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ABSTRACT

An image analysis program and protocol
for the identification and enumeration of
live versus dead cells of the yeast-like fun-
gus Aureobasidium pullulans was devel-
oped for both populations on microscope
slides and leaf surfaces. Live cells took up
CellTracker Blue, while nonviable cells
stained with DEAD Red. Image analysis
macro programs running under Optimas
software were used to acquire images and
to differentiate and enumerate viable from
nonviable cells. The software was capable
of discriminating green as a third parame-
ter for identification and quantification of
green fluorescent protein-expressing cells in
a wild-type population.

INTRODUCTION

The assessment of cell viability sta-
tus is of interest in both environmental
and medical microbiology (4,18,22).
Historically, both indirect and direct
methods are used in the determination.
In the indirect technique, which equates
viability with growth, the viable compo-
nent of a population is enumerated as
colony-forming units (cfu) based on
plate counts, and the nonviable compo-
nent is inferred by subtraction of the cfu
from a total microscopic count (13).
The accuracy of this method is question-
able with the relatively recent recogni-
tion of cells that are apparently viable
but are unable to be cultured (1,10).

Direct methods entail staining one
cell component either viable (live) or
nonviable (dead) and obtaining the other
component by subtraction from a total
cell count (10,11). Live indicators are of
two types. First, tetrazolium salts, which
are redox indicators, may be used to ob-
tain either colored formazan deposits (2)
or fluorescent derivatives such as 5-
cyano-2,3-ditolyl tetrazolium chloride
(CTC) (16). Second, more commonly
used indicators are enzyme substrates
that are colorless until cleaved by the
target enzymes, which then form fluo-
rescent byproducts. Examples include
fluorescein diacetate (FDA) and car-
boxyfluorescein diacetate (CFDA) (3,6).
The principle for dead cell staining is
based on uptake of dyes (e.g., trypan
blue) or fluorochromes (e.g., propidium
iodide) by cells with compromised
membranes (7). Such compounds are
excluded from healthy cells.

The most rigorous direct protocols
involve combination staining for both
live and dead cells, rather than inferring
one subpopulation by assessing the oth-
er. Operationally, however, dual estima-
tions are difficult to make. For exam-
ple, in the case of the tetrazoliums, the
redox reaction is relatively slow and
needs prolonged incubation to obtain a
visible product. During this time, cell
death can occur, which influences the
estimation of viable cells. Additionally,
there may be a species-specific effect
from differences in redox potentials of
the cells (2). Fluorescent enzyme sub-
strates such as FDA and CFDA are
poorly retained in cells after the forma-
tion of the fluorescent product; they are
sensitive to environmental conditions
such as pH or can photobleach rapidly
upon fluorescence excitation (5). While
several commercial dual staining kits
exist, typically they have been tested on
very few organisms such as bacteria or
mammalian cells. They also possess
limited color selection for those appli-
cations that require spectra other than
green or red, or may stain only certain
organelles (12) of the target cells, mak-
ing enumeration difficult.

We report here a protocol based on
CellTracker Blue, a glutathione
S-transferase-specific live stain, com-
bined with DEAD Red, a dead-cell-
permeant stain (both from Molecular
Probes, Eugene, OR, USA). This pro-
cedure has been applied to viability as-
sessments of blastospores (also to the
swollen cell morphotype) of the phyllo-
plane inhabiting yeast-like fungus Au-
reobasidium pullulans (de Bary) Ar-
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naud (Deuteromycetes; Moniliales).
Further, to demonstrate its general utili-
ty, we have sucessfully applied the pro-
cedure to live and dead cells of the
yeast Cryptococcus laurentii (Kuff.)
Skinner. A third marker, such as green
fluorescent protein (GFP), can also be
imaged. Cells stained by this method
are relatively resistant to photobleach-
ing and may be preserved for image
analysis at a later time. This is an added
benefit for experiments in which many
samples must be processed concurrent-
ly. We also describe the computer pro-
grams that assist in digital image acqui-
sition and quantitative image analysis.
Assessments can be made of cell popu-
lations on microscope slides, or cells
can be stained in situ on leaf surfaces.

MATERIALS AND METHODS

Cultures of A. pullulans (ATCC nο.
90393) and a TEFE GFP transformant
of this cell line (20) were maintained on
yeast peptone glucose (YPG) medium
slants at room temperature or 4ºC. De-
tails regarding the GFP-transformed
line appear elsewhere (20), but, in brief,
the TEFE GFP construct consists of
about 800 bp of the 5′-untranslated re-
gion of the translation elongation factor
(TEF) gene from A. pullulans fused to
an engineered form of GFP (EGFP),
followed by a 200-bp terminator region
of the Aspergillus awamori glucoamy-
lase gene. The EGFP is a red-shifted

variant (Clontech Laboratories, Palo
Alto, CA, USA) with mutations in the
chromophore that shift the maximum
excitation peak from 395 nm to approx-
imately 490 nm. Working cultures of
both lines were grown in liquid YPG
medium with constant shaking at 125
rpm at room temperature. Predominate-
ly live cell populations (>80%) were
from overnight cultures, while predomi-
nately dead cells (>99%) were obtained
by nutrient depletion following 12–14
days of shake culture. Cell death was
presumed by the absence of growth on
YPG plates following a three-day incu-
bation at room temperature. Concentra-
tions of live and dead cells were deter-
mined by hemacytometer counts and
were adjusted to 1 × 107 cells/mL with
liquid YPG. Standardized mixtures of
live and dead cells were prepared by
combining the populations in live:dead
cell ratios of 1:0, 3:1, 1:1, 1:3 and 0:1.

All subsequent procedures were
conducted in subdued light to prevent
photobleaching of the fluorochromes,
which should be treated as potential
mutagens with appropriate safety pre-
cautions being followed. Two micro-
liters of a stock solution of CellTracker
Blue CMHC (4-chloromethyl-7-hy-
droxycoumarin; 5 mg dissolved in 2
mL DMSO and stored at -20ºC) were
added to 500 µL cell suspension and in-
cubated for 1 h at room temperature in
the dark. The cells were washed twice
by centrifugation and resuspension in
YPG and incubated in YPG for another

hour to allow full conversion of the
CellTracker probe. To prevent high
background fluorescence, excess Cell-
Tracker was removed by two washes
with YPG. Then, cells were washed as
above with two changes of distilled wa-
ter. DEAD Red (ethidium homodimer-
2) was prepared by adding 2 µL sup-
plied stock solution to 1 mL distilled
water. Fifty microliters of the stain
were added to 50 µL cells suspended in
distilled water and incubated for 30 min
in the dark. Cell suspensions were
washed twice as above with distilled
water before fixation with 2% formal-
dehyde (prepared from para-formalde-
hyde) in 10 mM PBS, pH 7.2, for 15–
30 min. Cells were washed twice with
distilled water and resuspended in 250
µL distilled water. Cell suspensions (5-
µL drops) were applied to polylysine-
coated, 12-well Teflon printed micro-
scope slides (Electron Microscopy
Sciences, Fort Washington, PA, USA)
and air dried at room temperature.
Slides were stored in slide boxes, un-
mounted at 4ºC for several days before
imaging. Immediately before imaging,
the preparations were mounted in anti-
fade VECTASHIELD (Vector Labo-
ratories, Burlingame, CA, USA) and
cover slips applied.

We obtained images of the fluores-
cent cells using an Olympus BX-60
fluorescence microscope (Olympus
America, Lake Success, NY, USA),
equipped with a 100-W Hg arc lamp, a
Chroma 83000 filter set (Chroma Tech-
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Boolean Resultant Cell Cell
Fluorochrome(s) Operators Colorb Classification

DEAD Red [R and not (G or B)] red Dead wild-type

CellTracker Blue [B and not (R or G)] blue Live wild-type

Dead Red and GFP [R and G and (not B)] yellow Dead GFP

CellTracker Blue and GFP [B and G and (not R)] cyan Live GFP

DEAD Red and [R and B and (not G)] magenta Compromised
CellTracker Blue wild-type

DEAD Red and (R and G and B) white Compromised GFP
CellTracker Blue and GFP

aSee also Figure 4.
bFrom combined image planes.

Table 1. Boolean Logic Operators for the Three-Color (Red, Green and Blue) Scheme Used in Master.mac and Their Interpretation by Staining
Reaction as Used in Live/Dead Staining Protocola



nology, Brattleboro, VT, USA) and an
Optronics DEI 470 cooled CCD camera
(Optronics Engineering, Goleta, CA,
USA). Three images were acquired of
the same field in the following order.
First, a red image (dead cells) was ac-
quired by using a standard propidium
iodide excitation filter (Chroma 83570,
570 nm). Next, a green signal image for
GFP (or similar fluorochrome) was tak-
en with a standard FITC excitation
(Chroma 83490, 490 nm) filter. Finally,
a blue image (live cells) was acquired
with a narrow band UV excitation
(Chroma 3013, 365 ± 10 nm) filter. An
auxiliary barrier (Chroma HQ 463 20M,
463 nm ± 20 nm) filter was also used
when GFP was used as a third signal.

A macro program acquire.mac (Fig-
ure 1) was written to obtain the images
and to run under the image analysis

software Optimas 6.2 (Media Cyber-
netics, Bothell, WA, USA) on a Pen-
tium (Intel, Santa Clara, CA, USA)
166-MHz personal computer equipped
with a Flash Point 128 (Integral Tech-
nologies, Indianapolis, IN, USA) frame
grabber board. The acquire macro
prompted the user to manually set the
proper filter for each color channel
(red, R; green, G; blue, B) and allowed
focus and exposure adjustments. After
a focused, correctly exposed image was

obtained, the program averaged eight
images of the field to reduce temporal
noise and subtracted a blank image (il-
lumination shutter closed) to reduce
spatial noise. Finally, a localized back-
ground-smoothing filter was applied to
delineate cells that were apposed.
These steps were essential for success-
ful global, automatic threshold determi-
nation later in the image analysis (21).
Then, the macro saved three 8-bit color
TIFF files (redx.tif, greenx.tif and
bluex.tif, where x is the corresponding
set number) to a user-designated direc-
tory for further image analysis.

Enumeration of the labeled cells was
performed with the macro program
master.mac (Figure 2) also running un-
der Optimas 6.2. Processing began
when the user selected the appropriate
color channels from the three images
(e.g., taking the red channel from the
DEAD Red image) and combined them
to make a new RGB image. This was
designated overlay.tif and was saved to
a new user-defined directory along with
all subsequent intermediate images. 

To separate the features of the im-
ages from the background, each color
channel underwent a thresholding pro-
cedure. The macro selected an initial
threshold value based on the Otsu mini-
mal variance method of threshold selec-
tion (14) for the red and green values
and Search for Minimum for the blue
value. If this threshold was unacceptable
because of the exclusion of cells or in-
clusion of background noise, the user
made the appropriate adjustments to
lower or raise the threshold, respective-
ly. When a threshold had been set, a wa-
tershed separation filter (17,21) was ap-
plied to separate clusters of cells and to
produce a binary image of each channel.
A series of Boolean logical operators
(Table 1) was applied to the binary color
channels to determine regions of over-
lapping or exclusive staining (17). The
grayscale Boolean images were counted
by using the Optimas “count areas”
command and the data were exported
via a DDE link to a Microsoft Excel
97 spreadsheet for interpretation and
presentation. Three experiments were
conducted with wild-type cells and two
with GFP-transformed cells.

For leaf surface studies, a mixture of
cells from overnight cultures of wild-
type and EGFP-transformed A. pullu-
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Figure 1. Acquire.mac. Processing flowchart of
the image acquisition macro that prompts the user
for microscope filter and exposure adjustments
and automatically saves images before processing.

Figure 2. Master.mac. Processing flowchart of
the live/dead image analysis program macro that
enumerates and exports live, dead and compro-
mised cell counts to Excel spreadsheets.



lans was placed on detached tobacco
(Nicotiana tabacumL. cv Havana) leaf
segments (about 4 cm2) for 2 h. Excess
moisture was removed with a pipet, and
the segments were inverted onto drops
of stain on plastic film. Leaf segments
then were washed by dipping them into
water in petri dishes, drained and
mounted in VECTASHIELD before ex-
amination. Images were acquired by
using the filter sets described above;
however, only a single image of each
fluorochrome was taken, and a blank
image subtraction was not performed.
Image analysis was done the same as
with the cells on microscope slides.
This experiment was conducted twice.

RESULTS AND DISCUSSION

Typical live versus dead cell staining
results for wild-type and GFP-trans-
formed A. pullulans are shown in Fig-
ure 3 for the GFP cell line. Dead cells
always occurred in the standardized
live cell population, but no live cells
were seen in the dead cell population. It
was therefore necessary to correct the
observed results to account for the dead
cells observed in what was supposed to
be an exclusively live cell population
for experimental purposes. We calcu-

lated this adjustment by using Minitab
v12.0 (Minitab, State College, PA,
USA) from the linear regression of the
actual proportions (dead/total) versus
the expected proportions (dead/total)
for the five ratios of cells. As there were
negligible live cells in the dead popula-
tion, the regression line was forced to
go through the origin (y = 0, x = 0),
where y is the observed proportion of
dead cells. The estimated slope is the
proportion of “cells that should be live”
that are observed to be live. The recip-
rocal of this slope (what we call the
α-factor) is used as a multiplier to cor-
rect observed data values. We note that
this method assumes that the propor-
tion of dead cells observed in the live
sample is constant across the ratios.

Cells showing both blue and red
staining were interpreted as compro-
mised and counted as dead. That a cell
can register both live and dead reac-
tions is explicable by the relatively long
half-life (about 60 min) (19) of glu-
tathione S-transferase, implying that re-
cently dead cells will continue to stain
blue. This is further supported by the
observation that suspensions of live
cells contained compromised cells,
while suspensions of the nutrient-de-
pleted dead cells did not.

To determine whether our protocol
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Figure 3. Typical results of live/dead staining protocol applied to suspension mixtures of live and
dead EGFP transformed A. pullulans and analyzed using the macro program master.mac. Data
have been α-corrected to adjust for the proportion of dead cells in the live population. Open symbols rep-
resent the theoretical plots of the live/dead ratios, while closed symbols are the averages of 5–6 fields,
each containing 30–150 cells. Confidence intervals are the 95% limits of the data.



was applicable to other fungi, live and
dead cell suspensions of Cryptococcus
laurentii (ATCC no. 32063) were
stained and produced results similar to
A. pullulans (data not shown). We also

tested the procedure on the swollen cell
but not the chlamydospore morphotype
of A. pullulans. To check the validity of
the live/dead protocol, we applied a
CTC tetrazolium method (16) to live

and dead A. pullulans cells, which pro-
duced results similar to those produced
using CellTracker and DEAD Red.

Figure 4 shows the original RGB im-
age of live and dead cells (Figure 4A) in
a mixture of wild-type and EGFP-ex-
pressing cells on a leaf surface, together
with the binary images for the red,
green and blue signals, respectively
(falsely colored for illustration) (Figure
4, B, C and D), and the Excel output
of the master.mac (Figure 4E). Al-
though red autofluorescence of chloro-
phyll is seen in the unprocessed image
of the leaf (Figure 4A), the red signal of
the dead-staining cells is detected by
applying a threshold to discriminate
cells from background. Image averag-
ing and background subtraction were
not applied to images of cells on leaves
because elimination of background was
not possible and image averaging re-
quired additional time during which
photobleaching of the chlorophyll oc-
curs. Work is in progress to control pho-
tobleaching, which would allow image
averaging; this in turn would permit col-
lection of a less noisy signal (especially
in the blue channel, which is the least
sensitive for CCD cameras) (15).

GFP has an excitation spectrum that
must be compensated for to obtain ac-
curate results. The UV excitation used
for CellTracker Blue will also excite
GFP, causing EGFP-expressing cells to
be seen in the blue and green channels.
This is evident visually in the blue de-
tection channel as either cyan-colored
cells, in the case of cells having both
CellTracker and EGFP signals, or as
green in those cells that have GFP and
DEAD Red signals (as red does not
overlap into blue). This effect was quite
pronounced in our EGFP-transformed
cell line, and the problem had to be cor-
rected before image processing to pre-
vent green- and red-expressing cells
(categorized as GFP and Dead) from
being interpreted as expressing green,
red and blue (GFP and compromised).
This was corrected in two ways. First,
we changed the excitation filter from
the standard 360 nm ± 40 nm to 365 nm
± 10 nm (Chroma Technology) and in-
serted a neutral density filter of 3.0 OD
units (Olympus America) in the light
path, allowing less excitation of the un-
wanted GFP signal. Second, an addi-
tional barrier filter HQ 463 ± 20 nm
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Figure 4. Results of live/dead staining, GFP expression and processed image data. (A) Live/dead
staining reaction and GFP expression of a mixture of wild-type and EGFP-transformed cells of A. pullu-
lans applied to a tobacco leaf [the image has been digitally deconvolved to enhance focus using Micro-
tome (VayTek, Fairfield, IA, USA) deconvolution software for illustrative purposes only]; → indicates
a dead cell also expressing GFP. (B–D) Binary images of the respective red, green and blue components
of the processed image, pseudo-colored for clarity. (E) Excel output of the image shown in (A) (compare
interpretation with Boolean operators logic, Table 1).  Scale bar equals 10 µm.



(Chroma Technology) was used to fur-
ther reject non-blue light spilling over
into the blue image. This signal overlap
is not a problem with fluorescein, which
does not have an excitation spectrum
extending into the shorter wavelengths.

The macro programs written to
process the fluorescent images are ac-
curate as validated by manual counts of
live and dead cells. However, they have
the following potential to generate er-
rors. Chromatic aberration of the mi-
croscope optics, inadvertent movement
of the microscope stage or differences
in cellular localization of probes can
lead to a mis-registration of fields when
the component color channels are over-
laid. The resulting non-overlapping ar-
eas can be large enough to be counted
as individual cells, thereby causing er-
roneous counts. We have encountered
this problem with the cellular distribu-
tion of EGFP in transformed cells be-
ing more centralized than the live/dead

probes, leaving “halos” of red or blue
around a green center. Addition of an
extra binary erosion of the blue and red
images before enumeration of the live
and dead cells in the GFP images elim-
inated this artifact.

As applying threshold values to the
images is a subjective step in the pro-
cessing, it was apparent early in the
macro development that some variation
among users was a factor when discrim-
inating dim from bright cells. To mini-
mize this problem, we integrated the
Optimas auto-thresholding feature to lo-
cate an initial starting threshold. The
Otsu minimal variance method (14) was
selected for the red and green channels,
and the more conservative “Search for
Minimum” method from the Optimas
program was applied to the blue chan-
nel. These adjustments corrected for the
relative insensitivity of the cooled CCD
camera to blue. Consequently, the user
rendered a noisier image, which al-

lowed establishment of a consensus
threshold level that needed only occa-
sional fine adjustment.

Sometimes the master.mac will
cause computer system lock ups when
exporting data to Excel 97. This is a
conflict between Windows 95/98 and
the DDE function and appears to be
related to the system running the pro-
gram. We have written the routine
reset.mac to allow recovery of the
spreadsheet without data loss and to
continue processing images.

The macro programs are available
for downloading as live_mac from the
Software Library of the BioTechniques
Web site (www.biotechniques.com) by
anonymous ftp from (plantpath.wisc.
edu) or by email from the authors (rzs
@plantpath.wisc.edu) free of charge.
The documentation and tutorial contain
more information and advice on the im-
age-processing techniques used by this
software. Though these macros are
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written in the ALI language used by
Optimas, programmers familiar with
the C language will have little trouble
modifying the code to run under image
processing packages such as Image Pro
Plus (Media Cybernetics). 

In summary, this protocol and imag-
ing program macros allow the enumera-
tion of live versus dead cells, plus a third
parameter with accuracy unattainable
manually because of time constraints or
impossible because of photobleaching.
Because samples can be fixed after the
live/dead staining, specimens can be
stored before the examination or appli-
cation of another probe. Furthermore,
extension of this method to the plant
surface allows the direct, in situ assess-
ment of the potential viability status of
resident populations of native wild-type
or introduced EGFP-expressing mi-
croorganisms associated with epiphytic
landscape features of interest. The
method could also be combined with
fluorescently labeled in situ hybridiza-
tion probes (8,9) for the identification of

specific microbe species or with fluores-
cently labeled lectins or antibodies.
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