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A novel flow cytometric procedure has been developed with the aim of obtaining growth properties of indivi-
dual Saccharomyces cerevisiae cells in asynchronous cultures. The method is based on labelling of the cell wall
with FITC-conjugated to Concanavalin A and detection of the single cell fluorescence with flow cytometry after
exposing the cells to growth conditions. Because the formation of new cell wall material in budded cells is re-
stricted to the bud tip, exposure of the stained cells to growth conditions results in three cell types: (i) stained
cells, (ii) partially stained cells, and (iti) unstained cells. This first staining has been coupled to the determina-
tion of the protein content of the individual cells, which gives a good estimation of the cell size. Analysis of the
double staining patterns over time permits determination of cell age and specific growth rate of individual cell
cohorts. The procedure has been tested with yeast cell populations growing at different growth rates. In this pa-

per we present a short overview of the data obtained.
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Introduction

The major microbial biomass for human use that is
produced commercially on a large scale is baker’s yeast
(Sacch. cerevisiae). Sacch. cerevisiae is also used in well es-
tablished bioprocesses for the synthesis of products such
as ethanol, vitamins, enzymes and heterologous pro-
teins. The production of baker’s yeast to be used specifi-
cally for bread-making started in the middle of the 19th
century. The method used for the production of baker’s
yeast biomass (ie., fed-batch fermentation) directly re-
flects the physiology of this micro-organism. Optimisa-
tion and control of the bioprocess requires monitoring
and manipulating of the cellular environment (i.e., sugar
and nutrients concentrations, oxygen availability, tempe-
rature and pH values). The dynamic reactions of the
yeast population to changes and manipulations of its
surrounding are determined by the distributions of the
»single-cell growth rates« of the growing cells. The »sin-
gle-cell growth rates« are defined by the rates at which
cells accumulate proteins, nucleic acids, lipids, cell wall

materials, secreted material and all the other cellular
components (1-2). In order to determine the »single-cell
growth rates« of a growing population, it is necessary to
obtain data on the cellular composition of the individual
cells and how this composition is distributed within the
whole growing cellular population.

Further optimisations of Sacch. cerevisiae as »bio-
mass or cell factory« might depend on better understan-
dings of the relations between the cellular environment
and the distributions of »single-cell growth rates« in the
growing population. Little information is available on
these distributions since conventional sensors typically
measure only population average quantities, and their
direct determination is difficult.

Flow cytometry allows the measurement of physi-
cal and/or chemical bioparameters in single cells at ra-
pid rate such that the distribution of these properties in
the whole population can also be obtained in a very
short period of time (3). This analytical technique has
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been applied to growing yeast cells in several different
applications. These range from the characterisation of
the growth dynamics (4-6), the analysis of the kinetics
of heterologous protein production (7), the selection of
cells with specific properties (8-9), to studies on the me-
tabolic state of cell populations (10), to give a few exam-
ples.

Sacch. cerevisiae divides with an asymmetrical pro-
cess. The degree of asymmetry at division depends on
the growth rate, with slow-growing cells dividing more
asymmetrically. In an asynchronously growing Sacch. ce-
revisige population, individual cells differ in their posi-
tion within the cell division cycle, their genealogical age
(i.e., daughters, parents of first generation, parents of se-
cond generation) and their size, although cells which
have the same size do not necessarily share the same
age or the same cell cycle position. All these differences
yield the cell size distribution (i.e. the cell protein con-
tent distribution) of the growing population. It has been
shown that the protein content distribution of a given
population in balanced exponential growth is stable and
characteristic of each growth condition (for a review see
ref. 6).

Based on the work of May and Mitchison (11), a no-
vel flow cytometry procedure that permits determina-
tion of single-cell growth properties of Sacch. cerevisiae
populations has been recently developed (12-16). The
aim of this paper is to provide a short overview of the
latest results obtained.

A novel flow cytometric procedure

The procedure is based on labelling the yeast cell
wall(s) with a lectin such as ConcanavalinA (ConA) con-
jugated to a fluorescent marker such as fluorescein iso-
thiocyanate (FITC). The yeast cell wall is constructed
almost entirely of two classes of polysaccharides: poly-
mers of mannose covalently linked to peptides (manno-
proteins) and polymers of glucose (glucans). A third su-
gar polymer of N-acetylglucosamine (chitin) is present
only in small amounts (17-18). Concanavalin A, the lec-
tin obtained from Jack beans (Canavalia ensiformis) (19),
specifically binds the mannoproteins of the yeast cell wall
(20). Localisation of cell wall synthesis during growth of

the bud has been demonstrated with fluorescent dyes
and autoradiography (20-21). The cell wall of the grow-
ing bud is not derived from the material of the mother
cell wall, but it is synthesised de novo (17-18,20-22).

The procedure requires the culturing of a yeast po-
pulation, harvesting the cells, staining the cell wall(s)
with ConA-FITC, exposing of the cells to growth condi-
tions and detection of the single cell fluorescence with
flow cytometry. Fig. 1 shows the cell cycle phases of a
growing yeast cell. Since the synthesis of new cell wall
material in the budded cells is restricted to the bud, the
first effect of the new cell growth is the production of
new-born daughter cells with a gradually decreasing
amount of surface stain (i.e., partially stained daughter
cells). The partially stained cells are new-born daughter
cells originated from cells stained during the budded
phase (S + G2 + M + G1%) of the cell cycle (12). Comple-
tely unstained daughter cells (Fig. 1) represent the new-
-born daughters originating from cells stained while they
were in the unbudded phase (G1). The time of appea-
rance of this last subpopulation of new daughter cells is
function of the length of the S+ G2+ M + G1* phase
(12). Both balanced and transient growth conditions can
be analysed by resuspending the stained cells in the
same or in a different medium. In order to use the surfa-
ce staining as a permanent label for the observation of
the growth properties of individual cells, fast staining
conditions (the staining takes few minutes) have been
developed so as to meet the requirements that the label-
ling procedure not perturb the growth behaviour and
that the surface label be retained by the cells over the
subsequent growth period (12)

This first staining has been coupled to the determi-
nation of the protein content of the individual cells,
which gives a good estimation of the cell size. This dou-
ble tag approach offers a sensible tool for the analysis of
the single-cell growth properties of asynchronously gro-
wing yeast populations. In fact, on the one hand it al-
lows the selection of individual yeast cells at the diffe-
rent set points of the cell cycle (see below), while on the
other hand it yields the relative distribution of the pro-
tein content.

Experimental methods developed to obtain some of
the above cited information are described below.
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Fig. 1. Cell cycle phases of a growing yeast cell. The evolution of partially stained and unstained daughter cells after resuspension of

stained cells is clearly deductible.
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Identification of new-born daughter cells
and quantification of the growth properties
of single cells.

5288C yeast cells were cultured in a flask by sha-
king at 30 °C in the 6.7 g L' YNB-galactose medium to
exponential phase, harvested, stained and resuspended
in the same growth medium. Cells have been stained for
7 minutes by incubation in precooled fresh YNB-based
medium, containing 120 pg mL™7 of conjugated ConA-
FITC (approximately 3.6 moles of FITC per mole of lec-
tin; SIGMA, St. Louis, MO, USA) at cell concentration of
2-10% cells/mL. At different times after resuspension of
stained cells and new growth, yeast samples were col-
lected by centrifugation, washed and fixed for 20 minu-
tes in 70% volume fraction of ethanol. Fixed cells were
centrifuged, washed once and total cell proteins stained
for 30 minutes in 0.5 M sodium bicarbonate containing
50 ug/mL of tetramethylrhodamine isothiocyanate
(TRITC; SIGMA, St. Louis, MO, USA). FITC and TRITC
signals were finally acquired from a FACStarPs (Becton
& Dickinson) equipped with an argon-ion laser (excita-
tion wavelength 488 nm, laser power 200 mW) (13-15).
Fig. 2 shows the dynamic of the double-tagged cell po-
pulation after resuspension (t=0). The specific growth
rate of the overall population and the percentage of
budded cells before and after resuspension were 0.22 +
0.02 h™ and 53.5+0.5 %, respectively

The ConA-FITC signals shown in Fig. 2 were acqui-
red with a logarithmic scale. On the one hand, the loga-
rithmic scale allows a global evaluation of the experi-

Unst. P.st. St.

ment. However, it is very important to emphasize that
all the data have been obtained analysing yeast samples
with a linear scale which allows the recording of the
smallest differences in the ConA-FITC fluorescence si-
gnal between each single cell. Further, after resuspen-
sion of stained cells, samples for subsequent analysis
were prepared every 10-20 minutes of new growth (12—
16). In asynchronous yeast populations, cells occupy dif-
ferent cell cycle positions. At the time of staining with
ConA-FITC the cell wall of each cell is completely stai-
ned (St. at t = 0; Fig. 2). Each individual cell of the yeast
population is represented by a single dot. After the stai-
ning of the cells and the subsequent new growth, the
newly synthesised cell wall is not stained while the ol-
der cell wall components retain the initial fluorescence
(i.e., each cell retains the initial amount of fluorescence,
the dye attached to the cells is only diluted on yeast sur-
face by the new growth) (12). The evolution of partially
(P. st.) and unstained (Unst.) daughter cells is clearly vi-
sible. A long period of growth (i.e., more than 1-2 gene-
ration times) clearly results in the accumulation of a lar-
ge fraction of completely unstained cells. Such behaviour
of the double staining pattern is clearly dependent upon
the growth properties of the overall population as well
as on the growth properties of the individual cell. For
instance, the time of appearance of the unstained cells
can be used to estimate the length of the budded phase
of the growing population (12). The simplest quantitati-
ve analysis of the staining pattern allows the determina-
tion of the cell size of the new-born daughter cells.
Examples of the selection of new-born daughter cells are
shown in Fig. 2; the gates rl and 12 indicate the regions

Unst. P.st. St. 1

CELL PROTEIN

CON-FITIC (LOG SCALE)

Fig. 2. Examples of dot-plots of cell-wall-tag (abscissa; ConA-FITC signals; Log scale) versus cell-protein-content-tag (ordinate;
TRITC signals; Linear scale). Data shown have been acquired at time t=20, 1, 2, 3, 5 and 7 h after resuspension of ConA-stained

cells (all the data are expressed as channel number).
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where the new-born partially stained daughter cells fall
after resuspension.

The double-tag procedure also allows to directly de-
termine the growth kinetic of the cell size of the daugh-
ter cells during cell cycle progression. Since the new-
born partially ConA-stained cells retain the same initial
amount of fluorescence (i.e. the dye on the single cells is
only diluted by the new growth) (12-16), it is possible to
follow the growth dynamics of a cohort of selected cells
born at the same time, and thus having the same age
over time. In Fig. 2 an example of the selection of such
cohort of daughter cells over time is also reported (gate
r3). The kinetic of cell protein content increase is shown
in Fig. 3. The cell protein content increase of the selected
daughter cells has been followed for 6.5 h, a time which
is much longer than the duplication time of the whole
population (3.2 h). Data obtained during the first 4.5 h
of growth after resuspension clearly fit an exponential
increase of the cell size over time. In fact, the coefficient
of correlation is higher than 0.99. Exactly after 4.4-4.5 h
of growth (ie, 5 hours after resuspension, considering
that the selected cells were born 0.5 h after the resuspen-
sion) an exponential rate law can no longer be used to
fit the data. We proved earlier (13-16) that the time-de-
viation shown in Fig. 3 corresponds to the division of
the daughter cells and therefore it can be used to deter-
mine the duplication time of the daughter subpopula-
tion. A simple mathematical equation (1 = e+ + e+Tp;
where Td and Tp are the duplication times for the
daughter and parent subpopulations, respectively) al-
lows to extrapolate the duplication time of the parent
subpopulation (2.28 h). Yeast populations growing at
different specific growth rates and double-tagged with
the procedure described can be analysed (Table 1). The
data shown in the Table indicate that (i) the cell size in-

Relative cell size

Time / h

Fig. 3. Average cell protein content (logarithm of the TRITC si-
gnals) of a selected population of partially stained daughter
cells as a function of time after birth. The gate r3 in Fig. 2
shows an example for selection of the same cohort of partially
stained daughter cells over time.

Table 1. Comparison between the specific growth rate of the
whole yeast population and of a single cohort of daughter cells.
Yeast cells have been grown in YNB-based medium till expo-
nential phase, stained, resuspended in the same fresh media
and analysed as described in Figs. 2 and 3. Glucose or galactose
or raffinose were used as carbon source.

Specific growth rate/ pm h!

Cohort of daughter cells* Whole population®*

0.188 0.182
0.206 0.215
0.207 0.211
0213 0.215
0.226 0.224
0.251 0.250

* Specific growth rates of single-cell size have been determined
on cohorts of growing daughter cells of the same age.

** Specific growth rates of the whole population have been de-
termined from the relative cell number increase.

crease rate (CSIR; ie. the specific growth rate) of the
daughter cell subpopulation is almost identical to the
specific growth rate of the overall population as deter-
mined by the increase of the cell number concentration.
Furthermore, (ii) since the specific growth rate value for
the daughter subpopulation and for the overall popula-
tion is the same in all the tested conditions, it follows
that the parent subpopulation grows at the same avera-
ge specific growth rate.

Similar data were obtained using different yeast
strains (data not shown).

Identification of the daughter and parent
subpopulations

The transient behaviour shown in Fig. 2 allows the
estimate of the cell protein content distributions and fre-
quencies of the daughter and parent subpopulations du-
ring balanced cell growth. In fact, the cell protein con-
tent distribution of the newly originated daughter cells
determined after a period of time corresponding to the
determined generation time of the daughter cells sub-
population (i.e. 4.4 h; (13)) should correspond to the si-
tuation detectable during balanced cell growth. In accor-
dance with this, the fraction of this cellular subpopula-
tion determined by flow cytometry 4.5 h after resuspen-
sion of the stained cells and the fraction of daughter
cells determined by bud scars analysis on the whole po-
pulation are very similar, 66% against 63%, respectively
(13). Furthermore, if after such time, the new partially
stained and unstained cells represent the daughter
subpopulation, clearly all the other cells should belong
to the parent subpopulation (Fig. 4).

Identification of the complex structure of an
asynchronously growing yeast population

Table 2 summarises most of the data obtained using
this novel flow cytometric procedure. Specifically, in the
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Overall distribution

Daughters

Parents

Cell protein content

Fig. 4. Comparison of the experimental cell protein content di-
stributions of the daughter and parent subpopulations with the
overall cell protein content distribution. The cell protein con-
tents are expressed as channel number against cell frequency
(C.F).

Following resuspension of stained cells, the distributions of the
two subpopulations were determined after a period of time
equal to the determined generation time of the daughter
subpopulation (see also text).

Table 2. Comparison between coefficients of variation (CV) for
different yeast (sub)populations.

Data from the dou-
ble-tag approach

Yeast (sub)population: Other teams

Overall 37.73 36°-24.1°
Daughters 29.44 36"
Daughters newborn 19.00 15* - 18.2°
Daughters in G1 23.36

Daughters in 5+G2+M+G1* 21.54

Daughters dividing 18.27 13*
Parents 23.21 257
Parents newborn n. d. 16.4°
Parents in G1 n. d.

Parents in S+G2+M+G1* n. d.

Parents dividing 27.39

n. d. - not detectable following the double-tag approach

* data from ref. 31 (the data about the daughter and parent sub-
populations have been determined analysing the cell volume
by time-lapse studies of a yeast population growing on a solid
support, while the data of new-born and dividing daughter
cells have been inferred by calculation).

b data from ref. 42 (the data have been obtained following a
flow cytometric extrapolation of the cell volume).

table are reported the CV values for the different parent
and daughter subpopulations identified. The CV value
for the distribution ranges between 0 and 100. The CV
value represents the ratio of the standard deviation and
the mean and indicates the dispersion of the protein
content distribution around the average protein content
value (i.e. a protein content distribution of cells having
identical size has a CV value equal to zero). Therefore,
excluding the experimental mistake and noise, the CV

value of a cell protein content distribution represents the
heterogeneity in cell size of the different cells belonging
to the yeast (sub)population. At least two different CV
behaviours deserve some comments. On the one hand, it
is interesting to note that the dispersion of the protein
content for the daughter subpopulation (29.44 see also
Fig. 4) is higher than that for the parent one (23.21). On
the other hand, the CV value for daughter cells at divi-
sion (18.27) is considerably lower than the CV value for
the dividing parent (27.39) cells. Since all the cells of the
population grow at very similar specific growth rates
(13) and share the same length of the budded phase (12,
23-24), the different dispersion for daughter and parent
cells around the average protein content value can be
explained considering the much longer G1 phase of the
daughter cells in comparison to the G1 phase of the pa-
rent cells. On the other hand, taking into consideration
that DNA replication occurs when a yeast cell reaches a
critical cell size at Start (24-36), that such critical value
increases at each new generation (24, 31-34) and that the
budded period is of constant duration for all the cells of
the population (12,23-24), the higher dispersion for the
dividing parent cells can be easily explained considering
that parent cells of different genealogical age enter in S
phase and then divide having very different cell protein
contents. On the contrary, the lower dispersion for the
dividing daughter cells could be explained assuming
that all the daughter cells begin to bud and then divide
having more similar protein contents (i.e. independently
of the genealogical age of the parent from which have
been originated). These considerations have been tested
following simulations of cell size distributions and rela-
tive cell frequencies of daughter and parent cells belon-
ging to different cell cycle positions (15). Simulations
have been obtained using a mathematical model pre-
viously developed in our laboratory which allows the
deconvolution or the simulation of a cell protein content
distribution (24, 37 and reviewed in 6). For the simula-
tions the computer must be fed with the specific growth
rate value, fraction of budded cells in the population,
percentage of increase of the critical size at Start for the
parent cells of first generation and momentary coeffi-
cient of variation for the daughter and parent subpopu-
lations. The simulated data are very close to the experi-
mental findings (data not shown) (14-15) not only for
the whole population, but also for the fraction of diffe-
rent subpopulations and for the CVs of the protein con-
tent distributions.

Finally, Fig. 5 summarises the main information ob-
tained using this new procedure. All daughter cells be-
longing to a yeast population begin to bud and then di-
vide at the same relative protein content, independently
of the genealogical age of their parents. A similar pro-
cess of resetting of the individual cell cycles for daugh-
ter cells is also operative during transient steady-states
of growth (16). On the contrary, the critical protein con-
tent required for the parent cells to bud increases at each
new generation. Since the budded period is of constant
duration for all the cells, genealogically older parent
cells are larger at division and result in larger new-born
daughter cells.
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Fig. 5. Designing the complex structure of an exponentially growing yeast population. All the experimental information obtained
was used to design the complex structure of an exponentially growing yeast population.

Conclusions

Studies of the kinetics of the cell cycle progression
of the yeast Sacch. cerevisiae require the analysis of indi-
vidual cells growing under both balanced and transient
growth conditions. Both time-lapses and flow cytometric
applications are required for successful investigations.
For example, time lapse studies were used to verify that
the budded phase of cells having different genealogical
age is of constant duration (38), to determine the cell vo-
lume increase at Start for cells of different genealogical
age (31), to determine the specific growth rate of indivi-
dual cells (39), to analyse the dimorphic behaviour of la-
boratory strains (40) as well as to monitor the life-span
of a yeast cell (41). On the other hand, flow cytometry
allows the determination of the cell protein content
which represents a good estimation of the cell size and,
analysing a wide sample of cells (i.e., up to 10° cells) (3),
allows the measurement of the heterogeneity and varia-
bility of the growing population.

The flow cytometric procedure described here allows
the direct determination of the properties (i.e., growth
dynamics, relative fractions, CV values of the protein
content distributions) which constitute a growing yeast
culture without any assumption and/or any indirect cal-
culation.

Data obtained during both balanced and transient
growth conditions indicate (i) an exponential growth for
individual cells during cell cycle progression, (ii) that

each cell in the population grows at the same average
specific growth rate, (iif) that the cell size increase rate
(CSIR) of each individual cell reflects the specific growth
rate of the overall population, (iv) the opportunity to de-
termine the budded phase length of the growing popu-
lation and (v) the cell cycle length of the daughter
subpopulation, (vi) the opportunity to extrapolate the
cell cycle length of the parent subpopulation and (vii)
the G1 length for both the daughter and parent subpo-
pulations as well as (viii) singling out the cell size distri-
butions of the parent and daughter subpopulations be-
longing to different cell cycle phases from the overall
distribution (i.e. new-born, G1, S + G2 + M + G1* and di-
viding cells) and finally (ix) to determine the complex
structure of & growing yeast population (12-16). Usually,
these dynamic properties cannot be determined. Only
for cells growing exponentially, it is possible to calculate
some of these values (i.e. the length of the budded phase
and of the duplication times for the daughter and parent
subpopulations) by inference from other data using
equations and/or mathematical models (summarised in
ref. 6).

The characterisation reported in this short overview
evidences the extreme complexity of the processes con-
trolling the co-ordination between growth dynamics and
division events of a growing yeast population. In fact,
there is a large overlap between the cell protein content
distributions of daughter and parent cells as well as
between cells of the same subpopulation but belonging
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to different stages of the cell division cycle. Clearly, the
situation shown depends on the specific growth rate of
the yeast population; in fact, yeast cells divide asymme-
trically with slow growing populations dividing more
asymmetrically (35-36). Finally, because the presented
procedure is very rapid it could be useful for the isola-
tion/characterisation of yeast mutants as well as for
studying the physiological reactions of Sacch. cerevisiae
to modulation of the cellular environment (16). Further-
more, such a procedure could be useful for other intere-
sting applications. In fact, Sacch. cerevisiae is a microor-
ganism of wide scientific interest not only for conventio-
nal biotechnological productions (ie. biomass, ethanol,
vitamins, enzymes), but also for the studies of the cell
cycle control in eukaryotic cells, for the analyses of the
mechanisms controlling the glycolytic pathway and for
advanced biotechnological applications (i.e. heterologous
proteins, vaccines, chemicals).
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Novi proto¢ni citometrijski postupak za odredivanje
rasta jednostani¢nih organizama u asinkronoj populaciji
Saccharomyces cerevisiae

SazZetak

Prikazan je novi protocni citometrijski postupak kojim se mogu odrediti svojstva rasta pojedinih stanica Sac-
charomyces cerevisiae u asinkronim kulturama. Postupak se sastoji u oznacavanju stanicnog zida s konkavalinom
A na koji je vezan fluorescein izotiocijanat (FITC) i utvrdivanje staniéne fluorescencije protocnom citometrijom
nakon izlaganja stanica uvjetima rasta. Buduci da je oblikovanje novog stanitnog zida u pupajuéim stanicama
ograniceno na vrh pupa, izlaganje obojenih stanica uvjetima rasta davat Ce tri tipa stanica: (i) obojene, (ii) djelo-
micno obojene i (iii) neobojene stanice. Istodobno je odredena kolicina proteina u pojedinim stanicama, sto daje
dobru procjenu velitine stanica. Analiza dvostruko obojenih uzoraka tijekom vremena omoguéava odredivanje
starosti stanice i specificne brzine rasta pofedinih stanicnih skupina. Postupak je bio provjeren na populaciji
kvascevih stanica pri razlicitim brzinama rasta. U radu je iznesen kratki pregled dobivenih podataka.





