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A novel, genetically encoded, ratiometric pH probe (RaVC) was constructed to image and measure intra-
cellular pH in living hyphae of Aspergillus niger. RaVC is a chimeric protein based on the pH-sensitive probe
pHluorin, which was partially codon optimized for expression in Aspergillus. Intracellular pH imaging and
measurement was performed by simultaneous, dual-excitation confocal ratio imaging. The mean cytoplasmic
pH measured was 7.4 to 7.7 based on calibrating RaVC in situ within nigericin-treated hyphae. Pronounced,
longitudinal cytoplasmic pH gradients were not observed in the apical 20 pwm of actively growing hyphae at the
periphery of 18-h-old colonies. The cytoplasmic pH remained unchanged after prolonged growth in buffered
medium with pH values between 2.5 or 9.5. Sudden changes in external pH significantly changed cytoplasmic
pH by <1.3 pH units, but it returned to its original value within 20 min following treatment. The weak acid and
antifungal food preservative sorbic acid caused prolonged, concentration-dependent intracellular acidification.
The inhibition of ATPases with N-ethylmaleimide, dicychlohexylcarbodimide, or sodium azide caused the
cytoplasmic pH to decrease by <1 pH unit. Treatment with the protonophore carbonyl cyanide m-chlorophe-
nylhydrazone or cyanide p-(trifluoromethoxy) phenylhydrazone reduced the cytoplasmic pH by <1 pH unit. In
older hyphae from 32-h-old cultures, RaVC became sequestered within large vacuoles, which were shown to
have pH values between 6.2 and 6.5. Overall, our study demonstrates that RaVC is an excellent probe for

visualizing and quantifying intracellular pH in living fungal hyphae.

Cytoplasmic pH is a physiological parameter that is tightly
regulated by a complex interaction of H" transport, H"-con-
suming and -producing reactions, and H" buffering (10, 38).
Maintaining pH within a physiological range is very important
for protein stability, enzyme and ion channel activity, and many
other processes that are required for cell growth, development,
and survival (38). It has been proposed that intracellular pH
serves as a mechanism by which cells coordinate the regulation
of various processes that lack any other common regulating
factors and may provide a link between the metabolic state and
physiological responses (10).

The most reliable measurements of cytoplasmic pH in fila-
mentous fungi in single living hyphae have indicated a pH of
~7.6. These measurements have been obtained using the ra-
tiometric imaging of a dextran-conjugated, pH-sensitive dye
injected into the cytoplasm to avoid sequestration into or-
ganelles (34). Changes in external pH were found to cause only
small transient changes in the cytoplasmic pH, indicating that
hyphae have a tightly regulated intracellular pH homeostatic
mechanism. Rigorous quantitative analyses of cytoplasmic pH
in growing hyphae and tip-growing plant cells have found no
evidence for the existence of pronounced, tip-focused cytoplas-
mic pH gradients or for such gradients being required for the
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regulation of tip growth (4, 13, 34). These results contradicted
previous reports of cytoplasmic pH gradients in hyphae (2, 25,
40, 41). Changes in cytoplasmic pH have been implicated in
regulating protein synthesis, enzyme activities, and fermenta-
tion productivity in filamentous fungi (24) and cell cycle pro-
gression in fission yeast (26).

The recent sequencing and analysis of the genome of the
filamentous fungus Aspergillus niger has revealed a complex
machinery for H" transport that will play important roles in
pH homeostasis and signaling (35). Key components of this
machinery are five plasma membrane P-type H"-ATPases; one
vacuolar V-type H"-ATPase; one mitochondrial membrane
F,F,-ATP synthase; five K", Na*/H" antiporters; and six
Ca*/H" antiporters (5).

Previous methods of measuring intracellular pH in filamen-
tous fungi commonly have been fraught with problems. Load-
ing hyphae with dextran-conjugated pH dyes or using pH-
sensitive microelectrodes requires cells to be physically
impaled with micropipettes or microelectrodes (42) and is
technically demanding to perform without harming the cells
under study (12, 33). Intracellular pH measurements with free
pH-sensitive dyes often suffer from problems associated with
dye loading and dye sequestration within organelles (21, 33).
There are also reports on the use of radiolabeled membrane-
permeable acids (3) and *'P nuclear magnetic resonance
(NMR) for intracellular pH measurement (18, 19, 20) in fungi.
However, both of these methods require extensive sample ma-
nipulation and do not allow the imaging of intracellular pH in
single living cells. Ideal probes for imaging and measuring
intracellular pH in single living cells should possess several key
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properties. These include having a high selectivity for H" over
other ions present; allowing the accurate quantification of in-
tracellular pH; providing high temporal and spatial resolution;
not interfering with normal physiological activities or cellular
responses; exhibiting low cell toxicity; having a high signal-to-
noise ratio; and having the possibility of being targeted to
specific organelles.

A novel approach for noninvasive intracellular pH measure-
ments has been the development of a recombinant pH-sensi-
tive probe based on mutated green fluorescent protein (GFP)
(6,17, 29, 43). Miesenbock et al. (29) introduced a ratiometric
pH probe of this type, which they named pHluorin. Problems
normally encountered with single-wavelength dyes are reduced
by using ratiometric probes. These problems include distin-
guishing between differences in intracellular pH and variations
in dye brightness due to a variable intracellular dye concentra-
tion, dye photobleaching, or dye leakage from cells (33). Thus,
pHluorin is very suitable as a noninvasive probe in living cells
for imaging and measuring intracellular pH (26, 29, 43), but its
use with filamentous fungi has not been reported previously.

The aims of this study were to (i) develop an improved
version of the pHluorin probe (which we call RaVC) for in-
tracellular pH imaging in filamentous fungi; (ii) obtain mea-
surements of cytoplasmic pH in hyphae of 4. niger expressing
RaVC by using confocal ratio imaging; (iii) confirm or disprove
that a pronounced, tip-focused, cytoplasmic pH gradient is
absent in growing hyphae of A. niger; and (iv) assess the effects
of changing the external pH, and of treating hyphae with
known pH modulators, on intracellular pH homeostasis in A4.
niger.

MATERIALS AND METHODS

Strains, media, and growth conditions. Aspergillus niger A455 (cspAl pyrA6
leuAl nicAI) from the Microbial Culture Collection of the National Institute of
Chemistry, Ljubljana, Slovenia, was used for transformation. Conidia were har-
vested from 4-day-old agar slants and suspended in sterile 0.1% Tween-80 solu-
tion. A conidial suspension (approximately 5 X 107 ml~") was used for inocu-
lating 100 ml of complete medium with the following composition: minimal
medium, 0.1% (wt/vol) yeast extract, 0.1% (wt/vol) Casamino Acids, and 2%
(wt/vol) glucose. The composition of the minimal medium was 71 mM NaNOs,
11 mM KH,PO,, 6.7 mM KCl, 2 mM MgSO,, - 7TH,O, pH 6.0, 0.2 ml trace metal
solution [34.3 mM EDTA, 15.3 mM ZnSO, - 7H,0, 8 mM MnCl, - 4H,0, 1.6 mM
CoCl, - 6H,0, 1.3 mM CuSO, - 5H,0, 0.2 mM (NH,)sMo,0,, - 4H,0, 10 mM
CaCl, - 2H,0, 3.6 mM FeSO, - 7TH,O; pH 6.5]. The fungus was incubated in
500-ml baffled Erlenmeyer flasks on a rotary shaker at 100 rpm and 30°C. For
imaging, fungi were grown in liquid Vogel’s medium with the following compo-
sition: 8.5 mM sodium citrate dihydrate [Na;(C4Hs05)], 36.8 mM KH,PO,, 25.0
mM NH,NO;, 0.7 mM CaCl, - 2H,0, 0.8 mM MgSO, - 7H,O, pH 6.0, 0.2 ml
trace metal solution, 20 wM p-biotin, and 2% (wt/vol) glucose. All mutant strains
were grown on medium with 0.08 mM nicotinamide, 1.5 mM leucine, and 5 mM
uridine if required for auxotrophic growth. Escherichia coli DH5a (New England
Biolabs) was used for plasmid DNA propagation, and E. coli BL21(DE3) (No-
vagen) was used for protein expression. E. coli cells were grown using standard
Luria-Bertani broth in a shaker incubator at 37°C overnight. The induction of
protein was initiated with the addition of 0.4 mM isopropyl-p-p-thiogalacto-
pyranoside. pGW635 containing the A4. niger orotidine-5-phosphate decarboxyl-
ase (pyrA) gene was used as a selection marker for the fungal transformation.

RaVC gene construction. A pH-sensitive GFP named RaVC was constructed
based on the template of ratiometric pHluorin (29). Substantial codon optimi-
zation for Aspergillus was achieved by using fragments of Citrine (15) and Venus
(39) to replace segments of pHluorin that did not encode amino acid residues
conferring pH sensitivity to the probe (see the supplemental material for further
details). For expression in A. niger, the RaVC gene was subcloned into the
pMOJ009 vector, using restriction sites Ndel and EcoRI, where it was expressed
under the control of the strong constitutive glyceraldehyde phosphate dehydro-
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genase (gpdA) promoter of Aspergillus nidulans and the anthranilate synthase
(trpC) terminator of A. nidulans.

Fungal transformation. For the transformation of A. niger, mycelium was
prepared by incubating conidia for 16 to 18 h in liquid culture in complete
medium with appropriate supplements. The protoplasts were prepared by treat-
ing mycelia (1 g) with 10 wg/ml caylase C4 dissolved in 20 ml KMC buffer (1 M
KCl, 25 mM CaCl,, 10 mM Tris, pH 5.8) for 1 to 3 h. Protoplasts were collected
by centrifugation for 10 min at 4,000 X g at 4°C and washed twice with 5 ml
cooled STC (1.33 M sorbitol, 50 mM CaCl,, 10 mM Tris, pH 7.5). For the
cotransformation of 4. niger A455, 1 pg pPGW635 DNA and 5 pg of the cotrans-
forming plasmid RaVC were added to 2 X 107 protoplasts in 0.2 ml STC buffer.
A mixture of protoplasts and DNA was treated with 50 wl of polyethylene glycol
[PEG] buffer (25% PEG 600, 50 mM CaCl,, 10 mM Tris, pH 7.5) for 20 min at
room temperature. Two milliliters of PEG buffer was added to the mixture, and
the mixture was incubated at room temperature for 5 min. Finally, the transfor-
mation procedure was stopped with the addition of 5 ml STC buffer. This mixture
was added to 30 ml MMS agar (0.7% [wt/vol] 71 mM NaNOj;, 11 mM KH,PO,,
6.7 mM KCI, 2 mM MgSO, - 7H,0, pH 6.0, 0.2 ml trace metal solution, 2%
[wt/vol] glucose, 0.95 M sucrose) and poured on MMS plates (1.5% [wt/vol]
agar). The transformants were selected and purified by replating at low conidial
densities on selective medium.

In vitro characterization of RaVC. For in vitro characterization, the protein
was expressed in E. coli BL21(DE3) cells. Cells were resuspended in 10 mM Tris,
1 mM EDTA, 0.7 to 1.4 mM lysozyme and sonicated for 9 min on ice, with a
repeated 1-s ultrasound pulse followed by a 2-s pause (Tekmar sonic disruptor).
The cell lysate was centrifuged, and the supernatant was used for in vitro analysis.
The partially purified RaVC probe was resuspended in buffers with different
defined pH values. Spectral characteristics of the RaVC protein were determined
using a spectrophotometer (Perkin Elmer LS 55) with excitation in the range of
350 to 500 nm (with a 5-nm bandwidth) and emission detected at 508 nm (with
a 5-nm bandwidth). The emission intensities of the two major emission peaks,
395 and 475 nm, were determined. The ratios calculated from the intensities of
the two emission peaks (see equations 1 and 2) were plotted as a function of pH.

In situ calibration of RaVC. For the in situ recording of fluorescence ratios
within hyphae, 100-p.1 drops of Vogel’s medium containing A. niger conidia (10°
ml~') were incubated on a coverslip in a humid chamber for ~18 h prior to
imaging. During this period, the conidia germinated and a mycelium was formed.
A calibration curve was obtained by incubating mycelia in buffer solutions with
different pH values, ranging from 5.0 to 9.0, with freshly prepared 5 wM nigeri-
cin. The ionophore nigericin was used to equilibrate the intracellular pH with the
extracellular pH, and the treated mycelia were given at least 30 min to reach this
state (23, 24). The following buffers were used at a concentration of 50 mM, with
150 mM KCl added: acetate (pH 5.0 to 5.5), morpholineethanesulfonic acid (pH
6.0 to 6.75), morpholinepropanesulfonic acid (pH 7.0 to 7.8), and Tris (pH 8.0 to
9.0). After mycelia had been treated for 30 min with nigericin, fluorescence
intensities after excitation at 405 and 476 nm on the confocal microscope
were recorded at 5-min intervals, and ratios were calculated. Ten minutes
after the mean ratio reached a steady state, it was converted to a pH value
using equation 1.

Confocal laser-scanning microscopy. A Leica TCS SPS5 laser-scanning micro-
scope mounted on a Leica DMI 6000 CS inverted microscope (Leica Microsys-
tems, Germany) with an HCX plan apo X63 (numerical aperture, 1.4) oil im-
mersion objective was used. For sequential excitation, a 50-mW, 405-nm diode
laser and the 476-nm line of a 25-mW argon laser were used. Laser powers of 6%
for the diode laser and 12% for the argon laser were employed. Successive
images excited at 405 and 476 nm were captured within 1.2 s of each other.
Fluorescence emission was detected at 500 to 530 nm. SynaptoRed 2 (Biotium)
was excited with the 514-nm line of the argon laser, and its fluorescence was
detected at 650 to 700 nm.

Calibration of intracellular pH. Images were analyzed using either the ImageJ
plugin PixFret (9) or a software program custom written for this application and
incorporating equations 1 and 2, which are described below. Ratio images were
obtained by first subtracting the background from each fluorescence image pair
followed by the division of corresponding pixels in the image pair:

Rz = (F-'l[)S nmi FA(IS nm background)/(F475 nmi F-'l75 nm background) (1)

where R; is the emission ratio at a given pH, F,ps5 ny ; and Fy75 o ; are
the fluorescence intensities of a given image pixel or region of interest, and
F405 nm vackground @04 Fa75 nm backgrouna aT€ average background fluorescence
intensities of a given pixel or region of interest. The ratio of fluorescence signals
emitted at each excitation wavelength was converted to pH values (see equation
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2) (7, 16). The experimental data were analyzed by fitting the following equation
to the calibration curve:

pH = pK, — 1og;o[(R; = Ruyin)/(Riax — Ry)] (2)

where R, and R, ;,, are the limiting values for the ratio at the extreme acid (pH
5.0) and alkaline (pH 9.0) pH values, respectively; they were determined indi-
vidually for each set of experiments. The constant pK, was determined from the
in situ calibration curve. Visually, the pH profile along the hyphae was expressed
by converting the gray scale of the ratio image into pseudocolors. All data are
shown as the means with standard deviations from at least three independent
experiments, and a minimum of three images were taken for each experiment. To
reduce noise in the ratio images resulting from noise in the original two images
used to create the ratio images, the cytoplasm was divided into 0.2- by 0.2-pm-
sized sectors and the average ratio was calculated in each sector. Although this
reduced the noise, it resulted in some artifactual inhomogeneity in the appear-
ance of the cytoplasm in the ratio images (see Fig. 4C). Mean pH values were
calculated from cytoplasmic areas that excluded detectable organelles or cyto-
plasmic regions in which the RaVC reporter was concentrated.

Chemical treatments applied to living hyphae. Fungi were mostly grown in
Vogel’s medium with appropriate supplements. The only exception was the
experiment in which the effect of the external pH on the intracellular pH was
assessed. Here, pH-adjusted minimal medium was used, because salts in Vogel’s
medium were precipitated at low pH. All chemicals were prepared as 10X stock
solutions in appropriate solvents. The solvents were found not to have an effect
on intracellular pH (data not shown). The extracellular pH was changed by the
addition of 5 mM KOH or 50 mM HCI to Vogel’s medium, and the responses of
intracellular pHs were monitored for 20 min. The inhibition of ATPases was
achieved with 100 wM dicychlohexylcarbodimide (DCCD; Sigma), 100 uM N-
ethylmaleimide (NEM; Sigma), 1 mM sodium vanadate (Na,VO,), or 1 mM
sodium azide (NaN,). Oxidative phosphorylation was inhibited using 10 pM
carbonyl cyanide m-chlorophenylhydrazone (CCCP; Fluka) or 40 pM cyanide
p-(trifluoromethoxy) phenylhydrazone (FCCP; Sigma). The effect of sorbic acid
on the intracellular pH was monitored using 5 or 10 mM sorbic acid. For each
chemical treatment, images were captured before treatment and for 10 min
following chemical addition.

Availability of materials. The A. niger RaVC transformants are freely available
from the Microbial Culture Collection of the National Institute of Chemistry. All
other novel material described in this paper can be obtained for noncommercial
purposes on request from the corresponding author.

RESULTS

Codon optimization was used to improve RaVC expression.
There have been reports of reduced GFP expression in As-
pergillus due to nonoptimal codon usage (11). Using codon
usage data (31 and CUTG Codon usage tabulated from the
NCBI-GenBank Flat File, release 156.0 [15 October 2006;
http://www.kazusa.or.jp/codon/]), codon usage in native pHluorin
and A. niger was compared by calculating the percentage that
codons were used for each amino acid (see Table S2 in the
supplemental material). This analysis showed that pHluorin
contains 46 codons that are rare in 4. niger (used 15% or less)
and strongly suggested the need for codon optimization to
achieve a good expression of the heterologous gene in A. niger.

A synthetic, codon-optimized ratiometric pH-sensitive GFP
was constructed as described in the supplemental material.
Amino acids 132, 147, 149, 164, 166, 167, 168, 202, and 220 are
responsible for the ratiometric nature and spectral character-
istics of pHluorin (29) and thus were preserved (see Fig. S1 in
the supplemental material). Substantial codon optimization
was achieved by replacing some fragments of the pHluorin
gene with complementary fragments from Citrine or Venus
genes; Venus (39) and Citrine (15) are improved yellow fluo-
rescent proteins that have been shown to be expressed well in
A. niger (30). We also introduced a point mutation at amino
acid site 206, replacing alanine with lysine (47), to create a
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FIG. 1. Fluorescent properties of the genetically encoded ratiomet-
ric probe RaVC. (A) Fluorescence excitation spectra of RaVC in
various pH-adjusted buffers were determined with a spectrofluorim-
eter. Samples containing partially purified RaVC in a solution were
excited at between 350 = 2.5 and 500 * 2.5 nm, and the fluorescence
emission was collected at 508 = 2.5. (B) In vitro calibration curve of
RaVC presented as a plot of the fluorescence excitation ratio versus
pH. The ratio (R) between the emission intensities after excitation at
excitation maxima of 395 and 475 nm were calculated using equation
1. The emission intensities were obtained from fluorescence spectra
presented in panel A. (C) In vitro calibration curve of RaVC presented
as a logarithmic plot of the fluorescence excitation ratio (B) versus pH.

monomeric RaVC variant. Codon optimization reduced the
number of rare codons in RaVC from 46 to 19.

In vitro calibration demonstrates pH sensitivity and spec-
tral characteristics of RaVC. The recombinant pH probe
RaVC was expressed in both E. coli and A. niger. The protein
was partially purified and its spectral sensitivity to pH was
assessed, first in vitro in solution and then in situ within fungal
hyphae. Excitation spectra of partially purified RaVC in buff-
ers of defined pH are shown in Fig. 1A. RaVC has pH-depen-
dent spectra with an isosbestic point at 42 * 3 nm, excitation
maxima at 395 = 4 and 475 = 2 nm, and an emission maximum
at 508 = 2 nm. The linear response of RaVC to pH is between
pH 5.5 and 8.0 (Fig. 1B). Emission intensities detected after
395- and 475-nm excitation, at pH 5.0 and 8.5, were used to
calculate the minimum and maximum ratios. These data are
included in equations 1 and 2 for pH determination (see Ma-
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FIG. 2. Age-dependent distribution of RaVC in living hyphae. The
hyphae grown in liquid culture were imaged by confocal microscopy
either 18 (A) or 32 h (B) after inoculation. The two figures are of
merged images showing pH-dependent RaVC fluorescence (green)
and the localization of membrane-selective probe SynaptoRed 2 fluo-
rescence (red). Note that RaVC is localized in the cytoplasm in 18-h-
old hyphae (A) and is mostly localized in large putative vacuoles in
32-h-old hyphae (B). Tubular vacuoles in panel A are indicated by
asterisks; they are not as clear as the labeled membranes of the spher-
ical vacuoles. Bars = 7.5 (A) and 10 pm (B).

terials and Methods). The pK, determined in vitro for RaVC
was 6.7 (Fig. 1B).

In situ calibration allows determination of intracellular pH.
After the visualization by confocal microscopy of hyphae
grown in liquid medium, RaVC probe was expressed in A. niger
and found to be localized mainly in the cytoplasm of growing
hyphae in 18-h-old colonies (Fig. 2A). These young hyphae
possessed spherical and tubular organelles that had morphol-
ogies characteristic of vacuoles when labeled with the mem-
brane-selective dye SynaptoRed 2 (also called FM4-64), which
stained the vacuolar membranes (21, 22). These putative vacu-
oles did not take up RaVC in 18-h-old colonies (Fig. 2A).
However, RaVC did become concentrated in small spherical
organelles/cytoplasmic domains that did not clearly label with
SynaptoRed 2 (Fig. 2A). In nongrowing hyphae of 32-h-old
cultures, much of the RaVC became sequestered in larger
spherical organelles, which were presumed to be vacuoles
(Fig. 2B).

The presence of RaVC, and the laser irradiation required to
generate up to 10 ratio images per min, had no discernible
influence on fungal physiology. The growth and branching pat-
terns of hyphae appeared normal, and the extension rates of
RaVC-expressing strains were similar to those of untrans-
formed strains (unpublished results).

An in situ calibration was performed to accurately deter-
mine the cytoplasmic pH in living hyphae. Fungal hyphae were
permeabilized with nigericin in the presence of buffers with
different pH values. Images were collected (Fig. 3A), and ra-
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FIG. 3. In situ calibration of RaVC. (A) Pseudocolored images of
A. niger expressing RaVC. Different colors have been assigned to
defined pH values according to the in situ calibration curve calculated
with equation 2 and shown in panel B. Scale bar = 10 wm. (B) A plot
of the fluorescence excitation ratio versus intracellular pH. Eighteen-
hour-old A. niger cells expressing RaVC were washed with pH-adjusted
buffers and treated with freshly prepared nigericin to equalize the
extracellular pH with the intracellular pH. The ratio (R) between the
emission intensities (collected between 500 and 530 nm) after excita-
tion at 405 and 476 nm for each image pixel in hyphae was calculated
using equation 1. Measurements were performed by sequential dual-
excitation confocal imaging. (C) A logarithmic plot of the fluorescence
excitation ratio (B) versus intracellular pH.

tios of emission intensities detected after excitation at 405 and
476 nm were calculated based on equation 1 (R, and R, .,
were calculated from the emission intensities at pH 5.0 and
8.5). The in situ calibration clearly shows that RaVC displays
pH sensitivity in the normal physiological range within living
hyphae. A logarithmic plot of the standard curve is presented
in Fig. 3B. The pK, determined in situ for RaVCis 6.9 = 0.1,
and its optimal linear response to pH is between pH 5.5 and 8.0
(Fig. 3B). The pK, as well as R_;, and R, ., which were
determined for each set of experiments separately, were used
to calculate the intracellular pH within hyphae pixel by pixel
using equation 2.

The mean value for cytoplasmic pH in growing hyphae from
18-h-old colonies was 7.6 = 0.1 and varied between pH 7.4 and
7.7. Mean pH values were calculated from cytoplasmic areas
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FIG. 4. Intracellular pH analysis of a growing hyphal tip expressing
RaVC from the margin of an 18-h-old colony. The images are median
optical sections through the hyphal tip and were captured sequentially.
(A) Image of RaVC fluorescence (500 to 530 nm) after excitation at
405 nm. (B) Image of RaVC fluorescence (500 to 530 nm) after
excitation at 476 nm. (C) Pseudocoloured ratio image of the fluores-
cence intensities of RaVC after a pixel-by-pixel calculation using equa-
tions 1 and 2 (see Materials and Methods). Black intracellular regions
represented regions in which the fluorescent signal was saturated,
preventing the accurate determination of intracellular pH. (D) Intra-
cellular pH along the longitudinal transect shown in panel C. (E) In-
tracellular pH along the transverse transects shown in panel C. Bar =
5 pm.

that excluded detectable organelles or cytoplasmic regions in
which the RaVC reporter was concentrated. The pH of the
putative vacuoles in the older nongrowing hyphae of 32-h-old
colonies varied between 6.2 and 6.5. The average pH of the
small spherical organelles/cytoplasmic domains that did not
appear to be membrane bound but within which the probe was
concentrated (Fig. 2A and 4A and B) was also determined and
found to be above 8 in most cases. However, the fluorescent
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signal in these bright regions was frequently saturated, pre-
venting accurate pH measurement. Intracellular regions in
which the fluorescent signal was saturated appeared black in
the ratio images (Fig. 4A to C).

Pronounced tip-focused, cytoplasmic pH gradient cannot be
detected in growing hyphal tips. The association of a pro-
nounced tip-focused, cytoplasmic pH gradient in the apices of
tip-growing cells has been controversial (13, 25, 34). To deter-
mine whether pH gradients of this type can be visualized in
unperturbed, growing hyphal tips of A. niger, we analyzed the
cytoplasmic pH along and across growing hyphae expressing
RaVC.

Ratio images of growing hyphae expressing RaVC from
18-h-old cultures were captured, and their cytoplasmic pH
values were determined (Fig. 4A to C). The extension rates of
these hyphae were between 0.5 and 0.8 wm min~'. The plasma
membrane was stained with the dye SynaptoRed 2 to visualize
the cytoplasmic boundary (not shown). Although minor fluc-
tuations in the cytoplasmic pH were observed, no obvious
cytoplasmic pH gradient could be detected along the lengths of
growing hyphae (Fig. 4D) or in cross-sections at different dis-
tances from their tips (Fig. 4E).

Cytoplasmic pH remains unperturbed after prolonged ex-
posure to extreme external pH. Aspergillus niger is able to grow
at extreme external pH values (20, 24, 27). Our results show
that conidia of A. niger expressing RaVC were able to germi-
nate, and hyphae grew in media with pH values between 2.5
and 9.5 (Fig. 5A). The greatest mycelial growth after 18 h at
30°C was observed at pH 5.5. At pH 9.5, the mycelial dry
weight was reduced by 50%, and at pH 2.5 it was reduced by
70% (Fig. 5A). Fluorescence ratio imaging showed that hyphae
grown at pH 2.5 to 9.5 were able to maintain their cytoplasmic
pH at 7.6 (Fig. 5B). Cytoplasmic pH gradients were not de-
tected under any of these conditions.

Cytoplasmic pH recovers in response to sudden changes in
external pH. The results described above show that A. niger
possesses a robust machinery for intracellular pH homeostasis,
allowing the fungus to germinate and grow in the presence of
low or high external pH. We next addressed the question of
what effects sudden changes of extracellular pH would have on
cytoplasmic pH. The addition of the strong acid HCI (50 mM)
or the strong base NaOH (5 mM) to growing hyphae resulted
in a transient acidification or alkalinization of the cytoplasm,
respectively (Fig. 6A and B). Thirty seconds after the addition
of HCI, the cytoplasmic pH transiently dropped from 7.6 = 0.1
to 6.3 = 0.2 uniformly along hyphae. Similarly, the addition of
NaOH transiently increased the cytoplasmic pH from 7.6 £ 0.1
to 8.3 = 0.1. The cytoplasmic pH returned to its homeostatic
pH value (7.4 to 7.7) within 20 min. The addition of 50 mM
HCI or 5 mM NaOH resulted in the pH of the extracellular
medium changing by 3.5 or 0.5 pH units, respectively.

Sorbic acid causes prolonged intracellular acidification. It
has been proposed that the preservative sorbic acid inhibits
conidial germination and mycelial growth through intracellular
acidification, because it is a weak cell-permeant acid (36).
Growing hyphae were treated with 5 or 10 mM sorbic acid (Fig.
6C and D). The cytoplasmic pH was measured prior to the
addition of sorbic acid and then monitored for 30 min. The
sorbic acid treatments resulted in a concentration-dependent
cytoplasmic acidification. Sorbic acid (10 mM) caused an acid-



708 BAGAR ET AL.

>

12 1

10 % %

8 4

giil

dry weight [g/L]
»

25 35 45 55 65 75 85 95
pH

intracellularpH

2 3 4 5 6 7 8 9 10
extracellular pH
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Eighteen hours after spore inoculation (10° spores ml~!), mycelia were
collected and their biomass was determined gravimetrically after the
washed mycelia were dried at 105°C to a constant weight. (B) The
average cytoplasmic pH values with representative ratio images from
growing hyphae expressing RaVC from the periphery of 18-h-old cul-
tures grown in minimal media with pH values between 2.5 and 9.5.
Cytoplasmic pH values were calculated from the fluorescence ratios
using the in situ calibration, and the pseudocolors selected represent
cytoplasmic pH values between 7.5 and 7.7. Mean cytoplasmic pH
values (* standard deviations) for each ratio image also are shown.
Bar = 10 pm.

ification from pH 7.5 * 0.1 to 5.9 * 0.3 within 1 min of
addition, and the cytoplasmic pH did not recover even after 30
min. The addition of 5 mM sorbic acid resulted in a slower and
less significant decrease in cytoplasmic pH, from 7.5 = 0.1 to
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6.6 = 0.1, and again this change in intracellular pH was for
longer than 30 min.

Agonists of pH homeostasis decrease cytoplasmic pH. Var-
ious known H*-ATPase inhibitors and inhibitors of oxidative
phosphorylation were tested to determine their effects on in-
tracellular pH homeostasis. We tested the effects of the H™ -
ATPase inhibitors DCCD (100 uM), NEM (100 uM), sodium
vanadate (1 mM), and sodium azide (1 mM), and two prot-
onophores, CCCP (10 M) and FCCP (40 nM), also known as
uncouplers of oxidative phosphorylation (14). The pharmaco-
logical agents were added to 18-h-old growing hyphae, and the
dynamic changes in the cytoplasmic pH were measured before
and after the addition of the chemicals by the fluorescence
ratio imaging of RaVC.

We observed different effects of the pH agonists on the
cytoplasmic pH (Fig. 7). The strongest effect was observed
using 100 pM DCCD and 1 mM sodium azide, where the
cytoplasmic pH dropped from 7.6 to 5.6 in 1 min and did not
recover to its original value within 10 min (Fig. 7A and C). The
addition of 1 mM sodium vanadate had no effect on the cyto-
plasmic pH (Fig. 7A and C). We also tested if 1 mM sodium
vanadate would influence the cytoplasmic pH if it was present
in the medium at the time of inoculation and found that the
cytoplasmic pH in growing hyphae from 18-h-old treated cul-
tures was 0.2 pH units lower than normal (data not shown).

Both of the protonophores FCCP and CCCP caused the
acidification of the cytoplasmic pH, which did not recover
within 10 min of agonist addition. After 5 min, 10 pM CCCP
reduced the cytoplasmic pH from 7.6 to 6.0, and 40 .M FCCP
reduced the cytoplasmic pH more rapidly, from 7.6 to 5.6 (Fig.
7B and C).

DISCUSSION

GFP-based pH sensors have proven immensely valuable for
studies of intracellular pH in higher eukaryotes (46). Because
of difficulties in using fluorescent dyes to image and measure
intracellular pH in filamentous fungi (33), we developed and
successfully used a novel genetically encoded pH sensor, which
we have called RaVC. The codon-optimized, ratiometric
RaVC probe was found to possess excellent properties for
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FIG. 6. Response of cytoplasmic pH to a sudden extracellular pH change. Cytoplasmic pH measurement and fluorescence ratio imaging of
cytoplasmic pH in growing hyphae expressing RaVC from 18-h-old cultures. (A) Effects of a strong acid (50 mM HCI) or base (5 mM KOH) on
cytoplasmic pH. (C) Effects of sorbic acid (5 or 10 mM) on cytoplasmic pH. (B and D) Pseudocolored fluorescence ratio images of hyphae. The
pseudocolors correspond to defined pH values calculated from the fluorescence ratios using the in situ calibration (blue, alkaline; red, acidic).

Bars = 10 pm.
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CCCP (10 uM) and FCCP (40 pM). (C) Pseudocolored fluorescence
ratio images of hyphae treated with the pH agonists. The pseudocolors
correspond to defined pH values calculated from the fluorescence
ratios using the in situ calibration (blue, alkaline; red, acidic). Bars =
10 pm.

visualizing and quantifying intracellular pH in growing hyphae
of A. niger. Hyphae of A. niger were shown to have a tightly
regulated pH homeostatic mechanism, and H*-ATPases were
demonstrated to play an important role in maintaining the
cytoplasmic pH between 7.4 and 7.7, with a mean pH of 7.6 =
0.1. Pronounced, tip-focused cytoplasmic pH gradient could
not be detected in growing hyphae. Vacuoles in older hyphae
expressing RaVC were found to have pH values between 6.2
and 6.5.

Why RaVC is an excellent pH sensor for filamentous fungi.
RaVC has a number of properties that make it an excellent pH
sensor for filamentous fungi. These properties include (i) it is
genetically encoded; (ii) it allows the accurate quantification of
intracellular pH with high spatial and temporal resolution; and
(iii) it has low toxicity and does not interfere with normal
physiological processes.

RaV(C is genetically encoded, which avoids the necessity for
physical perturbation or manipulation to introduce the pH
sensor into a cell. The gene encoding pHluorin (29) was par-
tially codon optimized to improve its level of expression, with
the result that RaVC produced a strong fluorescent signal
within the fungal cells. The codon optimization involved re-
ducing the number of rare codons from 46 to 19 but preserved
all of the amino acids that conferred the ratiometric charac-
teristics and defined the spectral properties of the original

pH IMAGING IN FUNGI USING A GENETICALLY ENCODED PROBE 709

pHluorin (29). We additionally replaced alanine 206 with ly-
sine to reduce the tendency of GFP to dimerize (47). Codon
optimization has been used previously in filamentous fungi to
improve the level of expression of GFP (11) and the biolumi-
nescent calcium sensor aequorin (32). Although RaVC was
constitutively expressed in the cytoplasm of A. niger in this
study, because it is genetically encoded it can be easily targeted
to different organelles to measure organellar pH in future
studies.

RaVC has excellent spectral characteristics in vitro and in
situ within the fungal cell that allow for the accurate quantifi-
cation of intracellular pH with high spatial and temporal res-
olution. Important spectral characteristics of RaVC measured
in vitro are as follows. (i) Its excitation peaks (395 and 475 nm)
are pH dependent, allowing it to be used as a dual-excitation,
ratiometric dye. These two excitation wavelengths relate to the
protonated and deprotonated states, respectively, of tyrosine
67, which forms a part of the chromophore (29). (ii) Its isos-
bestic point (i.e., the excitation wavelength that is pH indepen-
dent) is 428 nm. Excitation at this wavelength can be useful to
determine the concentration of RaVC in different regions of a
cell (8). (iii) Its maximum fluorescence is at 508 nm (i.e., in the
visible, blue-green part of the light spectrum). (iv) The linear
range of the fluorescence ratios of the probe is between pH 5.5
and 8.0. This pH range, over which the sensor is most pH
sensitive, is also the range within which most intracellular pH
values of physiological significance reside. (v) The dynamic
range of pH-dependent fluorescence ratios of RaVC is large,
allowing the precise quantitation of pH with a high signal-to-
noise ratio. The in vitro spectral characteristics of RaVC were
very similar to the original pHluorin (29) from which it was
derived, indicating that the modifications we had made did not
alter its spectral properties or pH sensitivity.

The spectral properties of RaVC determined in vitro
showed only small differences with those measured in situ. For
the in situ calibration curve, young A. niger hyphae expressing
RaVC were permeabilized with the K*/H™ ionophore nigeri-
cin (23, 24) in the presence of buffers with different pH values.
Nigericin was used to equalize the cytoplasmic pH with the
external pH. The in situ calibration showed that the RaVC
expressed inside fungal cells could be used to measure intra-
cellular pH across the physiological range of pH 5.5 and 8.0.
The pK, of RaVC inside fungal cells was shown to be 6.9; in
vitro it was 6.7. This slight shift in pK, probably is due to
differences between the intracellular environment and the in
vitro calibration solutions. The ionic strength, viscosity, and
hydrophobicity of the medium and the dyes all have been
identified as potential factors that influence the response of
ion-sensitive dyes (12). A similar shift of pK, also was reported
for pH-sensitive GFP expressed in plants (43). To visualize the
spatial distribution of pH within hyphae, fluorescence ratio
images and, consequently, pH values were calculated pixel
by pixel using equations 1 and 2 (see Materials and Methods)
(7, 16).

RaVC was localized in the cytoplasm in young hyphae from
18-h-old colonies and became sequestered within putative
vacuoles in older hyphae from 32-h-old colonies. However, its
cytoplasmic distribution was nonuniform and concentrated in
certain regions (organelles or cytoplasmic domains), which
could not be identified. These regions were not surrounded by
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the membrane-selective dye SynaptoRed 2 (also known as
FM4-64). Whether these regions were membrane bound or not
is unclear, because not all membranes are labeled with Synap-
toRed 2 (21). However, it was evident that these intracellular
regions possessed a more alkaline pH than the surrounding
cytoplasm, although their precise pH could not be determined.

No toxic side effects or physiological perturbation of hyphae
expressing RaVC was observed. In particular, the growth and
branching patterns of hyphae appeared normal, and the exten-
sion rates of RaVC-expressing strains were similar to those of
untransformed strains.

Cytoplasmic pH is tightly regulated by a robust pH ho-
meostat. Our study revealed that the cytoplasmic pH in young
hyphae of A. niger is tightly regulated at pH ~7.6. This estimate
is in agreement with intracellular pH measurements obtained
with *'P-NMR (19, 36), but it was 0.2 pH units higher when
measurements were made with the ratiometric fluorescent dye
SNAREF (24). However, in the latter study an esterified version
of the SNARF dye was used that tends to sequester within
intracellular organelles (34). When Parton et al. (34) com-
pared measurements of cytoplasmic pH in hyphae of Neuros-
pora crassa obtained with esterified SNARF and a dextran-
conjugated SNARF, which exhibits superior localization and
retention within the cytoplasm, they found that the former
provided cytoplasmic pH values of 7.2 and the latter provided
cytoplasmic pH values of 7.6 (which is consistent with our
results). It thus appears likely that RaVC provides accurate
measurements of cytoplasmic pH in young hyphae of A. niger.
However, it is also clear that the high-resolution, ratiometric
imaging of hyphae expressing RaVC needs to be performed to
discriminate between fluorescence from the cytoplasm and
that from the unidentified cytoplasmic domains/non-mem-
brane-bound organelles within which RaVC became seques-
tered, because the latter will bias the average intracellular pH
to more alkaline values.

The existence of a robust pH homeostat in hyphae of A. niger
has been reported previously (20). Our results show that the
cytoplasmic pH is maintained at ~7.6 even when the external
pH ranges from 2.5 to 9.5. Aspergillus niger is used for citric
acid production (20, 24, 27), and excreted citric acid can acidify
its growth environment down to pH 1.5. This organism there-
fore needs a robust homeostatic mechanism to maintain the
cytoplasmic pH at a constant value in order for its cells to
survive and function in extreme pH environments. Plasma
membrane H"-ATPases play a major role in intracellular pH
homeostasis (20) and will be most active in extreme pH envi-
ronments. Perhaps the increased activity of H"-ATPases re-
duces the intracellular ATP pool in hyphae growing under
these conditions and contributes to a reduced growth rate
because of the limited amount of ATP available for other
cellular activities (e.g., metabolism and nutrient uptake).

Intracellular pH was found to recover within 20 min follow-
ing the addition of a strong acid or base. This demonstrates the
presence of strong pH buffering in the cytoplasm and also
strong proton pumping that expels excess protons in a short
period of time and maintains homeostatic pH while the exter-
nal pH is several units higher or lower. In contrast to the effect
of the strong acid, the addition of sorbic acid caused a pro-
longed intracellular acidification of hyphae, which did not re-
cover during the 20 min following treatment. Sorbic acid is a
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weak acid that is membrane permeant in its undissociated
(hydrophobic) form. Once in the cytosol, the weak acid will
dissociate due to the higher pH in the cytoplasm compared to
that of the external medium, thus trapping the membrane-
impermeant charged acid anion. A proton also will be released
into the cytoplasm during this process, resulting in cytoplasmic
acidification. Cell-permeant weak acids have been used previ-
ously to clamp the intracellular pH of fungal and plant cells in
pH measurement studies (1, 34).

Proton pumps are important for intracellular pH homeostasis.
A BLAST analysis of the A. niger genome (35) has revealed
that it contains seven predicted H"-ATPases, of which five are
P-ATPases, one a V-ATPase complex, and one an F-ATPase
complex (5). All of these H" pumps could contribute to intra-
cellular pH homeostasis by removing excess H' from the cy-
toplasm.

To investigate the role of ATPases in intracellular pH reg-
ulation, we used a range of ATPase inhibitors. We found that
NEM, DCCD, and sodium azide caused the cytoplasmic pH to
decrease by <0.1 pH unit. The ATPase inhibitor vanadate did
not have much of an inhibitory effect, as was also shown by
Sanders and Slayman (42), but this may be explained by the
failure of vanadate to enter the cell (42, 45). However, one
needs to be very cautious about overinterpreting the results
obtained with ATPase inhibitors, because their specificity is
questionable in fungi (e.g., Sussman and Slayman [44] showed
that DCCD, which is often described as a V-ATPase inhibitor,
also inhibited P-ATPases in N. crassa). Furthermore, it also is
important to emphasize that the strongly active ATPase inhib-
itors will cause a large drop in cellular ATP levels, which will
have numerous cellular side effects.

The protonophores CCCP and FCCP, also known as uncou-
plers of oxidative phosphorylation, (14), triggered irreversible
intracellular acidification in A. niger. Our results are an im-
provement over those reported by Hesse et al. (20), who used
NMR to measure intracellular pH. They reported a less-pro-
nounced pH decrease following CCCP treatment, but with the
protonophore at a concentration of 10 wM (as used in our
study) they could no longer discriminate between the vacuolar
and the cytoplasmic pH signal.

Pronounced, tip-focused cytoplasmic gradients are absent
from growing hyphae. Using confocal ratio imaging, we were
unable to demonstrate the presence of either pronounced tip-
focused, longitudinal cytoplasmic pH gradient or cytoplasmic
pH gradient across the apical 20-pm region of actively growing
hyphae. Furthermore, gradients of this type were not observed
in any hyphae growing in media ranging from pH 2.5 to 9.5.
These results are consistent with those obtained from tip-
growing hyphae of N. crassa and pollen tubes of Lilium longi-
florum (13, 34). Al-Balwadi and Abercrombie (1) showed from
estimates that the rate of proton diffusion, the buffer capacity
of the cytoplasm, and rates of proton flux across membranes
would tend to favor a pronounced change in pH (>0.1 pH
unit) across distances of >25 pm. Previous reports of pro-
nounced cytoplasmic pH gradients measured with fluorescent
dyes in hyphae (25, 40, 41) were probably due to inferior
imaging techniques and sequestration into acidic organelles
(13, 34). Our results support the notion that cytoplasmic pH
gradients are not a general feature of tip-growing cells and
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argue against a central regulatory role of cytoplasmic pH gra-
dients in tip growth.

Vacuolar pH can be imaged and measured with RaVC.
RaVC was sequestered within tubular and spherical organelles,
which were probably vacuoles, in older hyphae from 32-h-old
cultures. Ratiometric measurements of RaVC within these pu-
tative vacuoles indicated that their pH values were 6.2 to 6.5,
which are the same as previously reported for vacuoles of A4.
niger from NMR measurements (20). Measurements of vac-
uvolar pH in budding yeast have been reported to be 5.6 to
6.1 (28) and 6.2 (37). To our knowledge, RaVC is the first
probe that can be used as a recombinant vacuolar pH re-
porter in fungi.
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