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ABSTRACT

Part of the changes in the hormonal balance involved in plant senescence
is due to an auxin limitation. Some of its physiological consequences are
studied using pear (Pyrus communis L.) cells cultured in a continuously
renewed medium in which 2,4dichlorophenoxyacetic acid (2,4-D) was
absent. In these conditions, an assessment was made of the absence of
nutrient deficiency.

In the period preceding cell death, the rate of respiration and ethylene
production remain low, and no major changes were observed in the total
protein and RNA content of the cells. Beginning around day 9, an important
efflux of three amino acids (serine, threonine, and aspartic acid) occurs
among which serine represents more than 52%. However, exogenous serine
supplied to the medium fails to show any senescence promoting effect. At
the same time, leucine uptake and incorporation sharply and simultaneously
increased. The presence of 2,4-D inhibits both these phenomena and
prevents cell death. It is proposed that auxin deprivation is responsible for
unmasking a program of synthesis of new proteins involved in cell death.

It is now accepted that regulation of senescence in plants is
associated with changes in the balance of senescence promoting
hormones, ethylene and ABA, and senescence retarding hor-
mones, auxins and cytokinins (11, 19, 30). According to this
concept, auxin and cytokinin deficiencies are at least partly in-
volved in triggering senescence. However, from an experimental
point of view, the induction of hormone deficiency to unmask the
program of senescence has proved to be possible only in a few
cases through the use of hormone antagonists (8). Most of the
studies have so far been conducted by applying exogenous auxins
and cytokinins in order to elucidate their role in the maintenance
of cell integrity.
A model system of senescent pear fruit cells was described

previously (22) in which auxin-deprivation was performed by
omitting 2,4-D from the continuously renewed medium. In these
conditions, a sharp increase in protein and RNA synthesis was
observed that appeared to be directly involved in cell death.

Here, several other changes are reported including amino acid
efflux, ['4C]leucine uptake and ability to divide upon transfer in
a medium with 2,4-D. Evidence is also provided for the inhibition
by 2,4-D of the increase in protein synthesis and amino acid
uptake and for the prevention of cell death.

MATERIALS AND METHODS
Maintenance of Cell Cultures. Cell suspensions established in

1972 from young Passe Crassane pear fruits (Pyrus communis L.)
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were routinely maintained by successive transfers every 7 days in
1,000-ml Erlenmeyer flasks containing 500 ml standard medium
supplemented with 4.5 x 10-6 M 2,4-D (21). In all the experiments
reported here the initial cell density of each subculture was
adjusted to about 8 x 105 cells/ml by pouring an adequate
inoculum.

Preliminary Subculture in the Absence of 2,4-D. Before trans-
ferring into the continuous system, the cells were grown in 5-L
Erlenmeyer flasks for 9 days in the standard medium in the
absence of 2,4-D (4).

Culture in Closed Continuous System. The continuous culture
was carried as previously reported (4, 22) in a so-called "aging
medium" (one-fourth concentration of the mineral and organic
nutrients present in the standard medium + 0.37 M mannitol +
0.03 M sucrose). The culture system used is basically the same
except that 4-L spherical vessels, each containing 3-L of suspen-
sion, have been substituted for Fernbach flasks; orbital shaking
has been replaced by a magnetic stirrer supported by a glass rod
rotating from the lid of the vessel. All bioreactors were incubated
at 24 ± 1°C and exposed to 12 h of light at 5.0 to 5.5 w m-2
followed by 12 h of darkness.

Estimation of Cell Number and Dead Cells. The total cell
number was determined after enzymic dissociation as indicated in
a previous paper (21). Dead cells were stained either by adding I
volume of Evans's blue dye in fresh medium (0.5% w/v) to I
volume of cell suspension (22) or by incubating 4 volumes of cell
suspension in 5 volumes of Tris-HCl buffer 0.5 M (pH 7.5) and
adding, 10 min later, I ml of the erythrosine dye solution of
Phillips (23). For each point, eight samples of approximately 100
cells each were counted under a microscope.

Determinations of Organic Compounds. The amount of total
reducing sugars (or nonreducing sugars submitted to acid hydrol-
ysis, HCI N, 10 min, 100°C) was estimated by the 3.5 dinitrosali-
cylic acid method (2).

For amino acid isolation, 50 ml output medium was adjusted to
pH 3 to 4 with HCL N, passed through a column (1 x 10 cm) of
cation exchange resin (Dowex 50, H+ form, 80-100 mesh), eluted
by 80 ml N NH40H and 20 ml 2 N NH40H, evaporated twice to
dryness after dissolving in 20 ml water. The analysis was per-
formed using a Beckman automated amino acid analyzer.

Total cell proteins were isolated and estimated by the method
described by Street (29).

Total RNA was extracted according to the method of Schneider
(27) and determined by the orcinol method (24).

Respiration and Ethylene Production. CO2 present in the ef-
fluent air was measured colorimetrically as previously described
(22). Ethylene production was estimated by injecting 3 ml effluent
air into a gas chromatograph.

Determination of Mineral Compounds. K+, Ca2+, and Mg2+
were analyzed using an atomic absorption spectrometer (Perkin
Elmer 290 model). Pi and NH4+ were measured colorimetrically
respectively by the method of Allen (1) and by Technicon autoan-
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alyzer. Residual NO:+ in the medium was estimated by means of
an Orion Model 601 ion electrode.

Leucine Uptake and Incorporation into Proteins. For leucine
uptake determinations, 16 ml cell suspension containing a prede-
termined volume of cells (around 8 x 105 cells/ml) were incubated
in 25-ml flasks at 25°C in a water bath shaker (100 rpm) in the
presence of 0.8 ,uCi of [U-'4C]leucine (318 mCi/mmol). Series of
1-ml samples were collected at time intervals ranging from 2 to
120 min and immediately filtered under vacuum on 2.5 cm
Whatman GF/A glass fiber discs. The remaining free isotope was
removed by two washings of the cells trapped on the filter with 7
ml fresh medium containing 1.7 tLM of ['2Cjleucine. Then the
filters were dried, added to a dioxane based scintillator, and
counted in a liquid scintillation spectrometer (LKB 1215 Rack-
beta). All counts were corrected for quenching (external standard)
and background.

['4C]Leucine incorporation into proteins was estimated as pre-
viously described (22).

RESULTS

In the experiments reported here, auxin deprivation was
achieved by transferring cells to the "aging medium" in continuous
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FIG. 1. Cell number, percentage of dead cells, and nutrients in the
output medium in 2, 4-D-deprived pear fruit cells cultured with continuous
renewal of medium. Medium flow rate: 430 ml day-'. Air flow rate 66 ml
min
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FIG. 2. Respiration rate (-*), ethylene production rate
(Q-O), protein (A A) and RNA content (A A) of 2,4-D-de-
prived pear fruit cells cultured with continuous renewal of medium. Each
point represents mean of four samples, two each from duplicate cultures.
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FIG. 3. Growth of pear fruit cells upon transfer into the standard
medium plus 2, 4-D (,0O) at different time intervals during the continuous
culture (U-U).

culture after a previous culture of 9 days in the standard medium
minus 2,4-D. In these conditions, almost no cell division occurs
and the percentage of dead cells begins to increase around day 16
(Fig. 1). With some stock cells, however, cell death occurs later
(Fig. 6). These fluctuations remain unpredictable despite the
careful attention taken to achieve reproducible conditions (date of
transfer, cell density, volume of flasks, rate of liquid and air
renewal); they may be due to uncontrolled differential rates of 2,4-
D depletion within the cells. For these reasons, all the comparative
studies described in this paper have been carried out on the same
individual stock cells.

Nutrient Consumption during the Continuous Culture in the
Absence of 2,4-D. In order to assess that no nutrient deficiency
occurs during the continuous culture, the level of sucrose and
some minerals was measured at intervals in the output medium
(Fig. 1). At any time, no depletion in any of the components under
analysis were observed except for P04'3 which is rapidly absorbed.
It corresponds to an important accumulation of phosphate within
the cell and is not a cause of deficiency.
Among the other minerals, some are consumed at a high rate

without major changes during the culture. They include K+ (with
a calculated consumption of about 0.55 ,utg/day/1l05 cells), NH4+
(about 1.2) and Ca2+ (about 0.4). Surprisingly N03 and Mg2+ are
not assimilated in measurable proportions.
As for sucrose, only trace amounts can be found in the efflux

medium indicating that it is completely hydrolyzed within the cell
suspension. The level of the residual reducing sugars decreases
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FIG. 4. Efflux of serine, threonine, and aspartic acid in the output
medium measured at time intervals during the continuous culture of 2,4-
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FIG. 5. Effects of added serine (25 and 50 mM) to the fresh medium on

cell death of 2,4-D-deprived pear fruit cells cultured with continuous
renewal of medium.

slightly up to day 9 and then remains almost unchanged. The
consumption rate varies from 20 Ag/day l05 cells at day 3 to 34.5
jig/day- 105 cells at day 12.

Changes in Respiration Rate, Ethylene Production, Protein, and
RNA Content. The respiration rate and the ethylene production
rate both decreased markedly during the first 6 days of culture
(Fig. 2). During the same period, protein and RNA content
increased slightly to reach a constant level by days 4 and 8,
respectively.
Changes in the Ability to Divide upon Transfer into a 2,4-D

Provided Medium. The capacity of the senescent cells to resume

division upon transfer into the standard culture medium was

examined using 250-ml flasks inoculated with 5 x 105 cells/ml
taken from the bioreactor at time intervals up to day 18. Cell
growth was measured by determining cell number every 3 days
(Fig. 3). No important change in the slope of the exponential
phase (doubling times approximately 96 h) or in the final yield of
cells (around 700%o) was observed, however the length of the lag
phase progressively increased from 72 h at day 3 to 336 h at day
18.
Amino Acids Leakage into the Medium. Three major amino

acids, serine, threonine, and aspartic acid (representing 80o of the
amino acid fraction) could be detected in the output medium.
Among them, aspartic acid, and threonine undergo a slow rise in
the efflux rate until the end of the culture (Fig. 4). Serine efflux
followed a different pattern with a sharp increase starting at day
9 and reaching values as high as 27 timol/day. 10' cells (corre-
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FIG. 6. Percentage of dead cells (a), [ 4C ]leucine incorporation (b) and
I "4C ]leucine uptake (c) in pear fruit cells cultured with continuous renewal
of medium in the absence of 2, 4-D (0) or in the presence of 2.25 x 10-6
M 2,4-D (0). Each point represents mean of two duplicates.

sponding to about I mmol/L of culture medium and 52% of the
amino acid fraction).

Since serine was found to have a senescence promoting effect in
leaves (13), a series of three bioreactors was started with 0, 25, and
50 mg/L of L-serine added to the medium (corresponding approx-
imatively to one-fourth and one-half the maximum rate of serine
efflux). The results presented in Figure 5 demonstrate the failure
of added serine to advance cell death in pear cell cultures.

Leucine Uptake and Incorporation into Proteins in the Presence
or Absence of 2,4-D. Previous experiments had shown that cell
death of 2,4-D deprived cells is preceded by a burst in protein
synthesis (22). Figure 6 gives a new demonstration of this phenom-
enon. It further indicates that leucine uptake either measured by
incubating the cells in their own medium (Fig. 6) or by transferring
into a fresh medium (data not shown) follows the same trend with
a maximum velocity around day 9.
The addition of 2.25 x 10-6 M 2,4-D to the medium (Fig. 6)

medium fails to induce cell division but greatly reduces the rate of
leucine uptake and incorporation into proteins. As a consequence,
cell death is greatly delayed. No major changes are observed in
the percentage of cell death until the end of the experiment at day
32. In duplicate experiments the culture was conducted up to 45
days without occurence of cell death.

DISCUSSION

A deficiency in senescence-retarding hormones is part of the
triggering factors of senescence in whole plants or plant organs
(19, 30). Nutrient withdrawal or deficiency may play a role but it
is not considered as a primary factor (19). Our data show that no
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organic or mineral deficiency occurred among the components
analyzed in our experiments. The metabolic events observed can
therefore be considered as a specific response to 2,4-D deprivation.
These results give further information on the nutritional behavior
of quiescent cells in culture. Surprisingly, some minerals are
consumed at a high rate (NH4', K+ and Ca2") while some others
are not consumed at all (NO3- and Mg2+). Sugars are taken up at
an average rate of 30 ,ug/day. 105 cells. By comparison, we have
found that cells at the onset of the stationary phase in standard
conditions consume sugars at around 120 Ag/day I05 cells. Unlike
growing cells, however, medium optimization proves to be diffi-
cult, inasmuch as no readily measureable parameters exist as base
for the response to various levels of nutrients. But it can be
assumed that nutrient deficiencies would tend to accelerate senes-
cence while high levels of nutrients would delaT it through an
auxin-like effect (16). The disappearance of P04'- in the output
medium is probably due to a very high capacity of the cells to
accumulate phosphorus as demonstrated by Heller (9) and Kato
et al. (10) rather than an actual deficiency.
The cessation of growth resulting from auxin deprivation is

immediate in the results reported here where the initial cell density
is about 8 x 105 cells/ml. At higher cell densities, some divisions
still proceed until day 3 to 6 (22). The quiescence is probably due
to an arrest of the cell cycle at the G, phase as previously
demonstrated in carrot cells (17). However, the progressive in-
crease in the duration of the lag phase upon transfer into the
standard medium plus 2,4-D in renewed conditions (results re-
ported here) as well as the complete loss of mitotic activity in non
renewed conditions as observed previously (4) remain unex-
plained. The reduced rate of the nuclear RNA processing of 2,4-
D deprived Acer pseudoplatanus cells in culture (14) give argu-
ments in favor of an increasing duration of some phases of the
cell cycle as auxin removal becomes more complete. It is interest-
ing to compare these results with the observation that plant and
animal tissue put into culture at several stages of growth and
development (especially during senescence) also show a decline in
the ability to grow (12, 15, 18).
Another observation made in this study is that relatively high

amounts of serine are excreted with a maximum efflux around
day 9. Everett et al. (6) had previously found large amounts of
serine in the intracellular pool of amino acids in Acer cultures
under 2,4-D deprivation with a maximum accumulation just
before the cessation of growth. It is probable that in our case the
serine present in the output medium may be the result of a leakage
of internal serine previously accumulated inside the cell.

Ultrastructural alterations of cytomembranes, similar to those
observed in other senescent cells, can be observed at day 13 by
electron microscopy (3). Serine leakage at day 9 may, therefore,
be an early indicator of changes in membrane permeability.
However, since added serine had no influence on the timing of
cell death no role as a senescence promoting substantce could be
demonstrated. Nonetheless, the internal pool is probably sufficient
to exert the metabolic effects described by Shibaoka and Thimann
(28) in leaves.

It was demonstrated previously that cell death is preceded by a
sharp increase in protein and RNA synthesis which could be
inhibited (at least in short time studies) by cycloheximide and
actinomycin D respectively (22). The results reported here show
a close parallel between leucine uptake and incorporation into
proteins. Similar observations have been made in cells or proto-
plasts in culture (7, 20, 26) suggesting an interdependence between
the two phenomena. The synthesis of proteins by depleting the
intracellular pools of amino acids could act to regulate the uptake
of precursors from the medium. Serine acccumulation and leakage
may also be involved by acting on the uptake of other amino
acids.

Surprisingly, the addition of 2,4-D inhibits both leucine uptake

and incorporation and as a consequence prevents cell death. If we
assume that the proteins being synthesized in the prelethal period
are linked with the onset of cell death, 2,4-D may act as a repressor
of these enzynes. Such inhibitory effects of auxins have already
been shown in senescent organs (5) and the model system pre-
sented in this work could be helpful in investigating the mecha-
nisms involved. The same model has been used recently for
studying cyanide resistant respiration of senescent pear fruit cells
(25).
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