating a mutated upstream repeat (pMR1)
maintained expression in sporangia (Fig. 3D) and its pattern of GUS
staining also indicated sporulation-specific transcription. However,
when the 30 repeat was mutated (Fig. 3D, pMR2), transcription was
reduced to barely detectable levels. Mutating both repeats also
blocked expression (Fig. 3D, pMR12). This indicates that the spor-
ulation-specific transcription factor primarily binds the down-
stream repeat, or an overlapping sequence. The upstream repeat
region apparently retains a low level of activity.

We also tested whether this region could drive transcription in
a heterologous setting, by making a chimera with the 74-nt mini-
mal NifS promoter (Ah Fong et al., 2007). By itself, this minimal
promoter is transcriptionally inactive. However, adding a 94-nt
fragment with the two CGTTG motifs (bases �144 to �51; pCHI)
conferred robust sporulation-specific expression (Fig. 3B and C).
Moreover, expression was observed in both forward or reverse ori-
entations. However, smaller fragments from throughout the region
did not enable GUS expression when fused to the minimal pro-
moter, such as the 19-nt region between�117 and�99 which con-
tained both CGTTG repeats. This was true even when random bases
were added downstream of the fragments to maintain their normal
spacing from the major TSS. The results suggest that multiple sites
must interact to enable expression, due to a need to bind a com-
plex of transcription factors or assemble chromatin in a specific
configuration.

3.5. A sporulation-specific protein binds the CCGTTG at �110

EMSA was performed to test whether the region containing the
CGTTG repeats might associate with a transcription factor, and de-
fine the precise boundaries of the binding site. When nuclear pro-
teins from sporangia were incubated with a 32P-labeled double-
stranded oligonucleotide probe bearing the �117 to �100 region,
three closely-spaced bands representing specific binding were ob-
served based on their competition with unlabeled probe (Fig. 4A).
For example, based on phosphorimager analysis their intensity was
reduced by 39% using a 1:1 combination of radiolabeled and cold
oligonucleotide, and 98% with a 1:100 ratio, which is consistent
with a specific interaction. The nature of the specific bands, two
high-intensity and a weaker middle band, is suggestive of a multi-
protein complex or complexes. A smear of smaller and less-specific
bands was also observed.



Fig. 4. Identification of CCGTTG as binding site by EMSA. Nuclear proteins were mixed with 1.6 ng of double-stranded 32P-labeled oligonucleotides containing 18 nt of wild-
type Pks1 DNA flanked by random bases (WT) and cold competitors (compet). Sequences are shown left of the relevant gel images, with positions altered from wild-type in
grey lower-case. The two repeats (R1 and R2) are highlighted. Unless indicated otherwise, assays used protein from sporangia at 0 mM Mg2+. (A) Detection of specific binding
near R2. Gel A1 indicates protein mixed with labeled WT and no competitor, wild-type competitor, competitors with mutations in R1 or R2 (mR1 and mR2), or non-specific
competitor (NS). Competitors were 1�, 10�, and 100� the concentration of labeled probe. Gel A2 demonstrates that the retarding protein is sporulation-specific, based on
testing extracts from non-sporulating mycelia (MY) and sporangia (SP). (B) Defining boundaries of binding site using WT probe and 25� excess of cold competitors with
progressive mutations. (C) Refinement of binding site. Gel C1 tests effect of altering the C between R1 and R2. Gel C2 shows that changing the base upstream of R1 from G to C
improves competition.
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Only the 30 CGTTG repeat (R2) was very important for binding,
based on using cold oligonucleotides with altered sequences as
competitors against the wild-type 32P-labeled �117 to �100 re-
gion. For example, mutating the 50 CGTTG repeat (R1) did not
diminish competition compared to the unlabeled wild-type se-
quence (mR1 in Fig. 4B, C1, and C2). In contrast, oligonucleotides
with a mutated R2 competed ineffectively (mR2 in Fig. 4C1 and
C2; also lanes 8–10 in Fig. 4B). This is consistent with the GUS re-
porter data described above, which indicated that removing R1 by
mutation or deletion within p119 did not eliminate sporulation-
specific expression, while removing R2 drastically reduced
expression.

Also consistent with the participation of repeat R2 in activating
transcription during sporulation was the finding that its binding
activity is sporulation-specific. As shown in Fig. 4A2, the three clo-
sely-spaced specific bands were obtained using nuclear proteins
from sporangia, but not non-sporulating mycelia. Attempts to de-
tect binding from mycelial extracts in EMSA performed under dif-
ferent conditions (altered salt concentration, Mg+2, etc.) were
unsuccessful. In contrast, the protein from the sporangial extract



Fig. 5. Positional bias of CCGTTG motif. Results indicate frequency of detection of
motif within 100-nt intervals going upstream of the ATG codon (+1). Promoter sets
were from genes induced >10-fold in sporangia versus mycelia, total predicted P.
infestans genes, and genes repressed >10-fold in sporangia versus mycelia. Searches
were done in both plus and minus orientations.
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showed binding under multiple conditions, as illustrated in
Fig. 4A2 for EMSA performed with and without Mg+2.

Specific binding was shown to be actually determined by a 6-nt
motif (CCGTTG) encompassing R2, based on EMSA using competi-
tors bearing progressive mutations (Fig. 4B). When mutations were
made from the 50 side inwards, competition was reduced when
base changes reached the C residue before R2 (Fig. 4C, lane 3).
When alterations moved from the 30 side inwards, diminished
competition started at the terminal G of R2 (Fig. 4C, lane 8). The
site is therefore bordered by these bases, and defined as CCGTTG.
This is consistent with the previous finding that R1, which is not
within a CCGTTG, was unneeded for GUS expression.

To further test whether CCGTTG is the binding site, the region of
the R1 CGTTG repeat (preceded by G in wild-type) was converted
to CCGTTG and tested in an EMSA competition assay. This substan-
tially increased its ability to bind the nuclear protein (Fig. 4C2, lane
R1C). However, binding was slightly less than that observed
against wild-type competitor (lane WT), indicating that residues
flanking the CCGTTG also may affect protein interactions. That
adjacent bases influence the binding of a transcription factor to
its target is a long-known phenomenon (Arndt and Fink, 1986).

Interestingly, the CCGTTG is not well-conserved in other Phy-
tophthora species, although somewhat related sequences are lo-
cated nearby in P. ramorum and P. sojae (Fig. 2). Such variation
may be explained by several factors. For example, the cognate tran-
scription factors may bind distinct sequences, which would be con-
sistent with rates of binding site evolution characterized within
non-oomycete genera (Moses et al., 2003). Alternatively, there
could be flexibility in the binding specificity of the transcription
factor as is commonly seen with transcription factors in other spe-
cies (Segal et al., 1999). To test this, base changes were made at the
50 end of the R2-spanning CCGTTG motif. As shown in the EMSA
competition assay in Fig. 4C1, DNA containing ACGTTG (lane
R2A) and GCGTTG (lane R2G) still bound the nuclear protein
although to a lower extent than CCGTTG (lane WT).

In EMSA, the three specifically retarded bands were observed
consistently. This suggests that several independent proteins or
complexes attach to the CCGTTG. Alternatively, a single complex
may bind which partially dissociates during EMSA. To address
the latter, different ionic strengths, Mg2+ concentrations, and bind-
ing temperatures were tested. However, in all cases the same
three-banded pattern was obtained (not shown).

3.6. The �110 CCGTTG motif is over-represented in sporulation-
induced promoters

As further support for the role of the CCGTTG in activating Pks1
during sporulation, it was found to be highly enriched in co-ex-
pressed promoters. This was demonstrated by studying promoters
from 388 P. infestans genes that like Pks1 are induced >10-fold dur-
ing sporulation (Judelson et al., 2008; Judelson, Narayan, and Ah
Fong, unpublished results). For this analysis, a promoter was de-
fined as 500 nt of DNA 50 of the predicted open reading frame.
CCGTTG was detected 128 times in the 388 sporulation-induced
promoters (with matches in 104 promoters), or an average of
0.33 hits per promoter. Consistent with data from the GUS assays
indicating that the sequence may function in both orientations,
the motif was found in forward and reverse orientations 65 and
63 times, respectively. In contrast, only 0.14 occurrences per pro-
moter were detected in 188 genes repressed >10-fold in sporangia
versus mycelia, and 0.19 per promoter for all genes predicted from
the genome sequence. This over-abundance of CCGTTG in sporan-
gia-induced versus sporangia-repressed and total promoters were
both highly significant (P < 0.01).

The CCGTTG motif also showed a positional bias in harmony
with expectations for the binding site of a transcriptional regulator.
When 1000 nt of sporulation-induced promoter DNA was exam-
ined, the sequence was most common within 400 nt of the start co-
don or about 300-nt upstream of the typical Phytophthora TSS
(Fig. 5). Moreover, the most common location was about 200-nt
upstream of the start codon which is the spacing seen in Pks1. In
contrast, the motif had an unbiased distribution within all promot-
ers and was slightly under-represented in the first 400 nt of spor-
ulation-repressed promoters.

The subset of sporangia-induced genes that contain CCGTTG in
their promoters and also have significant matches in GenBank are
shown in Supplementary Table 1. The most prominent functions
represented within the group included signal transduction (includ-
ing nine protein kinases) and transporters (including six ion
channels).

3.7. Potential elements in the T-rich region downstream of the CCGTTG
motif

As noted earlier, sporulation-specific GUS expression resulted
when a chimera was made between the �144 to �51 interval
and the NifS minimal promoter, but no expression resulted using
smaller fragments including the CCGTTG at �110. A likely reason
is that the sporulation-specific CCGTTG-binding factor must inter-
act with other proteins. The inability of many transcription factor
sites to function autonomously or in an improper context is a com-
mon challenge when studying complex promoters (Chiang et al.,
2007).

An alternative explanation is that CCGTTG (�110 to �105) is
actually an enhancer of a sporulation-specific factor that binds fur-
ther downstream. While this seems unlikely considering that
CCGTTG is enriched in sporulation-specific promoters, this was
nevertheless tested in transformants by mutagenizing blocks be-
tween �80 and �88, �89 to �96, and �97 to �104. Histochemical
staining and RNA blot analysis indicated that all displayed sporula-
tion-specific activity (not shown). This supports the premise that
CCGTTG determines sporulation-specific expression, although this
interpretation could be complicated if functional redundancy ex-
ists within the �80 to �104 region or elsewhere. The results also
suggest that the 9-nt block between�81 and�89 that is conserved
in Phytophthora is not the sporulation-specific determinant,
although it could contribute quantitatively to expression. The 9-
nt motif is not over-represented in sporulation-specific promoters.
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3.8. The CATTTGTT at �101 associates with a nuclear protein but not
sporulation-specific expression

As part of another strategy to identify functional elements 30 of
the CCGTTG, EMSA was performed using overlapping fragments
spanning the region between �110 and �50. Binding activity
was not detected with the 30 half under a range of conditions. How-
ever, nuclear proteins interacted with the 50 half (Fig. 6A). Two spe-
cific bands were detected, based on the ability to compete them
away using cold probe.

Examination of the binding region revealed that it contained
two similar 9-nt regions, GTGCCATTT and GTCCCATTT, which are
labeled as DR1 and DR2 in Fig. 2. Their role in binding was assessed
using an EMSA competition assay. DNA lacking DR1 or both repeats
lost the ability to compete with wild-type probe (Fig. 6, panel A1;
mDR1, mDR12) while mutating DR2 had little effect (mDR2). Thus,
a protein specifically binds part or all of DR1. To define the binding
consensus, progressive mutations were made inwards from the 50

end (Fig. 6B, lanes 2–6) or 30 end (7–13) of DR1. From the 50 direc-
tion, competition was impaired severely when alterations reached
the C at position �101, and the same occurred when mutations
from the 30 direction reached a T at �94. As mutating two addi-
tional T’s at the 30 end slightly reduced competition, the binding
site is defined as CATTTGTTTT.

Several data suggested that this motif is not involved in sporu-
lation-specific expression. First, when the site was mutated within
p119 and tested in transformants, spore-specific transcription con-
tinued based on histochemical staining and RNA blot analysis
(Fig. 3D, pMCA). Second, the interacting proteins detected by EMSA
were present in nuclear extracts from both sporangia and non-
Fig. 6. Binding of nuclear proteins from sporangia to CATTTGTT region in EMSA, using lab
Detection of specific binding to downstream repeat 1 (DR1). Gel A1 demonstrates that pro
bearing mutations in the 50 or 30 repeats (mDR1, mDR2), or both (mDR12). Gel A2 shows r
Refinement of binding site by using competitors with progressive mutations.
sporulating hyphae. Third, the motif was not over-represented in
sporulation-induced promoters, although it is acknowledged that
not all stage-specific motifs will necessarily be over-represented.

When considering alternate roles for the CATTTGTT, the possi-
bility of it binding the Inr complex was considered. This was be-
cause it is adjacent to a minor TSS, and would perfectly match
the mammalian Inr if the G was replaced with C or T. Consequently,
an EMSA competition assay was used to test if protein binding
would be improved by altering it to the Inr consensus (Fig. 6, panel
A2). However, competition was impaired when this base was chan-
ged to C, T, or A.

4. Discussion

Asexual sporulation in P. infestans is a complex process involv-
ing the expression of genes in coordinated temporal and spatial
patterns. In addition to identifying putative transcription factor
binding sites responsible for the regulated expression of Pks1, this
study helps to define a specific point of the sporulation program by
demonstrating that the gene is induced at a middle to late-stage,
prior to formation of the basal plug. The definition of other stages
were aided by our prior studies of genes such as Cdc14 which is ex-
pressed prior to sporangiophore emergence, PufA which starts
being transcribed in mid-stage sporangiophores, and NifS for which
expression is typically detected coincident with maturation (Ah
Fong and Judelson, 2003; Cvitanich and Judelson, 2003; Tani
et al., 2005). Pks1 therefore appears to be activated between PufA
and NifS. Identifying the regulatory hierarchy that controls such
genes is central to understanding this important developmental
pathway. By analogy, studies of sporulation in species as diverse
eled wild-type DNA and a 100� excess of the cold competitors shown to the left. (A)
teins specifically bind DR2, based on competition with wild-type DNA (WT) or DNA
esults from competition assays using DNA in which the base at �96 was altered. (B)
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as Bacillus and Aspergillus have revealed how they are controlled
largely through the coordinated activity of transcription factors
that act in sequential cascades (Adams et al., 1998; Kroos, 2007).

The �110 CCGTTG sequence from Pks1 is only the third oomy-
cete motif to be identified as being responsible for developmen-
tally regulated transcription, and the second participating in
sporulation-specific expression. It is distinguished in several ways
from the other sporulation-specific motif, CTYAAC, which was re-
cently identified in the Cdc14 promoter (Ah Fong et al., 2007).
While the Cdc14 motif is not highly over-represented in other spor-
ulation-induced promoters, the Pks1 motif is significantly over-
represented. A second difference is that the binding activity in
EMSA against the �110 Pks1 motif was more complicated than
against the Cdc14 motif, as a multi-banded phenotype was de-
tected in the former. Moreover, while the putative transcription
factor associating with the Cdc14 motif was in both sporulating
and non-sporulating tissues, the protein binding activity against
the Pks1 motif was sporulation-specific. These differences are con-
sistent with Cdc14 acting at a very early tier of the regulatory hier-
archy of sporulation, and Pks1 at a subsequent stage along with a
consortia of other genes needed for late-stage functions such as
zoospore behavior. Cdc14 is likely activated by transcription factors
preformed in hyphae, while regulators expressed coincident with
Cdc14 or soon thereafter presumably activate through transcrip-
tional or post-translational means the transcription factor complex
that turns on Pks1.

The identities of these putative transcription factors are un-
known, although efforts to purify them are underway. DNA micro-
array data has revealed candidates for regulators of Pks1, such as
several Myb family transcription factors that are induced during
sporulation (Judelson et al., 2008). In other eukaryotes, many tran-
scription factors required for development are transcribed in a
stage-specific manner (Chen et al., 2002), and this would be an eco-
nomical strategy for P. infestans since sporangia development rep-
resents only a short portion of its life cycle.

The role of the �110 CCGTTG motif in inducing Pks1 during
sporulation is very strongly supported by the promoter mutation
studies, its over-representation and positional bias in sporula-
tion-induced promoters, and its binding to a sporulation-specific
protein complex in EMSA. However, we were unable to directly
prove this using the chimeric promoter approach although a larger
region was positive for sporulation-specific activity in that assay.
This is probably since other features of the Pks1 promoter are re-
quired for the cognate transcription factor to bind, which is a com-
mon situation in complex promoters (Chiang et al., 2007; Harbison
et al., 2004). Several such features can be proposed. These include
the CATTTGTT at �101 which was shown to bind a nuclear protein,
and the evolutionarily conserved 9-nt sequence at �89.

An additional feature that may aid the �110 CCGTTG motif is
the T-rich region between �137 and �58 which likely influences
chromatin structure. In budding yeast, for example, a T-rich zone
in the HIS3 promoter establishes a nucleosome-free domain that
increases transcription factor accessibility (Mai et al., 2000; Sekin-
ger et al., 2005). The T-rich region in Pks1 is also predicted to be de-
void of nucleosomes by the Nucleosome Position Prediction tool
(genie.weizmann.ac.il/pubs/nucleosomes06/segal06_prediction.html;
Segal et al., 2006). The majority of P. infestans promoters do not
contain a similarly extensive T-rich zone. Assembly of the tran-
scriptional apparatus may also be aided by the multiple Inr-like se-
quences within the region. The presence of Inr-like elements
combined with low nucleosome occupancy may also explain why
we could detect minor transcripts initiating in the region in
hyphae.

Besides containing multiple Inr-like motifs, the Pks1 promoter
contained other repeats. For example, the CCGTTG at �110 is just
downstream of a similar sequence (repeats R1 and R2 in Fig. 2),
and a different repeat resides just downstream (repeats DR1 and
DR2). Originally it was thought that R1 and R2 might bind a dimer-
ized transcription factor complex or have additive effects. However
this does not seem likely based on the functional analyses and
EMSA data. In addition, neither P. ramorum or P. sojae contain the
repeats. The lack of evolutionary conservation, however, is insuffi-
cient to exclude present or past function of the repeats (or any mo-
tif for that matter) based on studies of orthologous promoters in
other species, where the duplication, deletion, inversion, and other
gross changes in transcription factor binding sites have been doc-
umented (Chuzhanova et al., 2000).

Although this study focused on the mechanism of Pks1 tran-
scription, we predict that the protein kinase it encodes plays a role
in sporangia maturation or zoospores. The latter is most likely
since our RNA blots indicate that Pks1 mRNA persists through
zoosporogenesis, and because zoosporogenesis and encystment
are known to proceed without requiring new RNA or protein syn-
thesis (Clark et al., 1978; Penington et al., 1989). The kinase may
therefore cause post-translational modifications required for activ-
ities such as swimming, chemotaxis, or encystment. Attempts to
define the role of Pks1 through gene silencing by expressing in-
verted repeats of its coding sequences in transformants have so
far been unsuccessful, based on examinations of over 150 transfor-
mants. However, interactions of Pks1 with a Gb-like WD-domain
adapter protein are indicated by yeast two-hybrid and co-immu-
noprecipitation studies (unpublished data). Pks1 may therefore
mediate specific protein–protein interactions in maturing sporan-
gia or zoospores, just as other regulators likely associate to form
the complex that activates Pks1 transcription during an intermedi-
ate stage of sporulation.
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