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Sclerotinia sclerotiorum acidifies its ambient environment by producing oxalic acid. This production of oxalic
acid during plant infection has been implicated as a primary determinant of pathogenicity in this and other
phytopathogenic fungi. We found that ambient pH conditions affect multiple processes in S. sclerotiorum.
Exposure to increasing alkaline ambient pH increased the oxalic acid accumulation independent of carbon
source, sclerotial development was favored by acidic ambient pH conditions but inhibited by neutral ambient
pH, and transcripts encoding the endopolygalacturonase gene pgl accumulated maximally under acidic culture
conditions. We cloned a putative transcription factor-encoding gene, pacl, that may participate in a molecular
signaling pathway for regulating gene expression in response to ambient pH. The three zinc finger domains of
the predicted Pacl protein are similar in sequence and organization to the zinc finger domains of the A4.
nidulans pH-responsive transcription factor PacC. The promoter of pacl contains eight PacC consensus
binding sites, suggesting that this gene, like its homologs, is autoregulated. Consistent with this suggestion, the
accumulation of pacl transcripts paralleled increases in ambient pH. Pacl was determined to be a functional
homolog of PacC by complementation of an A. nidulans pacC-null strain with pacl. Our results suggest that
ambient pH is a regulatory cue for processes linked to pathogenicity, development, and virulence and that these
processes may be under the molecular regulation of a conserved pH-dependent signaling pathway analogous

to that in the nonpathogenic fungus A. nidulans.

Sclerotinia sclerotiorum is a filamentous ascomycete phyto-
pathogen that produces oxalic acid during growth in vitro and
in planta. Mutants deficient in the ability to produce oxalic acid
are nonpathogenic and fail to produce sclerotia (14). Multiple
synergistic roles have been proposed for oxalic acid during
pathogenesis (29, 32). During plant infection, the secretion of
oxalic acid creates an acidic pH environment necessary for the
activities of many hydrolytic enzymes (3), including polygalac-
turonases (24). Polygalacturonase enzymes have been impli-
cated as colonization and virulence factors in other plant-
infecting fungi (44, 49). Furthermore, oxalic acid chelates
calcium, resulting in a destabilization of pectate polymers al-
lowing increased access and sensitivity to pathogen-produced
pectolytic enzymes (32). Oxalic acid also suppresses the plant
oxidative burst (5) and inhibits the activities of plant-produced
polyphenol oxidase (27, 29), suggesting that oxalic acid plays
more subtle roles in pathogenesis as well.

Secretion of oxalic acid by S. sclerotiorum results in the
acidification of the growth environment. The pH of in vitro-
grown liquid cultures and infected host tissues can be as low as
2 and 4, respectively (29, 32). Numerous carbon sources, in-
cluding components of plant cell walls, can support oxalic acid
accumulation when provided as the sole carbon source (30, 32,
51). Culture pH also is a strong regulator of oxalic acid bio-
synthesis (32, 51). Oxalic acid production increases with the
ambient pH of the growth medium, as does oxaloacetase ac-
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tivity, the enzyme proposed to catalyze oxalic acid production
by hydrolysis of oxaloacetate (31). Since S. sclerotiorum acidi-
fies the extracellular environment and yet cytosolic pH is as-
sumed to remain relatively stable, any effects of external pH
change on intracellular enzyme activities should be transient.
These findings suggest that a signaling pathway responsive to
external pH conditions regulates the expression of a gene(s)
for oxalic acid biosynthesis.

In Aspergillus nidulans, an ambient pH-sensing signal trans-
duction pathway affects expression of genes encoding several
secreted and outer membrane bound proteins, as well as en-
zymes that synthesize metabolites destined for export (4, 8, 9,
26, 43, 50). The gene product of pacC is the terminal compo-
nent of the pH signaling pathway and the regulator of pH-
dependent gene expression (4). This protein has a zinc finger
DNA-binding domain with a core DNA consensus binding site
of 5'-GCCARG-3' (50). pacC*® mutations result in constitutive
activation of the pH-responsive gene expression pathway and
mimic gene expression patterns observed in the wild type un-
der alkaline growth conditions (4). pacC-null mutations result
in severe defects in growth and conidiation, and gene expres-
sion is similar to that observed in the wild type at acidic pH
(50).

Our objectives in this study were (i) to determine if ambient
pH was a major regulator of oxalic acid biosynthesis and scle-
rotial development. (ii) to identify ambient pH-responsive
gene expression, and (iii) to determine if a homolog of the
ambient pH transcriptional regulator pacC was present in S.
sclerotiorum. We hypothesize that ambient pH is a signal for
the transcriptional regulation of genes necessary for the dis-
ease process and developmental life cycle of this organism. We
found that diverse processes in S. sclerotiorum are influenced
by ambient pH and that pac! is a functional homolog of the
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pacC pH-responsive transcription factor. Our results suggest
that pH-responsive gene regulation plays a role in S. sclerotio-
rum pathogenicity and development.

MATERIALS AND METHODS

S. sclerotiorum growth conditions. We utilized wild-type S. sclerotiorum isolate
1980 obtained from J. R. Steadman at the University of Nebraska-Lincoln. This
isolate was originally obtained from dry bean culls in western Nebraska (14) and
was routinely cultured on potato dextrose agar (PDA; Difco, Detroit, Mich.). To
analyze the effects of ambient pH and carbon source on oxalic acid accumulation,
we inoculated 500 ml of YPSu medium (containing, per liter, 4 g of yeast extract
[Difco], 15 g of sucrose, 1 g of K,HPO,, and 0.5 g of MgSO,) in a 1-liter flask
with 20 ~5-mm?® agar-mycelium plugs of S. sclerotiorum obtained from the
advancing margin of a PDA culture. This liquid culture was incubated at room
temperature, with shaking at 150 rpm, for 5 days and then blended in a Waring
blender and incubated for an additional 24 h. The entire culture was harvested
by vacuum filtration onto filter paper and washed three times by resuspension in
600 ml of distilled water. Then, 10-ml aliquots of the washed mycelia (average
mycelial wet weight, 200 mg) were harvested by vacuum filtration and resus-
pended in 50 ml of fresh medium containing, per liter, 4 g of yeast extract, 1 g of
K,HPO,, 0.5 g of MgSO,, 0.5 M 3-(N-morpholino)propanesulfonic acid (MOPS)
buffer, and either one of four carbon sources—sucrose (7.5 g), glucose (15 g),
mannitol (15 g), or soluble starch (15 g)—or no carbon. Preliminary results
indicated that the need for greatest control of pH would be at pH 7; therefore,
although MOPS provides little buffering capacity below pH 7, it was used for all
pH treatments to control for buffer effects. Nine flasks were inoculated for each
carbon source, three each with initial pH values of 3.0, 5.0, or 7.0. These cultures
were incubated for an additional 24 h. These secondary cultures were harvested
by vacuum filtration, and supernatants were saved for oxalic acid quantification.

To determine the effect of ambient pH on sclerotial development, 50 ml of
YPSu liquid medium cultures were inoculated with four ~5-mm? agar-mycelium
plugs of S. sclerotiorum. Cultures were grown for 4 days and then blended with
a surface-sterilized hand mixer, and the incubation was continued. At 24 h after
blending, cultures were harvested by vacuum filtration onto filter paper (What-
man no. 1) and washed with four volumes of sterile distilled water. The filter
paper containing the mycelial mat was transferred to a 9-cm glass petri dish
containing a single layer of 5-mm-diameter glass beads and 20 ml of 0.5 M MOPS
solution at pH 5.0 or pH 7.0. The buffer was replaced every 24 h for 4 days to
ensure stable pH conditions for the duration of the experiment. Cultures were
monitored for sclerotial development and then photographed after 4 days. Three
cultures were evaluated at each pH, and the experiment was repeated twice.

Oxalic acid quantification. Supernatants from cultures grown on different
carbon sources and at various pH levels were analyzed for oxalic acid content
with an enzymatic assay kit (Sigma, St. Louis, Mo.) according to the manufac-
turer’s instructions. The oxalic acid concentration was calculated by extrapola-
tion from a standard curve and adjusted for the dilution factors. Values represent
the mean and standard deviation of three replications and are adjusted by
subtraction of background obtained by incubating in buffer alone at the three
different pH values.

Library construction and pacl cloning. A 145-bp sequence from the A. nidu-
lans pacC gene was obtained by PCR amplification of A. nidulans genomic DNA
with forward primer 5'-AACCTCAACCTGAACTTGTCAATGGG-3' and re-
verse primer 5'-AAATCCTGGGGACGCTT GAA-3' followed TOPO TA
Cloning into pCRII (Invitrogen, Carlsbad, Calif.) to generate pCRPacC. Total
genomic DNA was isolated from the mycelia of S. sclerotiorum using the protocol
of Panaccione et al. (35). Southern hybridization of S. sclerotiorum DNA digested
with PstI and fractionated on a 0.8% agarose gel was carried out by standard
protocols (2) using a 3?P-labeled probe prepared by PCR labeling (33) of the
pCRPacC insert. Low-stringency hybridization was performed in 1% bovine
serum albumin (BSA), 1 mM EDTA, 0.5 M NaHPO,, and 7% sodium dodecyl
sulfate (SDS) at 55°C, followed by two room temperature washes and two 55°C
washes in 0.5% BSA, 1 mM EDTA, 40 mM NaHPO,, and 5% SDS.

We constructed a library from total genomic DNA of S. sclerotiorum isolate
1980 by ligating partially Sau3Al-digested, size-selected- (14 to 23-kb) DNA
fragments into the BamHI site of the \ replacement vector \EMBL3 (Promega,
Madison, Wis.). This library was plated and screened using standard protocols
(2) under the same conditions and with the same 3*P-labeled pacC probe as those
described above for the Southern hybridization. Positive plaques were identified
by autoradiography and purified by three successive rounds of screening. Se-
quences hybridizing to the pacC probe were localized to a 9.5-kb PstI fragment
on clone APacS7.2 and to a 6.7-kb Xbal fragment on clone NPacS4.2. These
fragments were cloned into the pBluescript IT KS(—) vector (Stratagene, La
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Jolla, Calif.) and were designated pBSPacS7.2 and pBSPacS4.2, respectively. The
pacC-related sequence was further localized to a 543-bp HindIII-Sau3AlI frag-
ment on pBSPacS7.2, and a subclone, pBSPacS7.2HS, containing this fragment
was made.

We prepared a cDNA library in the AZipLox vector (Gibco-BRL, Rockville,
Md.) with a SuperScript Acloning System (Gibco-BRL) from poly (A)" RNA
obtained from developing sclerotia of S. sclerotiorum isolate 1980. S. sclerotiorum
was cultured on PDA medium in 9-cm-diameter petri plates by inoculating a
single mycelium-agar plug onto the center of each plate. After 4 days of growth
at room temperature, nonmelanized, developing sclerotia with liquid exudate on
the surface were harvested with forceps, frozen in liquid nitrogen, and stored at
—80°C. These immature sclerotia were frozen in liquid nitrogen and ground to
a fine powder with a mortar and pestle. Total RNA was isolated with Trizol
reagent (Gibco-BRL) according to the manufacturer’s instructions. Poly(A)*
RNA was purified with a Dynabead mRNA detection kit (Dynal, Oslo, Norway)
according to the manufacturer’s instructions. This poly(A)" RNA was used to
construct a unidirectional cDNA library. This library was screened with the
pacC-hybridizing HindIII-Sau3Al fragment from pBSPacS7.2HS according to
standard protocols (2).

Hybridization was done in 1% BSA, 1 mM EDTA, 0.5 M NaHPO,, and 7%
SDS at 65°C, followed by a 10-min room temperature wash in 0.5% BSA, 1 mM
EDTA, 40 mM NaHPO,, and 5% SDS and then three 10-min washes, the first
at room temperature and the last two at 65°C, in 1 mM EDTA, 40 mM NaHPO,,
and 1% SDS. cDNA clones were recovered as autonomously replicating pZL
plasmids by using the in vivo excision protocol supplied with the cloning kit
(Gibco-BRL). One of these clones with a 2.4-kb insert, designated pZLPacS1,
was chosen for further analysis.

pacl sequence analysis. Plasmids pBSPacS4.2 and pZLPacS1, containing the
genomic and cDNA sequences of pacl, respectively, were used as DNA sequenc-
ing templates. Both strands of each insert were sequenced using universal,
reverse, and custom-made oligonucleotide primers (DNA Sequencing Core Re-
search Facility, University of Nebraska—Lincoln). Sequence contigs were assem-
bled and analyzed with DNASIS (Hitachi Software Engineering Co., Yokohama,
Japan). Homology searches were conducted with the BLAST algorithm (1).
Multiple amino acid sequence alignment with S. sclerotiorum Pacl (accession no.
AY005467), A. niger PacC (accession no. X98417), A. nidulans PacC (accession
no. Z47081), Penicillium chrysogenum PacC (accession no. U44726), Yarrowia
lipolytica YIRIM101 (accession no. X99616), Candida albicans HRM101 (acces-
sion no. AF173841), and Saccharomyces cerevisiae RIM1 (accession no. X72960)
were conducted with the Wisconsin Sequence Analysis Program 9.1 (Genetics
Computer Group, Madison, Wis.). Shading of conserved residues on the multiple
amino acid sequence analysis output was conducted with MacBoxShade v2.01
(http://ulrec3.unil.ch/software/BOX_form.html).

Northern analysis. Primary cultures were grown and harvested as described
above for experiments to determine the effect of ambient pH on sclerotial
development. For ambient pH series experiments, harvested cultures were trans-
ferred to fresh YPSu medium buffered with citric acid-sodium phosphate buffer
to achieve initial pH values between 3.0 and 7.0; the actual initial pH value for
each culture was determined after autoclaving. These secondary cultures were
incubated for 6 h, harvested by vacuum filtration, and quick frozen in liquid
nitrogen. For expression kinetics experiments, primary cultures were incubated
for 0, 10, and 30 min and for 1, 2, 3, 4, 5, and 6 h in YPSu medium buffered with
citric acid-sodium phosphate buffer at pH 7.9. Total RNA was prepared with
Trizol reagent as described above. For Northern blot analysis, 15 ug of RNA and
RNA size standards was electrophoresed in a 0.8% agarose-0.66 M formalde-
hyde gel and transferred to MagnaGraph nylon membranes (Micron Separa-
tions, Inc., Westborough, Mass.) according to standard protocols (2). Hybridiza-
tion probes were generated by **P-random primer labeling (11). The sequences
used as hybridization probes were the pacl cDNA sequence from pZLPacS1; the
endopolygalacturonase-encoding pg! coding sequence (39), obtained by PCR
amplification of S. sclerotiorum DNA with primers derived from the published
sequence (39) and subsequent TOPO TA cloning into the pCRII vector (Invitro-
gen); and the rDNA repeat sequence from Neurospora crassa from pMF2 (13).
Hybridization and washing conditions were the same as for cDNA library screen-
ing. The washed blots were autoradiographed and exposed to a phosphor screen
that was scanned by a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).
Hybridization signals were quantified using ImageQuant software (Molecular
Dynamics), and the reported relative level of signal in each lane was corrected
based on the hybridization signal from the rDNA probe. All pH-transfer exper-
iments and Northern blots were conducted a minimum of three times.

A. nidulans strains and transformation. A. nidulans strain RDP2 (pabaAl
argB2 pacC veAl) (37) carrying the null pacC allele (50) was provided by Nancy
Keller. This strain was transformed with the argB-containing plasmid pPK1 (53)
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TABLE 1. Influence of pH and carbon source on oxalic acid
accumulation

Mean oxalic acid concn

Carbon source pHje pHfp (mg/liter) + SD
Glucose 3.0 2.5 3.9+20
5.0 3.3 90 £ 7.4
7.0 6.6 1,500 = 400
Sucrose 3.0 2.6 32+14
5.0 3.5 79 £23
7.0 6.7 1,500 = 173
Starch 3.0 2.8 20+1.2
5.0 3.7 21 =58
7.0 6.9 1,400 = 140
Mannitol 3.0 2.8 1.7+0.8
5.0 3.7 74 =20
7.0 6.9 150 + 44

“ pH of the culture before mycelial inoculation.
b pH of the culture 24 h after mycelial inoculation. Within treatments, the final
pH values varied by 0.1 or less.

and pPKPacS$, created by ligating a 5.9-kb XbaI-Xhol fragment from pBSPacS4.2
containing the pacl coding sequence plus 3.3 kb of the upstream sequence and
666 bp of the downstream sequence into pPK1. To obtain RDP2 protoplasts, the
strain was cultured on solid pH 4-buffered minimal medium (7) supplemented
with 200 mg of L-arginine hydrochloride, 85 pg of p-aminobenzoate (PABA), and
5 g of yeast extract (Difco) per liter. Conidia were collected from the surface of
plates by scraping into sterile water. Conidia and hyphae collected from all 10
plates were inoculated into 400 ml of liquid, pH 4-buffered minimal medium (7),
supplemented as necessary, and incubated at 37°C and at 150 rpm for 16 h.
Protoplasts were prepared and transformed essentially as described by Yelton et
al. (55). Transformants were selected on solid, pH 4-buffered minimal medium
containing 1.2 M sorbitol and 85 pg of PABA per liter. Transformants were
evaluated for rate of growth, conidiation, and morphology on pH 4- and pH
8-buffered minimal medium supplemented with PABA. Photomicrographs of
conidiophores were taken on a Zeiss (Jena, Germany) Axioskop compound light
microscope with differential interference contrast optics. Comparisons were
made between strains RKS1 (pabaAl yA2 veAI), containing the wild-type pacC
allele, and the recipient strain RDP2, RDP2 transformed with pPK1, and RDP2
transformed with pPKPacS.

Nucleotide sequence number. The pac! genomic sequence has been deposited
in the GenBank, EMBL, and DDBJ DNA data banks under accession no.
AY005467.

RESULTS

Ambient pH and carbon source regulation of oxalic acid
accumulation. Total oxalic acid accumulation in media buff-
ered at an initial pH of 7.0 ranged from an average of 1,500 mg
of oxalic acid per liter of culture supernatant with glucose,
sucrose, and starch as the carbon source to 150 mg of oxalic
acid per liter of culture supernatant in media with mannitol as
the carbon source (Table 1). When oxalic acid levels in media
were compared at three different initial pH values, pH 3, 5, and
7, the highest levels of oxalic acid were observed at pH 7, with
lower levels at pH 5 and the lowest levels at pH 3 (Table 1). If
the initial culture pH was 5 or 3, then no difference in oxalic
acid accumulation between mannitol media and media pre-
pared from other carbon sources was observed.

Ambient pH and sclerotial development. Sclerotia do not
develop from mycelia in liquid submerged culture but do de-
velop synchronously when mycelia are transferred to aerial
conditions. After transfer to conditions conducive for sclerotial
development at pH 5, sclerotial initials were evident by 24 h,
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FIG. 1. pH regulation of sclerotial development. Mycelial cultures
were harvested and transferred to stationary, sclerotium-inducing con-
ditions in 9-cm-diameter petri dishes with the liquid underlay buffered
with 0.5 M MOPS at pH 5 or pH 7. Buffer was replaced every 24 h to
maintain constant pH, and treatments were performed in triplicate
with three replications. Representative cultures from each treatment
are shown.

melanized sclerotia were evident by 48 h, and nearly mature
sclerotia were evident by 4 days (Fig. 1). In contrast, sclerotial
initiation and development were almost completely inhibited
under the same conditions when the pH was held constant at
pH 7 for 4 days (Fig. 1). This pH effect on sclerotial develop-
ment was independent of nutrient requirements since sclerotia
developed normally and with the same kinetics when YPSu
medium buffered at pH 5 was used and since development was
inhibited in buffered YPSu medium at pH 7 (data not shown).
In these same YPSu cultures 24 h after transfer to sclerotium-
inducing conditions, nearly five times as much oxalic acid
(1,600 £ 30 mg/liter) accumulates at pH 7 relative to pH 5
(330 = 45 mg/liter).

pgl expression. The influence of ambient culture pH on the
accumulation of transcripts encoding the endopolygalacturo-
nase enzyme PGl was examined by Northern blot analysis.
Mycelia were transferred from primary cultures with an aver-
age pH of 3.2 to fresh cultures with a series of pH values from
3.0 to 7.4. pgl expression decreases as ambient pH increases
(Fig. 2A). Transcript levels of pgl were highest between pH 3.0
and 3.8 and decreased dramatically at pH 4.2 and above (Fig.
2A).

Isolation and characterization of a pacC homolog. We
probed a Southern blot of restriction enzyme-digested S. scle-
rotiorum genomic DNA at low stringency with a fragment of
the pacC gene and observed a single, weakly hybridizing band.
From the S. sclerotiorum genomic library in \EMBL3, we iden-
tified six hybridizing clones. We localized the pacC-related
sequences to an approximately 6.7-kb Xbal fragment from
clone APacS4.2. This fragment was subcloned into pBluescript
IT KS(—) to create pBSPacS4.2.

Sequences from pBSPacS4.2 hybridized to nine clones in the
NZipLox library that we had constructed from S. sclerotiorum
cDNA. The largest insert size, 2.4 kb, was present in three of
these clones. We sequenced one of these cDNA clones desig-
nated pZLPacS1. We identified a single open reading frame of
1,878 bp, predicted to encode a 626-amino-acid, 68-kDa pro-
tein (GenBank accession no. AY005467). This predicted pro-
tein shares high sequence similarity with the PacC/RIM1 fam-
ily of transcription factors which have been identified from A.
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FIG. 2. pgl and pacl transcript accumulation in response to differ-
ent ambient pH conditions. (A) Lanes 1 to 10 show a Northern analysis
of total RNA isolated from S. sclerotiorum mycelia 6 h after transfer to
fresh YPSu medium buffered with citrate-phosphate buffer at the in-
dicated pH values. Blots were probed with pac/ and then sequentially
stripped and reprobed with pgl and ribosomal DNA (rDNA) probes as
indicated. (B) Northern analysis of total RNA isolated from S. sclero-
tiorum mycelia at various time points after transfer to fresh YPSu
medium buffered with citrate-phosphate buffer at pH 7.9. Lane 1, total
RNA from mycelia of the primary culture (final pH, 3.0); lanes 2 to 9,
total RNA from cultures at 10 min to 6 h after transfer to pH 7.9. Blots
were probed with pacl, stripped, and reprobed with the rDNA probe.
To facilitate comparisons of transcript levels between various time
points, the level of pacl signal detected at the 10-min time point is set
at 1X.

nidulans (50), A. niger (25), P. chrysogenum (47), S. cerevisae
(46), Y. lipolytica (20), and C. albicans (38). Over its entire
sequence, the predicted peptide shares greatest identity (44%)
and similarity (51%) to the A. nidulans and A. niger PacC
peptides. We refer to this gene as pacl and the encoded pep-
tide as Pacl.

Several of the sequence features described for the A. nidu-
lans PacC peptide (50) are conserved in Pacl. These include a
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tyrosine-rich region and two proline-glycine-rich regions down-
stream of the zinc finger. Additionally, the carboxy-terminal
half of Pacl is serine- and threonine-rich, and the S/TPXX
motif that is frequently found in transcription factors (48),
including PacC (50), occurs 13 times in Pacl. Two putative
nuclear localization signals (NLS) were identified in the Pacl
sequence using PSORT II (34). The first, KRNFDNLNDFFA
GAAKRR, begins at residue 236 and fits the pattern of a
bipartite NLS (40). These Pacl residues align with a putative
bipartite NLS in the PacC homologs (data not shown). A
second potential NLS of the SV40 large T antigen type (16)
was identified, PRRR, beginning at residue 475.

The amino terminus of Pacl, comprising 44 residues up-
stream of the zinc finger domain, is glutamine-rich (11 of 44
residues), including a stretch of six contiguous glutamine res-
idues, serine-rich (10 of 44 residues), and threonine-rich (6 of
44 residues) but, in contrast to the N termini of the aspergilli
and Penicillium PacC homologs, is not particularly alanine-rich
(4 of 44 residues in Pacl).

The most highly conserved sequence feature among the
PacC/RIM1 homologs is the zinc finger region. Pacl contains
three Cys,His, zinc finger domains designated Zf1, Zf2, and
Zf3 (Fig. 3). The Cys-Cys and His-His spacing (Zfl: C4C,
H4H; Zf2: C4C, H3H; and Zf3: C2C, H3H) present in the
other homologs is conserved in Pacl. The greatest sequence
conservation is observed in Zf3, in which Pacl Zf3 contains
one conservative substitution, Glu (E) for Asp (D) at position
c2 (following the conventional notation established by Jacobs
[17]), relative to Zf3, c2 residues in aspergilli, and Penicillium
PacC homologs. Compared to Zf2 of the aspergilli PacC pep-
tides, Pacl Zf2 contains two nonconservative amino acid sub-
stitutions: Gly (G) for Gln (Q) at position c2 and Asn (N) for
Gly (G) at position c4. The amino acid substitutions observed
in Zf2 and Zf3 of Pacl relative to PacC are in the predicted b2
strand and not in residues of the alpha helix involved with
specific DNA base recognition by PacC (10). Among the zinc
fingers of all the PacC/RIM1 homologs, the weakest sequence
conservation is within Zfl. In the Pacl Zfl, there are four
conservative and six nonconservative substitutions relative to
the Zfl of A. nidulans PacC. However, a pair of Trp (W)
residues that are thought to be necessary for Zf1-Zf2 interac-
tion are conserved at the c3 position within the Cys knuckles of
Zf1 and Zf2.

The 6.7-kb insert of the genomic pac! clone pBSPacS4.2 was
sequenced (GenBank accession no. AY005467) and contains
the entire pac! gene. No significant open reading frame other

22 Z3

Z1
S.scl-Pac: [HOEEKMSERCPI[FIA
A.nig-Pac: SLIQGMSEKCPS|JA
A.nid-Pac: [HMUOGHSEKLPP|3S
P.chr-Pac: HONVGHTEKSPTA|JS
Y.lip-Rim: WKUGPMGKTFGSAIK|
C.alb-Rim: MLUSNMNIIFETRAI
S.cer-Rim: MKUDNHGMIFNQ|JL)|

WTTTVKRDHITSHIRVHVPLKPLIKCFCly
WTTTVKRDHITSHIRVHVPLKPLIKCDFCEKEIFKRPODLKKHVKTH
UTTTVKRDHITSHIRVHVPLKPLIKCDFCeKHIFKRPODLKKHVKTH
MTTTVKRDHITSHIRVHVPLKPLIKCDFCERKIWFKRPODLKKHVKTH
(PR YTVKRDHITSHIRVHVPLKP}{KCDFCHKNMFKRPODLKKHVKTH
[TTTVKRDHITSHIERVHVPLKP|FICDIICIHKEIFKRPODLKKHEKTH
TTKTEKRDHITSHéRVHVPLKPFGCSTCS ISFKRPODLKKH; #KiIH

FKRPODLKKHVKTH

FIG. 3. Amino acid sequence alignment of zinc finger domains from Pacl and PacC/RIM1 homologs. Residues conserved in at least four of
the seven sequences are shaded with black boxes, and conservative amino acid substitutions are shaded with gray boxes. The three zinc finger
domains conforming to the consensus of Y/FCX, ,CX;FX;LX,HX; sH (17) are indicated with an overline and are labeled Zf1, Zf2, and Zf3.
Sequences are aligned from greatest to least homology to the derived S. sclerotiorum Pacl sequence. GenBank accession numbers: S.scl-Pac,
AY005467; A.nig-Pac, X98417; A.nid-Pac, Z47081; P.chr-Pac, U44726; Y.lip-Rim, X99616; C.alb-Rim, AF173841; S.cer-Rim, X72960.
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than pacl was found. We compared the sequences of the
c¢DNA and genomic clones and found that the pacl genomic
sequence contains three introns. The codon position of the first
pacl intron is the same as that for pacC from A. nidulans, A.
niger, and P. chrysogenum, and the codon position of the third
pacl intron is conserved in A. nidulans and A. niger. The sec-
ond intron is unique to pacl. The 5’ limit of the pacl cDNA
sequence is 240 bp upstream of the putative ATG translation
start site. The 5’ cytosine in this position occurs in a pyrimi-
dine-rich environment (CACTTTTT) and thus is a putative
transcriptional start site for pacl. The 240-base transcribed,
untranslated sequence is AT-rich (67% A+T), as is the entire
1,100-bp sequence (60% A+T) upstream of the coding region.
Eight copies of the PacC core consensus binding sequence
(5'-GCCARG-3") were found between the —339 and —599
bases upstream of the ATG start codon. Seven of the eight
copies were found in the plus orientation, and all conformed to
the more strictly defined consensus of 5'-GCCAAG-3'.

Effect of ambient pH on pacl expression. Primary mycelial
cultures, average pH 3.2, were transferred to fresh medium
buffered with citrate phosphate buffer to maintain a pH be-
tween 3.0 and 7.4. After a 6-h incubation, cultures were har-
vested and examined by Northern analysis (Fig. 2A). The pacl
gene hybridizes with a single mRNA transcript of approxi-
mately 2.4 kb. The steady-state levels of pac! are influenced by
and increase with ambient pH. The difference between pacl
transcript accumulations at pH 3.0 and at pH 7.4 is approxi-
mately 300-fold. pacI transcripts accumulate following transfer
from acidic (pH 3.0) to alkaline (pH 7.9) growth conditions.
pacl transcripts are barely detectable in total RNA from pri-
mary cultures (Fig 2B, time zero), but after 10 min at pH 7.9
the pacl transcripts are easily detected (Fig. 2B). The steady-
state level of pacl transcripts increases under alkaline condi-
tions, peaking at between 2 and 3 h after transfer with levels
12- to 13-fold higher than those found at the 10-min time point
(Fig. 2B). By 6 h at alkaline pH, pacl levels had dropped to
approximately one-half of their maximal levels.

Complementation of a null pacC A. nidulans strain with
pacl. We used vectors pPKPacS and pPK1 to independently
transform a null pacC argB A. nidulans strain (RDP2). Trans-
formants were selected on pH4 minimal medium, and argB™
prototrophs were retained for further analysis. Several hun-
dred pPKPacS and pPK1 transformants were collected. All
pPK1 transformants were arginine prototrophs but otherwise
retained RDP2 growth and conidiation phenotypes (Fig. 4).
Single-spore strains of pPKPacS transformants all had the
same phenotypes: arginine prototrophy and wild-type growth
and conidiation at both alkaline and acidic ambient pH levels
(Fig. 4).

DISCUSSION

S. sclerotiorum is a broad-host-range phytopathogenic fun-
gus that produces oxalic acid in high concentrations, thus cre-
ating an acidic environment in which it grows and causes dis-
ease. The carbon source and the pH of the growth medium
influence the accumulation of oxalic acid in culture. Previous
studies on the effect of pH on oxalic acid production in Scle-
rotinia spp. have focused on single carbon sources (32, 51), and
most studies of carbon source effects on oxalic acid accumula-
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FIG. 4. pacl complementation of an A. nidulans pacC-null strain.
The colonial character and conidiation of RKS1, a yellow-spored A.
nidulans pacC wild-type strain; RDP2, an 4. nidulans pacC-null strain;
RDP2+pPK1, and A. nidulans pacC-null strain transformed with the
argB vector pPK1; and RDP2+pPKPacS, an A. nidulans pacC-null
strain transformed with the argB, pacl vector pPKPacS are shown. All
were grown in 6-cm diameter petri dishes on minimal medium buffered
with citrate-phosphate buffer and supplemented with PABA. The
RDP2 culture also was supplemented with arginine. Scale bars repre-
sent 30 pwm.

tion do not examine a range of pH values (30, 36, 51). We grew
S. sclerotiorum on various carbon sources that support different
levels of oxalic acid accumulation at a neutral ambient pH and
compared these levels with the levels of oxalic acid accumula-
tion at lower pH. Carbon source plays a substantial role in the
ability to synthesize oxalic acid, but an alkaline environment
increases oxalic acid biosynthesis independent of carbon
source. Determining the hierarchial positioning of carbon and
ambient pH regulation of oxalic acid biosynthesis awaits the
identification of molecular components of this pathway.

The synthesis of oxalic acid in S. sclerotiorum is proposed to
be catalyzed by oxaloacetate acetylhydrolase. This enzyme ac-
tivity increases as the pH of the ambient environment in-
creases, paralleling oxalic acid accumulation (19, 21, 31, 42). A
second enzymatic activity, oxalate decarboxylase, catalyzes the
breakdown of oxalic acid. This enzyme activity is higher in
mycelial extracts from cultures grown under acidic growth con-
ditions (28). In Aspergillus spp., genes encoding enzymes in the
penicillin, sterigmatocystin, and aflatoxin biosynthetic path-
ways are regulated by ambient pH (6, 18, 43). Based on these
findings, a differential pH expression strategy would appear to
be a plausible approach for cloning genes involved in oxalic
acid biosynthesis and degradation from S. sclerotiorum.

Oxalic acid synthesis and degradation may be tightly regu-
lated to provide an optimal pH environment for lytic enzyme
activities. Numerous pectinolytic, proteolytic, cellulytic, and
other hydrolytic enzymes from S. sclerotiorum with acidic pH
optima have been described (15, 22, 23, 24). Our Northern
analysis with the endopolygalacturonase-encoding gene pgl
demonstrate that ambient pH can also regulate enzyme levels
through gene transcription. pg/ is a member of a multigene
family whose members share a high degree (97 to 98%) of
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sequence identity (12). At least one member of this family
displayed acidic pH-specific expression. Specifically determin-
ing which member(s) of this family was regulated by ambient
pH was not possible with the probe we used. Whether genes
encoding other lytic enzymes also are pH regulated has yet to
be determined. In Colletotrichum gloeosporioides, endopolyga-
lacturonase gene expression and pectate lyase gene transcrip-
tion and enzyme secretion were recently demonstrated to be
regulated by ambient pH (54). Transcriptional regulation of
host-degrading enzymes by ambient pH also has been demon-
strated in the entomopathogenic fungus Metarhizium anisop-
liae (45). In this fungus, the kinetics of extracellular protease
and chitinase transcript accumulation is pH dependent, with
expression patterns closely paralleling the pH optima of en-
zyme activities. Thus, a dynamic system of gene regulation
based on ambient pH sensing and modification of the ambient
pH environment may have a central role in determining the
pathogenic success of fungal pathogens such as C. gloeospori-
oides, M. anisopliae, S. sclerotiorum, and possibly other phyto-
pathogenic fungi.

In addition to its role in pathogenesis, environmental pH
may regulate sclerotial development in S. sclerotiorum (51).
Sclerotia are compact, melanized, multihyphal structures that
can survive long periods of time under adverse environmental
conditions and carpogenically germinate to produce apothecia
and ascospores. These properties of sclerotia make them es-
sential for the long-term survival and dissemination of Sclero-
tinia spp. In the present study we found that ambient pH affects
sclerotial development. At a neutral or alkaline ambient pH,
sclerotial development is inhibited. If ambient conditions are
maintained at a neutral pH by buffering, this inhibition of
sclerotial development occurs despite the accumulation of high
concentrations of oxalic acid. Thus, under normal develop-
mental conditions, it is the lowering of ambient pH due to
oxalic acid accumulation, rather than oxalic acid accumulation
per se, that appears to be the important regulator of sclerotial
development.

The relationship between oxalic acid production and sclero-
tial development is likely more complex than that of pH alone.
Sclerotial development in mutants that can neither synthesize
oxalic acid nor develop sclerotia (14) is not restored by simply
lowering ambient pH (unpublished observations). Further-
more, cyclic AMP (cAMP)-dependent signaling is known to
regulate sclerotial development and oxalic acid biosynthesis in
S. sclerotiorum (41), and the effects of high exogenous cAMP
levels parallel the effects of elevated ambient pH reported
here, i.e., increased oxalic acid production and inhibition of
sclerotial development. We are interested in determining
whether cAMP-dependent and pH-dependent signaling path-
ways are components of a common signaling circuit or whether
they operate through independent pathways but regulate com-
mon components.

The finding that ambient pH plays a major regulatory role in
oxalic acid biosynthesis, sclerotial development, and pgl ex-
pression suggests that an ambient pH signal transduction path-
way exists in S. sclerotiorum. Such a pathway has been charac-
terized in A. nidulans, and several components of this pathway,
including the pH-dependent transcriptional regulator pacC,
have been cloned and characterized (50). pacC homologs also
have been identified in closely related filamentous fungi (25,
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47) and in yeasts (20, 38, 46, 52). The conservation of the zinc
finger region among the various fungal homologs and the cen-
tral role that PacC plays in mediating pH-dependent signaling
made the pacC gene the first choice for determining if ho-
mologs of a pH-dependent signaling pathway existed in S.
sclerotiorum. Pacl shares the greatest amino acid sequence
similarity (51%) with the aspergillus PacC proteins. The most
convincing sequence characteristic suggesting that pacl is a
structural homolog of pacC is the existence of the three zinc
finger domains that are 85 to 86% identical to the aspergillus
PacC zinc finger domains. Furthermore, the spacing, number,
and organization of these domains are conserved, and the
sequences are 100% homologous for residues proposed to be
involved in base specific contacts with the PacC consensus
recognition sequences (10). Like pacC, pacl displays pH-reg-
ulated expression with steady-state levels increasing as the pH
of the growth medium is increased. Additionally, pacC consen-
sus binding sites found 5’ upstream of the pacl coding se-
quence suggest that pacl also is autogenously regulated. The
eight perfect 5'-GCCAAG-3" hexamer sequence matches 340
to 600 bp upstream of the putative translational start site
represent the largest number of consensus sequences upstream
of any pacC homolog.

We showed that the pacl gene product can serve as a func-
tional homolog of the A. nidulans PacC protein by heterolo-
gous complementation of an A. nidulans pacC-null strain. Al-
though sequence-specific DNA binding and regulation by
proteolytic processing have not been demonstrated for Pacl,
the ability to complement a pacC-null mutant demonstrates
that pacl and pacC are functional homologs and suggests that
the pH-responsive pathway regulating pacC and pacl in both
A. nidulans and S. sclerotiorum will contain additional struc-
turally and functionally homologous components.

Our results demonstrate that ambient pH is a major regu-
lator of a pathogenicity determinant, oxalic acid; a possible
virulence factor, pgl; and a process necessary for long-term
survival, sclerotial development. At least one component of a
conserved regulatory pathway mediating pH-regulated gene
expression, Pacl, exists in this fungus. These findings suggest
that S. sclerotiorum uses the ambient pH environment as a
regulatory cue for disease and morphological development.
Oxalic acid appears to play a central role in pH responsiveness.
Its production is a pH-regulated process and, in turn, its accu-
mulation, by virtue of environment acidification, may serve as
a regulator of acid pH-regulated processes such as pgl expres-
sion and sclerotial development. Interfering with ambient pH
sensing and gene regulation may be viable strategies for block-
ing disease development in this broad-host-range plant pathogen.
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