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Biflagellate zoospores of the highly destructive plant pathogens in the genus Phytophthora are responsible
for the initiation of infection of host plants. Zoospore motility is a critical component of the infection pro-
cess because it allows zoospores to actively target suitable infection sites on potential hosts. Flagellar
assembly and function in eukaryotes depends on a number of dynein-based molecular motors that facil-
itate retrograde intraflagellar transport and sliding of adjacent microtubule doublets in the flagellar axo-
nemes. Dynein light chain 1 (DLC1) is one of a number of proteins in the dynein outer arm multiprotein
complex. It is a 22 kDa leucine-rich repeat protein that binds to the catalytic motor domain of the dynein
c heavy chain. We report the cloning and characterization of DLC1 homologues in Phytophthora cinnam-
omi and Phytophthora nicotianae (PcDLC1 and PnDLC1). PcDLC1 and PnDLC1 are single copy genes that are
more highly expressed in sporulating hyphae than in vegetative hyphae, zoospores or germinated cysts.
Polyclonal antibodies raised against PnDLC1 locallized PnDLC1 along the length of the flagella of P. nicoti-
anae zoospores. RNAi-mediated silencing of PnDLC1 expression yielded transformants that released non-
flagellate, non-motile zoospores from their sporangia. Our observations indicate that zoospore motility is
not required for zoospore release from P. nicotianae sporangia or for breakage of the evanescent vesicle
into which zoospores are initially discharged.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Phytophthora is a genus of over 60 species, many of which are
destructive plant pathogens. The genus belongs to the class Oomy-
cetes and occurs within the Stramenopile assemblage of protists
that share the characteristic of having tripartite tubular hairs (mas-
tigonemes) adorning the anterior flagellum of the heterokont zoo-
spores formed during asexual reproduction (Adl et al., 2005;
Patterson, 1989). For most Phytophthora species, the motile bifla-
gellate zoospores are the main infective agent that initiates plant
disease. Zoospores are able to detect gradients of a variety of com-
pounds including ions, amino acids and sugars and are chemotac-
tically and electrotactically attracted to suitable infection sites
(Appiah et al., 2005; Carlile, 1983; Van West et al., 2002). Having
reached a potential host, the zoospores encyst during which pro-
cess the flagella are typically detached, the spores become bonded
to the host surface through secretion of adhesive material and a
cellulosic cell wall is rapidly deposited (Hardham, 2001, 2007).
The important contribution of zoospore motility to pathogen viru-
lence and successful infection has been demonstrated through
ll rights reserved.
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disruption of normal flagellar function through RNAi silencing of
genes encoding G-a-subunit and bZip transcription factor proteins
(Blanco and Judelson, 2005; Latijnhouwers et al., 2004).

Phytophthora and other Oomycete zoospores are formed within
multinucleate sporangia through the polarisation of organelles and
subdivision of the cytoplasm into uninucleate domains (Hardham,
2009; Hyde et al., 1991). In most Phytophthora species, once cleav-
age is complete, the zoospores are released through an exit pore at
the site of an apical papilla, the wall of which becomes weakened
and distended to form an evanescent vesicle into which the zoo-
spores are emitted. Zoospores swim within the vesicle for a short
time until it breaks and they are able to swim away.

Flagella of Phytophthora and other Oomycete species have the
typical 9 + 2 axonemal structure found in eukaryotic flagella
(Ginger et al., 2008; Hardham, 1987; Nicastro et al., 2005). While
the proteins in a number of zoospore secretory vesicles and flagel-
lar surface components have been shown to be synthesized during
sporangium formation (sporangiogenesis), the flagella themselves
are assembled during sporangial cleavage (zoosporogenesis) from
two basal bodies that lie adjacent to the pointed end of the pear-
shaped nuclei (Cope and Hardham, 1994; Hardham and Hyde,
1997). Studies of the transcriptomes of Phytophthora infestans,
the cause of late blight of potato, have shown that the expression
of specific sets of genes occurs during sporangiogenesis or zoosp-
orogenesis (Judelson et al., 2008, 2009).
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In our studies of the sporulation transcriptomes of two broad
host-range Phytophthora species, namely Phytophthora cinnamomi
and Phytophthora nicotianae, we identified a gene that showed
strong homology to the 22 kDa dynein light chain 1 (DLC1) protein
of Chlamydomonas reinhardtii, LC1 (Benashski et al., 1999). In
C. reinhardtii, LC1 is one of 13 proteins that comprise the large
(�2 MDa) dynein outer arm attached to the A-tubule of the outer
doublet microtubules of the flagellar axoneme (King, 2003; Pfister
and Witman, 1982). The outer arm dynein is composed of one to
three dynein heavy chains (a, ß, c) responsible for ATPase/motor
activity, and a variable number of intermediate chains and light
chains (Wickstead and Gull, 2007). C. reinhardtii LC1 is a member
of the SDS22+ subclass of the leucine-rich repeat protein family
(Kobe and Kajava, 2001) and binds directly to the motor domain
of the c dynein heavy chain and to another uncharacterized
45 kDa axonemal protein (p45) (Benashski et al., 1999; King,
2003). Conformational changes in dynein structure lead to sliding
of adjacent microtubule doublets relative to one another to gener-
ate flagellar bending or to transport of attached cargo towards the
minus end of the microtubules. In the case of the flagellar axo-
neme, the minus end is that emerging from the basal body.

In the present paper, we describe the structure of the DLC1
genes in P. cinnamomi and P. nicotianae. We also report a phyloge-
netic comparison of the DLC1 proteins in Phytophthora and other
protists, an analysis of the expression of the DLC1 gene during
the asexual lifecycle in P. cinnamomi and P. nicotianae and immu-
nolocalization of the DLC1 protein within P. nicotianae flagella. In
studies of PnDLC1 function, we show that RNAi disruption of
PnDLC1 synthesis in P. nicotianae completely inhibits flagella for-
mation and zoospore motility. However, sporangial cleavage oc-
curs as normal and the uninucleate, non-flagellate zoospores are
still released from the sporangia, demonstrating unambiguously
for the first time that zoospore motility is not required for zoospore
release from P. nicotianae sporangia or for breakage of the evanes-
cent vesicle into which they are initially released.
2. Materials and methods

2.1. Phytophthora strains and culture conditions

P. cinnamomi (H1000, ATCC 200982) and P. nicotianae (H1111,
ATCC MYA 141) were grown on V8 nutrient medium as described
previously (Hardham et al., 1991; Marshall et al., 2001a). Asexual
sporulating mycelium of P. nicotianae was obtained by growing
cultures on miracloth on 10% V8 agar for 5 days at 25 �C in the dark
and then transferring the miracloth disks to 5% V8 broth in 20 mm
deep Petri dishes. To induce sporulation, after 12 days growth in
V8 broth in the light, fresh V8 broth was added for 24 h before
the cultures were transferred to mineral salts solution. The appear-
ance of sporangia was monitored and, in some cases, scored and
mycelia harvested at selected times over the next 5 days.
2.2. Screening of cDNA and genomic libraries

A cDNA clone containing the partial sequence of the PcDLC1
gene was identified by differential screening of an oligo(dT)-
primed P. cinnamomi cDNA library made from mRNA isolated from
hyphae harvested 4 h after induction of sporulation (Weerakoon
et al., 1998). Replicates of the arrayed cDNA clones on HyBond
N + nylon membranes (GE Healthcare) were hybridized with
32P-labelled cDNA probes synthesized from mRNA isolated from
hyphae harvested 4 h after induction of sporulation or from vege-
tative hyphae. Genomic clones of PcDLC1 were obtained from a
P. cinnamomi genomic library constructed in EMBL3 (Weerakoon
et al., 1998) by screening under high stringency conditions as de-
scribed previously (Marshall et al., 2001b) with a 32P-labelled
PcDLC1 cDNA. After three rounds of screening, DNA was isolated
from three putative positive PcDLC1 genomic clones. Restriction di-
gests and hybridization results showed that the three PcDLC1 geno-
mic clones were identical. One PcDLC1 genomic clone was selected
and digested with SacI and EcoRI for subcloning into pBluescript
(pBS) and sequencing.

The PnDLC1 genomic clone was isolated from a P. nicotianae BAC
genomic library (Shan and Hardham, 2004) by screening seven fil-
ters representing the whole library with the 32P-labelled PcDLC1
cDNA clone according to standard protocols. Genomic DNA from
two of three putative positive clones was isolated and restriction
digests and hybridization with the PcDLC1 cDNA probe showed
that the clones were identical. DNA from one clone was digested
with EcoRI and BamHI for subcloning into pBS and sequencing.
GenBank accession numbers for P. cinnamomi and P. nicotianae
DLC1 cDNA and genomic clones are pending.

2.3. DNA blots

For DNA blots, 10 lg of genomic DNA was isolated from P. cin-
namomi and P. nicotianae hyphae (Dudler, 1990), digested with
BamHI, HindIII, PstI and SacI (New England Biolabs), electrophore-
sed on a 1.0% agarose gel and transferred to Hybond-N+ mem-
branes. The blots were probed with the PcDLC1 cDNA clone
labelled with 32P-dCTP using the Megaprime kit (GE Amersham).
Signals were detected by exposing the filters to a PhosphoImager
screen (Molecular Dynamics, CA).

2.4. DNA sequencing and data analysis

DNA sequencing was done at the Australian Genome Research
Facility (Brisbane, Qld). DNA and protein sequence searches were
conducted against the non-redundant, expressed sequence tag
(EST) and selected genome sequence databases using BLAST pro-
grams through the websites of the National Centre for Biological
Information (NCBI, http://www.ncbi.nih.gov/BLAST), the Phytoph-
thora Functional Genomics Database (http://www.pfgd.org/) and
the Joint Genome Initiative (JGI; http://genome.jgi-psf.org/Phy-
so1_1/Physo1_1.home.html). DNA sequences were searched for in-
trons using FGENESH (http://linux1.softberry.com/berry.phtml?
topic=fgenesh&group=programs&subgroup=gfind). For phylogenetic
analysis, homologues of DLC1 were retrieved from NCBI and JGI
databases. Protein sequence alignments were performed using the
Clustal X 1.81 algorithm (Thompson et al., 1997) and BioEdit se-
quence editor (Hall, 1999). Phylogenetic analyses were carried out
with Phylo-win Version 2 (Galtier et al., 1996). A phylogenetic tree
was obtained with the maximum parsimony method (Felsenstein,
1985). Structural homology between PcDLC1, PnDLC1 and the C.
reinhardtii LC1 protein (PDB accession 1DS9) was determined using
Deep View/Swiss-PDB Viewer (http://www.expasy.org/spdbv/).

2.5. Quantitative real-time PCR (qPCR)

RNA was isolated from P. cinnamomi and P. nicotianae zoo-
spores, 3-h germinated cysts and hyphae isolated before and after
the induction of sporulation using TRIZOL� reagent (Invitrogen)
according to the manufacturer’s instructions. RNA was treated
with RQ1 DNAse (Promega, Madison, WI, USA) and reverse tran-
scribed using SuperscriptII reverse transcriptase (Invitrogen.
Carlsbad, CA, USA) with oligo(dT) primers to produce cDNA accord-
ing to the manufacturer’s instructions. Minus RT controls to check
for genomic DNA contamination were conducted by PCR and gel
electrophoresis. DNAse-treated P. cinnamomi RNA was further
purified with an RNeasyMini Kit (Qiagen Pty., Ltd., Doncaster, Vic-
toria, Australia) prior to cDNA production. Levels of PnDLC1 and
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PcDLC1 transcripts were quantified using a Rotor-Gene 3000 real-
time cycler (Corbett Life Science, Mortlake, NSW) and FastStart SYBR
Green Master (Roche Applied Science, Mannheim, Germany), as de-
scribed by the manufacturer using the conditions described in Black-
man and Hardham (2008). PnDLC1 transcripts were detected with
the primer pair TCGCTCAACACGCTCAAG–GCCACAGTTCCTCCAACG
and PcDLC1 detected with the primers CCTGTCACTTGGTCGGAA–
CTCGTAGATGGGGTTGCC. WS041 (GenBank accession number
CF891677), a gene shown to be constitutively expressed throughout
P. nicotianae and P. cinnamomi lifecycle stages (Shan et al., 2004; Yan
and Liou, 2006; Blackman and Hardham unpublished results), was
used as a normalizing reference gene (PnWS041 primers: CACGT
ACACATGCCCGAGAC–TTCCCATGTAGGCCGAGTATTC; PcWS041
primers: GCTGACCAACAACGGCACG–GATCACCTCCGTACCTGCG).
Amounts of DLC1 and WS041 transcripts were calculated using
the Comparative Quantification function (qPCR Analysis Software,
version 6.1.81, Corbett Research) relative to the transcript levels in
a single vegetative hyphae sample and the ratio between the two
genes determined as described in Finnegan et al. (2005). A melt
curve was examined after each qPCR run to check that primer di-
mers had not formed.

2.6. Anti-PnDLC1 antibody production and immunofluorescence
microscopy

Two New Zealand White rabbits were inoculated with a syn-
thetic peptide with the sequence AKIDGDMVKQTERD conjugated
to keyhole limpet haemocyanin (KLH). The 14 amino acid peptide
corresponded to the predicted C-terminus of PnDLC1 and PcDLC1
proteins. Pre-immune sera were collected before commencing
inoculations. Immune sera were collected after third and subse-
quent inoculations and tested in enzyme-linked immunosorbent
assays. Mouse monoclonal antibodies directed towards PnLpv,
PnCpa and PnVsv proteins in zoospore peripheral vesicles (Gautam
et al., 1999; Hardham et al., 1986; Hardham and Gubler, 1990)
were also used. Immunofluorescence assays were conducted using
Phytophthora zoospores and mycelia fixed in 4% formaldehyde in
50 mM Pipes buffer as described previously (Cope et al., 1996).

2.7. Vectors for RNAi silencing of PnDLC1

A 343-nucleotide PnDLC1 coding region (Supplementary Fig. S1)
was amplified using forward (PnDLC1dsRNAF1: GGACTAG
TCCCCCGGGATGAAGAAGCTGCGG) and reverse (PnDLC1dsRNAR1:
CCATCGATGGGCTTGACCATGTCACCGTCGA) primers, digested with
SpeI and ClaI and ligated to a ClaI-digested kanamycin linker to pro-
duce a hairpin RNAi construct that was ligated into SpeI-digested
pBS. The PnDLC1-kanamycin-PnDLC1 hairpin fragment was re-
moved from pBS using SmaI digestion and ligated into the expres-
sion plasmid, pTH210 (Judelson et al., 1993) that had been digested
with SmaI. In this reaction, the PnDLC1 RNAi cassette replaces the
hygromycin-resistance gene in pTH210 and is under the control
of the B. lactucae Hsp70 promoter and Ham34 terminator. Inserts
were verified by sequencing. BLAST searches of the NCBI, JGI or
Broad Institute databases did not retrieve any sequences other
than those encoding DLC1 genes.

2.8. Transformation of P. nicotianae and analysis of PnDLC1 RNAi
transformants

Protoplasts were generated from P. nicotianae encysted zoo-
spores using 20 mg/mL driselase (Sigma) and 0.6 mg/mL cellulase
(Sigma) as described previously (Bottin et al., 1999). Protoplasts
were co-transformed with the linear blunt-ended ScaI-digested
PnDLC1 RNAi construct and the PCR product of pTH210. A polyeth-
ylene glycol–CaCl2 treatment regime was used to introduce for-
eign DNA into P. nicotianae protoplasts, and transformants were
recovered 5 days after transformation on 10% V8 agar + 100 lg/
ml hygromycin. To obtain sporulating mycelium for phenotypic
analysis, transformants were grown on miracloth on V8 agar con-
taining 100 lg/ml hygromycin for 7 days, in V8 broth containing
50 lg/ml hygromycin for 14 days and then transferred to mineral
salts solution. Sporangial cleavage was induced by washing the
cultures in cold distilled water and incubating the plates on a light
box at 18 �C. Zoospore release and motility were examined micro-
scopically during the ensuing hour. PnDLC1 transcript levels were
determined in sporulating hyphae of five transformants generated
in the presence of the hygromycin-resistance gene and the DLC1
RNAi constructs, in one transformant generated in the presence
of the hygromycin-resistance gene only and in wild-type P. nicoti-
anae by qPCR as described earlier. Sporangia numbers were mon-
itored between 0 and 7 days after transfer to mineral salts
solution and samples taken at similar stages of sporulation. Be-
tween five and eight biological replicates were analysed for each
isolate.
3. Results

3.1. Identification of a P. cinnamomi cDNA clone encoding dynein light
chain 1

Differential screening of a P. cinnamomi cDNA library con-
structed from mRNA isolated from hyphae harvested 4 h after
induction of asexual sporulation led to the identification of a num-
ber of cDNA clones that were more highly expressed during early
sporulation than in vegetative hyphae. When the ESTs were com-
pared with sequences in GenBank, one showed homology to a gene
encoding the flagella outer arm dynein light chain 1 (DLC1). The
gene corresponding to this cDNA was named PcDLC1 for P. cinnam-
omi Dynein Light Chain 1. The PcDLC1 cDNA produced a full length
transcript of �622 bp, which included a 37-bp untranslated 30 re-
gion upstream of the poly (A+) tail, and encoded a polypeptide
with a predicted molecular mass of 20.2 kDa. In GenBank database
comparisons, PcDLC1 has the highest similarity to the DLC1 from
C. reinhardtii, LC1 (GenBank accession number AAD41040) with
which it has 52% amino acid identity. Alignment of PcDLC1 with
DLC1 homologues from C. reinhardtii and other species demon-
strates strong sequence preservation especially in the highly
conserved leucine-rich repeat regions (Supplementary Fig. S2).
Residues thought to be involved in binding to the dynein c heavy
chain in the outer arm complex and to p45, the only other protein
known to interact with DLC1 (Horvath et al., 2005; Sakato and
King, 2004), are also conserved in PcDLC1. Protein modelling of
PcDLC1 based on the C. reinhardtii LC1 structure (Wu et al., 1999,
2003; Wu et al., 2000) revealed a similar topology, including the
locations of the dynein c heavy chain-interacting sites within the
b-sheet face of the protein and the a-helical regions that interact
with p45 (Supplementary Fig. S3).
3.2. DLC1 is a single copy gene in P. cinnamomi and P. nicotianae

Blots of genomic DNA from P. cinnamomi and P. nicotianae were
hybridized with a radiolabeled PcDLC1 cDNA probe (Fig. 1). There is
a restriction site for SacI in PcDLC1. The hybridization patterns in
both cases are consistent with there being a single copy of the
DLC1 in both P. cinnamomi and P. nicotianae genomes. Comparison
of PcDLC1 and PnDLC1 with P. infestans, Phytophthora ramorum,
Phytophthora sojae and Phytophthora capsici genomic sequence
databases revealed that each of these species also contains a single
copy of the DLC1 gene.



Fig. 1. DNA blot analysis of PcDLC1 and PnDLC1. Genomic DNA from P. cinnamomi
(P. cin) and P. nicotianae (P. nic) was digested with SacI (S), HincIII (H) and PstI (P).
The filters were hybridized with a 32P labelled probe made using PcDLC1 cDNA
clone. The sizes of the marker bands are indicated at the left in kbp.
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3.3. Sequence analysis of PcDLC1 and PnDLC1 genomic clones

The PcDLC1 genomic clone was isolated from a P. cinnamomi
EMBL3 genomic library and sequenced. Comparison with the cDNA
sequence indicated that the PcDLC1 genomic clone contained two
introns, 240 bp and 64 bp in length (Supplementary Fig. S2), and
a 17-bp CT-element 105–122 bp upstream of the ATG. CT-elements
are frequently seen in the promoter region of Phytophthora genes
(McLeod et al., 2004). At the 50-end of the CT-element is a
CTCCTTCT sequence that, apart from one base pair, conforms with
the consensus initiator (Inr) sequence, CTCANTCT (Smale and
Baltimore, 1989). The initiator site overlaps the transcription start
site and is capable of acting alone as a minimal transcription control
element in directing transcription at a low level in most eukaryotic
genes, including species of Phytophthora (Chen and Roxby, 1997). A
consensus eukaryotic polyadenylation signal (AATGAA) was ob-
served in the 30-untranslated regions of the PcDLC1 genomic clone.

The PnDLC1 genomic clone was isolated from a P. nicotianae BAC
genomic library (Shan and Hardham, 2004) by screening with a
radiolabelled PcDLC1 cDNA probe. Sequencing of the PnDLC1 geno-
mic clone and analysis using FGENESH indicated that this gene also
contained two introns, 74 bp and 69 bp in length, and a 17-bp
CT-element 86–103 bp upstream of the ATG. PnDLC1 did not have
a consensus eukaryotic polyadenylation signal (AA[TG/A]AA) but
did have an AT-rich (TTTTTGTAAA) sequence in the 30-untranslated
region similar to the polyadenylation signal commonly found down-
stream of the open reading frames of Oomycete genes. Analysis of
partial EST and gDNA sequence data from P. capcisi indicate that
the position but not the length of the second intron is conserved
in different Phytophthora species.
 Stage of development

Fig. 2. qPCR analysis of DLC1 expression in P. cinnamomi and P. nicotianae. (a)
Relative PcDLC1 transcript levels in P. cinnamomi vegetative hyphae (VH), sporu-
lating hyphae sampled at 6 h, 12 h, 18 h and 1 day after transfer to mineral salts
solution, zoospores (Z) or cysts sampled 3 h after germination (GC). (b) Relative
PnDLC1 transcript levels in P. nicotianae vegetative hyphae (VH), sporulating hyphae
sampled at 3 h, 6 h, 9 h, 12 h, 18 h, 1 day, 2 days, 4 days and 5 days after transfer to
mineral salts solution, zoospores (Z) or cysts sampled 3 h after germination (GC).
DLC1 transcript levels are relative to those of the constitutively expressed P.
nicotianae gene, WS041 (Shan et al., 2004; Yan and Liou, 2006). Bars indicate the
positive value of the standard error of the mean of three biological replicates.
3.4. Phylogenetic analysis

A maximum parsimony tree was obtained after alignment of
PcDLC1 and PnDLC1 amino acid sequences with 19 homologues
of DLC1 from a range of eukaryotic protists and representative ani-
mal species (Supplementary Fig. S4). The cladogram revealed that
DLC1 sequences from Phytophthora species clustered with those
from the two diatoms, Aureococcus anophagefferens and Thalassios-
ira pseudonana. The Phytophthora species (Class Oomycetes) and
the diatoms belong to the Stramenopile protist taxon (Van de Peer
et al., 1996). DLC1 proteins in the Stramenopile species are most
closely related to those in the two Alveolate groups, the apicom-
plexans and the ciliates. DLC1 sequences in the green algae, kine-
toplastids and animals are more distantly related to Phytophthora
DLC1.

3.5. Analysis of PcDLC1 and PnDLC1 expression

Patterns of expression of the DLC1 gene in P. cinnamomi and
P. nicotianae were analysed using quantitative real-time RT-PCR
(qPCR) (Fig. 2). RNA was isolated from vegetative hyphae, sporulat-
ing hyphae, zoospores and germinated cysts.

In P. cinnamomi, sporulation can be synchronously induced by
transferring non-sporulating mycelium (growing in fresh V8 broth)
to mineral salts solution (Chen and Zentmyer, 1970). Analysis of
the time-course of sporulation revealed that PcDLC1 expression be-
gins to be up-regulated 6–12 h after induction of sporulation and
maximum transcript levels are reached between 12 and 24 h after
transfer to mineral salts solution (Fig. 2a). In P. cinnamomi, sporan-
gia typically first appear about 8 h after the induction of sporula-
tion (Dearnaley et al., 1996). Levels of PcDLC1 mRNA were a little
higher in zoospores and 3-h germinated cysts (i.e. cysts sampled
3 h after germination) than they were in vegetative hyphae but sig-
nificantly lower than the levels reached during sporulation.
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In P. nicotianae, induction of synchronous sporulation is diffi-
cult, however, we have found that after obtaining sufficient bio-
mass in nutrient medium, most sporangia will disappear within
24 h when the cultures are transferred to fresh V8 broth (L.M.
Blackman and A.R. Hardham, unpublished observations). If the cul-
tures are then washed with mineral salts solution, sporulation will
occur in the subsequent 2–5 days. Sporangial counts can be used as
an indicator of the progress of sporulation of the culture.

RNA was isolated from P. nicotianae mycelia in a time-course
after transfer to mineral salts solution. The number of sporangia
in the cultures was counted daily. Sporangia first appeared during
the first 24 h after transfer to mineral salts solution, increased
gradually over the next 2 days and then more rapidly during days
4 and 5. Analysis using qPCR revealed that PnDLC1 transcript levels
in the sporulating cultures were similar to those in vegetative hy-
phae until about 1 day after transfer to mineral salts solution
(Fig. 2b). Thereafter, PnDLC1 transcript levels increased to reach a
maximum between 2 and 5 days after transfer to mineral salts
solution. PnDLC1 transcript levels in zoospores were significantly
higher than in vegetative hyphae but the level in 3-h germinated
cysts was similar to that in vegetative hyphae.
3.6. Immunolocalization of PnDLC1 in zoospores of P. nicotianae

Polyclonal antisera from two rabbits inoculated with a DLC1-
KLH synthetic peptide were tested in immunoblots of P. nicotianae
zoospore proteins but neither showed a specific reaction with a
20 kDa polypeptide (data not shown). In immunofluorescence
assays with P. cinnamomi and P. nicotianae zoospores, sera from
both rabbits labelled the zoospore flagella brightly (Fig. 3a). There
was some labelling of the cell body but as polyclonal antisera tend
to give relatively high levels of non-specific cytoplasmic labelling
in the zoospores, the significance of this labelling is not clear. There
Fig. 3. (a) Zoospores incubated with polyclonal antiserum raised against an
18-amino acid synthetic peptide from the C-terminus of PcDLC1 and PnDLC1. The
antibody labels the two flagella of each zoospore. (b) Zoospores incubated with pre-
immune antiserum. Zoospore flagella are not labelled. Concentrations of the
antisera, image exposure times and digital enhancement were all the same for both
images. Bar = 10 lm.
was either no or weak background labelling by the pre-immune
sera (Fig. 3b).

3.7. Analysis of PnDLC1 RNAi transformants

In order to investigate the function of the DLC1 protein, the
expression of PnDLC1 was inhibited through RNAi silencing of the
PnDLC1 gene. In seven co-transformation experiments in which
constructs encoding the hygromycin-resistance gene (pTH210)
and a PnDLC1 RNAi silencing cassette were transformed into
P. nicotianae protoplasts, a total of 331 hygromycin-resistant trans-
formants were isolated. Control experiments in which only the
hygromycin-resistance gene construct, pTH210, was present were
run in parallel. None of the drug-resistant transformants showed
any abnormal phenotypes when grown on V8 agar or V8 broth.

Because expression of PnDLC1 is up-regulated during sporula-
tion and PnDLC1 forms part of the flagellar axoneme in zoospores,
assessment of possible phenotypic changes in the transformants
was conducted using sporulating hyphae and zoospores. P. nicoti-
anae transformants sporulate poorly when 100 lg/ml hygromycin
is included in the V8 broth, however, mycelia will sporulate if
grown in the presence of 50 lg/ml of hygromycin and then trans-
ferred to mineral salts solution. All drug-resistant transformants
were grown in this way before inducing zoospore release from spo-
rangia by rinsing in cold distilled water.

Zoospore release from sporangia was monitored in each trans-
formant from about 30 min after the induction of cleavage. In most
drug-resistant transformants, sporangial cleavage and zoospore
release and motility were normal but in four transformants,
designated PnDLC1#31, PnDLC1#50, PnDLC1#66 and PnDLC1#68,
only non-motile zoospores were released from the sporangia. As in
wild-type Phytophthora cultures (Fig. 4a–c; Supplementary Video
1), in the four PnDLC1 transformants, zoospores were initially
released into an evanescent vesicle derived from the apical sporan-
gial papilla (Fig. 4d–f, Supplementary Video 2). This vesicle subse-
quently broke but instead of swimming away the zoospores
remained immobile. None of the zoospores produced by the
PnDLC1#31, PnDLC1#50, PnDLC1#66 or PnDLC1#68 transfor-
mants possessed flagella.

Other aspects of zoospore formation, structure and function in
the PnDLC1-silenced transformants appeared to be normal. Immu-
nolabelling of three categories of zoospore peripheral vesicles in
sporulating hyphae, cleaving sporangia, zoospores and cysts, for
example, showed that these vesicles were synthesized during spor-
ulation, segregated during zoosporogenesis and secreted during
encystment as normal [compare immunolocalisations in Fig. 5 to
those in wild-type cells in Cope et al. (1996), Hardham (2005),
Hyde and Hardham (1992)]. The water expulsion vacuole in the
anterior end of the cells also dilated and contracted normally, with
a mean cycle time of 5.02 ± 0.46 s. This compares to a cycle time of
5.7 + 0.71 s in wild-type zoospores (Mitchell and Hardham, 1999).

Zoospores or the cysts derived from them were isolated and
used to establish 20 single-zoospore lines from three of the four
primary transformants. Analysis of sporangial release and zoospore
motility showed that all the single-zoospore lines displayed the
same phenotype of non-flagellate, non-motile zoospores. Silencing
of the PnDLC1 gene in these transformants is stable as the lines
showed the same phenotype of non-motile zoospores when exam-
ined over 2 years after their initial generation.

Using qPCR, levels of PnDLC1 transcripts were measured in
PnDLC1#50, PnDLC1#66 and PnDLC1#68 transformants and com-
pared to levels in wild-type P. nicotianae and in a number of other
control lines (Fig. 6). These latter control isolates included a drug
resistant line that had been transformed with the cassette contain-
ing the hygromycin-resistance gene (pTH210) only, and two drug-
resistant transformants that had been transformed in the presence



Fig. 4. Zoospore release from P. nicotianae sporangia. (a–c) In wild-type P. nicotianae, biflagellate zoospores quickly swim away after breakage of the evanescent vesicle (black
arrows) into which they have been released following rupture of the apical papilla. (d–f) In the PnDLC1#68 silenced line, zoospores were released from the sporangia with the
same speed as in wild-type cultures. However, as the zoospores lack flagella and are non-motile they do not swim away and the cluster of released zoospores slowly floats
away. White arrowheads: flagella. Bar = 10 lm.
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of the PnDLC1 RNAi silencing construct but which did not show the
non-motile zoospore phenotype (designated #6 and #41). The
results showed that levels of PnDLC1 mRNA were significantly
lower in the non-motile zoospore transformants, PnDLC1#50,
PnDLC1#66 and PnDLC1#68, than in wild-type, pTH210, #6 and
#41 controls. These three lines showed PnDLC1 mRNA levels 3%,
8% and 22% of those in wild-type P. nicotianae, respectively.

4. Discussion

4.1. The importance of zoospore motility for Phytophthora pathogenicity

Zoospore motility plays an important role in spore dissemina-
tion and disease initiation in Phytophthora. Zoospores can swim
for hours at speeds of up to about 200 lm/s (Cahill et al., 1996),
thus, potentially covering distances of several metres over their
lifetime. Zoospores are negatively geotropic, swimming towards
the surface of their liquid environment and they autoaggregate
(Carlile, 1983; Reid et al., 1995). They are also chemotactically
and electrotactically attracted to the surface of potential host
plants (Gow, 2004; Tyler, 2002) and can even target specific re-
gions on the host surface such as the root elongation zone (Van
West et al., 2002) or the grooves between adjacent epidermal cells
(Hardham, 2005). Prior to zoospore encystment, motility is used to
orient the ventral surface of the zoospore so that adhesive material
is released from ventral vesicles onto the plant surface in order to
attach the spore to the plant (Hardham and Gubler, 1990).

4.2. Synthesis of flagella and other zoospores components during
asexual sporulation

Many of the proteins and sub-cellular components (e.g. secre-
tory vesicles) destined for Phytophthora zoospores are synthesized
during sporangium formation (sporangiogenesis), including a
number of flagellar surface components (Cope and Hardham,
1994; Dearnaley et al., 1996; Hardham and Hyde, 1997). The
expression of genes encoding proteins stored or functioning in zoo-
spores has been shown to occur after the induction of sporulation
(Judelson et al., 2008, 2009; Marshall et al., 2001b; Robold and
Hardham, 2005). Our demonstration of the up-regulation of
expression of the DLC1 gene in P. cinnamomi and P. nicotianae dur-
ing sporulation is in accord with the results of a recent study of the
P. infestans sporulation transcriptome (Judelson et al., 2009). While
the increase in P. cinnamomi appears to be more modest, in P.
nicotianae, qPCR measurements indicated an approximately 18-
fold increase in PnDLC1 transcript levels coincident with the devel-
opment of sporangia in the cultures. In P. infestans, genes encoding
a number of flagellar proteins are up-regulated during sporangio-
genesis, including a 50-fold increase in transcripts of one
(Pi015853) encoding a homologue of a dynein light chain in Para-
mecium tetraurelia (CAK88700) (Judelson et al., 2009).

In contrast to the secretory vesicles which are made during
sporangiogenesis, the flagella are not formed until the partition-
ing of the multinucleate sporangia into uninucleate zoospores
(zoosporogenesis) (Cope and Hardham, 1994). During this pro-
cess, the microtubular flagellar axonemes are assembled from
the pair of basal bodies located at the narrow end of each nu-
cleus and extend within so-called cleavage vacuoles which be-
come the plasma membrane covering the flagella (Hyde et al.,
1991). Components destined for the flagellar surface become
clustered at the base of the flagellum during its assembly and
are then moved along the flagellar membrane (Cope and Hard-
ham, 1994). However, by analogy with other systems, it seems
likely that the dynein outer and inner arms become distributed
along the microtubule doublets as the flagellar axonemes are
assembled.



Fig. 5. Immunofluorescence micrographs of silenced line PnDLC1#68 hyphae from sporulating mycelium (a), cleaving sporangia (b, c), zoospores (d, e) and cyst (f)
immunolabelled with monoclonal antibodies specific for PnLpv in large peripheral vesicles (a, d), PnCpa in dorsal vesicles and the cyst surface (b, e, f) and PnVsv in ventral
vesicles (c). The immunolabelling indicates that these three categories of zoospore peripheral vesicles are synthesized during sporulation (a) and segregated during sporangial
cleavage (zoosporogenesis). In (b), PnCpa-containing dorsal vesicles do not occur along the future zoospore ventral surface which lies adjacent to the sporangial wall, giving a
scalloped pattern to the labelling. In (c), PnVsv-containing vesicles cluster in regions along the ventral surface. In zoospores, large peripheral vesicles (d) and dorsal vesicles
(e) occur over most of the cell surface but avoid the groove along the ventral surface. PcCpa is secreted as usual during encystment (f). These vesicle distributions are the same
as those seen in wild-type P. cinnamomi and P. nicotianae cultures (Cope et al., 1996; Hardham, 2005; Hyde and Hardham, 1992). (Bars = 10 lm).
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4.3. The role of DLC1 in flagella

Within the flagellar axoneme, each microtubule doublet is
linked to adjacent doublets by nexin links and to the central pair
of single microtubules by radial spokes. Flagella function is
achieved through the sliding of adjacent microtubule doublets
and is powered by the ATPase activity of inner and outer dynein
arms that are distributed along the A-tubule of each doublet
(Gibbons, 1982). Although, it has been known for some time that
DLC1 binds directly to the catalytic domain of the c dynein heavy
chain and to p45, a putative microtubule-binding protein (Benashski
et al., 1999), until recently, there has been little information on the
function of DLC1. However, epitope tagging and RNAi silencing have
been used to study the function of the DLC1 homologue from Trypan-
osoma brucei (Baron et al., 2007). Silencing of the expression of the
TbLC1 gene resulted in disruption of the dynein outer arm and the
complete loss of the tip-to-base beat typical of trypanosome flagel-
lar motility. Instead, the flagella propagate a base-to-tip beat which
propels the cells backwards. To our knowledge, our silencing of
PnDLC1 in P. nicotianae is only the second example of DLC1 disrup-
tion and provides a contrasting result to that obtained in T. brucei.

RNAi silencing of the expression of PnDLC1 in P. nicotianae led to
complete inhibition of flagellar formation during zoosporogenesis
in four independent transformants. This phenotype has not been
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Fig. 6. qPCR analysis of PnDLC1 expression in P. nicotianae wild-type (WT) and
transformant lines. Transformant lines which did not show the non-motile
zoospore phenotype include an isolate transformed with the hygromycin-resis-
tance gene construct only (HPT) and two isolates transformed in the presence of the
hygromycin-resistance gene construct and the DLC1 RNAi construct (#6, #41).
Three transformants that did show the non-motile zoospore phenotype are
PnDLC1#50, (#50), PnDLC1#66 (#66) and PnDLC1#68 (#68). PnDLC1 transcript
levels are relative to those of the constitutively expressed P. nicotianae gene, WS041
(Shan et al., 2004; Yan and Liou, 2006). Bars indicate the positive value of the
standard error of the mean of five to seven biological replicates.
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observed in any other drug-resistant transformants we have gener-
ated including control transformants expressing the hygromycin-
resistance gene only or transformants expressing six other RNAi
silencing constructs. qPCR analysis of three of the four transfor-
mants that produced non-motile zoospores showed that two
(PnDLC1#50, PnDLC1#66) had PnDLC1 transcript levels less than
10% of that in wild-type cells. Although, PnDLC1#68 had PnDLC1
transcript levels about 22% of those in wild-type cells, 100% of
the zoospores that were produced were non-flagellate and non-mo-
tile. It may be that this level of PnDLC1 mRNA is too low to support
adequate PnDLC1 synthesis for normal flagellar formation. It has
been shown that degradation of mRNAs via microRNAs (miRNAs)
and small interfering RNAs (siRNAs) is also associated with transla-
tional inhibition of the targeted mRNA (Brodersen et al., 2008). Thus,
the level of functional PnDLC1 protein may be very low in all trans-
formants showing the non-motile zoospore phenotype.

In Chlamydomonas, mutations in individual dynein outer arm
proteins typically lead to instability of the outer arm dynein and
impairment of function (King, 2003; Liu et al., 2008; Pazour and
Witman, 2001; Sakato and King, 2004), however, they do not inhi-
bit flagellar formation as observed in this study of P. nicotianae. In
T. brucei and C. reinhardtii, interference with flagellar assembly
does, however, result from silencing or deletion of genes encoding
proteins responsible for intraflagellar transport (Absalon et al.,
2008; Pazour and Witman, 2001). Homologues of proteins typi-
cally involved in retrograde intraflagellar transport in other organ-
isms have been shown to be absent from some flagellate protists
(Ginger et al., 2008). Thus, it is possible that in Phytophthora,
DLC1 might be in some way involved in retrograde intraflagellar
transport and hence its silencing inhibits flagellar assembly.

4.4. Zoospore release from Phytophthora sporangia

In Phytophthora, zoospore flagella begin beating within the spo-
rangium before expansion of the papilla and the initiation of zoo-
spore discharge. Some observers have had the impression that
flagellar beating might contribute to the passage of the zoospores
through the exit pore and into the evanescent vesicle (Gisi and
Zentmyer, 1980). However, while in some cases the last few zoo-
spores may swim through the exit pore, there is good evidence
to support the hypothesis that in Phytophthora, as in other Oomy-
cetes, discharge of zoospores from sporangia is driven by hydro-
static pressure generated within the sporangium (Gisi, 1983;
Money et al., 1988; Money, 2001; Money and Webster, 1989).
Our observations of the PnDLC1-silenced lines confirm that flagel-
lar function is not required for the release of all zoospores from the
sporangium. Breakage of the evanescent vesicle into which the
zoospores are initially discharged usually occurs when its volume
is approximately the same as that of the sporangium (Gisi and
Zentmyer, 1980). In wild-type cells, rapid motility of zoospores
within the evanescent vesicle gives the impression that the motile
spores may contribute to or be responsible for vesicle breakage.
However, our studies of the non-flagellate P. nicotianae zoospores
indicate that this is not the case and zoospore motility is not re-
quired for vesicle breakage.
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