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Berry development of grapevines: Relations between the growth of berries and their
DNA content indicate cell multiplication and enlargement

by
H. Oiepa®> 3, A. DeLoReD, A, CarBoNNEAUD, AGNES AGEORGES? and C. Romiey?)

Y Agro.M-INRA, UFR de Viticulture, Montpellier, France
2) IPV-INRA, Laboratoire de Biochimie Métabolique et Technologie, Montpellier, France
) EEA Mendoza INTA, Lujan de Cuyo, Mendoza, Argentina

Summary: DNA of berries (cv. Shiraz) was extracted and quantified to determine, indirectly, the rate of cell division and
enlargement in the grape pericarp. The increase of total DNA in the pericarp begins at anthesis in the ovary of grapevine flowers (day 0,
100 % of flowers at full bloom). This increase in DNA continues during the herbaceous growth period until 35 d after anthesis (day 35,
19 d before the onset of veraison). Total DNA per berry pericarp does not increase linearly during this growth period since 75 % of the
DNA has already accumulated before day 20. We determined a cell enlargement index (CEI), to estimate the mean cellular volume. The
pericarp cell size increases 16-fold during the whole growth of berries. Volume increase is nearly linear from berry set to the beginning of
veraison and thereafter until maturity. The importance of determination of cell division and enlargement of berry pericarp based on the
DNA content and its possible application in studies on the influence of environmental factors on berry growth is discussed.
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Introduction tionship between the amount of total DNA in a tissue and
its cell number (GARDNER and Nieman 1964 ; KirkHAM et al.
The dynamics of berry growth and composition canbe  1972; Hsiao 1973).

considered as a key determinant of harvest quality In this article, we present a methoed for extracting and
(CnampacnoL 1998). In fact, specific grape substances such  measuring DNA in the berry pericarp (cv. Shiraz) in order to
as phenolic and aroma compounds, which give wine its origi-  determine the periods of cell multiplication and enlargement
nality, are mainly localized in the skin, while the «unspe-  during berry development.
cificy substances, e. g. sugars, acids and cations, are abun-
dant in the pulp (CorDONNIER 1976).

The size of the mature berry influences the ratio of skin Material and Methods
surface to berry volume and, herewith, the dilution of spe-
cific substances of the skin in the must (SinGLETON 1972). Plant material: Clusters were harvested on

Many studies have shown that different factors such  6-year-old Vitis vinifera L. cv. Shiraz vines, grafted on
as temperature (HaLe and Buttrose 1974; Kuiewer 1977), 110 Richter rootstocks, trained on a vertical trellis and
light (DokoozLian and KrLiewer 1996), plant water status  pruned as bilateral cordon (experimental vineyard of
(Harpie and CownsipiNe 1976; Martuews et al. 1987;  Domaine du Chapitre, ENSA M/INRA, Montpellier, France).
McCartay 1997), leaf area (OvLat and GaupiLLere 1998) and Sampling and preparation of
foliage exposure (CARBONNEAU ef al. 1978) can affectberry b e rrie s : Grapevines with similar vigour were selected.
size, depending on the developmental period and/or the in-  All rank 1 clusters were harvested, to reach 30 clusters per

tensity of the considered factor. sample. Eighteen samples were harvested weekly from May
The size and number of cells in the pericarp (exocarp+ 26 to September 1, 1997.
mesocarp + endocarp, according to HarDIE ef al. 1996) are Classification and characterizationof

the basic criteria to explain the final berry size; however, berry population: All berries of a cluster were cut
only some papers deal with cell multiplication and cell en-  at the pedicel base, counted, weighed and classified accord-
largement during grape berry development. Difficultiesand  ing to their diameter by sieving. Each class was character-
limits in the microscopic observation techniques (number-  ized by its frequency and the mean weight of berries. The
ing of cells from pericarp sections, haemocytometer) and  mean diameter and weight of the berry populations were
some particularities of the grape berry tissue have contrib-  determined. The berry mean volume of the major class was
uted to this lack of understanding (Coomee 1960; Harris  measured by water displacement.

et al. 1968; Consipine and Knox 1981; Staunt ef al. 1986; One week after the beginning of veraison (assessed by
Jona and Borra 1988). Referring to literature, there isarela-  the softness of 10 % of berries), berries were classified ac-
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cording to their density by floating in solutions of sucrose
at different concentrations. The average population density
was calculated for each sample. ‘

Sampling for DNA analyses: About
50 berries from the major class were weighed, then cut trans-
versely to remove the seeds. The seeds were weighed and
the pericarp mean weight was calculated. Pericarps were fro-
zen in liquid nitrogen and stored at -80 °C.

Extraction, purification and esti-
mation of DN A: Extraction and purification was
based on the method described by This et al. (1997) for
grapevine wood, with some modifications. From each sam-
ple triplicate extractions were made.

Extraction: Pericarps were ground for 2 min under
liquid nitrogen, with a steel roll-on mechanical grinder
(Dangoumeau, France). 2 g of the frozen powder was mixed
with 20 ml of extraction buffer [1M Tris pH 8.0, 1.4 M NaCl,
2 % (w/v) CTAB (cetyltrimethylethyl ammonium bromide),
20 mM EDTA] and 200 pl of 2-B-mercapto-ethanol (1 % v/v)
in a 50 ml tube. The tubes were incubated for 60 min at 65 °C
with a manual agitation every 10 min. The solution was ex-
tracted with one volume of chloroform/isoamyl alcohol
(24:1 v/v), mixed slowly for 15 min. at room temperature, then
centrifuged for 20 min at 5000 rpm at 4 °C. The supematant
was transferred to a second 50 ml tube and mixed with 4 ml of
CTAB (10 % w/v) until an oily compound was obtained. One
volume of chloroformy/isoamyl alcohol (24:1 v/v) was added,
then homogenized slowly for 15 min at room temperature
and centrifuged 20 min at 5000 rpm at 4 °C. The supematant
was recovered. The DNA was precipitated by slow addition
of 20 ml of cold isopropanol (-20 °C) and centrifuged 20 min
at 5000 rpm at 4 °C. The DNA pellet was washed with 1.2 ml
of ethanol (75 % v/v, stored at -20 °C), then centrifuged 10 min
at 12,000 rpm in Eppendorf tubes (2 ml). The pellet was dried
in a laminar sterile flow room and dissolved in 0.5 ml of TE
(pH 7.4).

Purification: The samples were incubated for
60 min at 37 °C in the presence of 15 ul of RNAse (60 pug-ml-!,
Boehringer Mannheim}, then for 30 min at 50 °C with 10 pl of
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Proteinase K (80 ug'ml"!, Boehringer Mannheim). The pro-
teins were eliminated by precipitation with one volume of
phenol/chloroform-isoamyl alcohol {50:50 v/v) and centrifu-
gation for 10 min at 12,000 rpm at 4 °C. The supemnatant was
extracted with one volume of chloroform/isoamyl alcohol,
and finally recovered by centrifugation. The DNA was pre-
cipitated by 2/3 volumes of NH; Ac (7.5 M) and 3.3 volumes
of 95 % cold ethanol (-20 °C), and centrifugation (30 min) at
15,000 rpm at 4 °C. The pellet was washed with 250 pl of
ethanol (75 % v/v). The DNA was dried and finally dis-
solved in | ml of TE (pH 7.4). The samples were stored at
-20 °C until used.

DNA quantification: The DNA was quantified
with the fluorescent probe DAPI [4,6-diamidino-2-
phenylindol (SIGMA D 9542)], upon adding successive
aliquots (10 pl) of the sample in 2 ml of Brunk Buffer (0.01M
Tris pH 8, 0.1M NaCl, 0.01M EDTA,) containing 33 ng-ml!
of DAPI. Fluorescence was measured at 30 °C, in an Aminco
Bowman Series 2 spectrofluorimeter (excitation 360 nm, emis-
sion 455 nm, slit width 4 nm, PM voltage 700). DNA concen-
trations were determined by reference to a salmon sperm
standard.

Results and Discussion

Berry growth: The growth of Shiraz berries
followed a typical double sigmoid curve (Fig. 1). The first
growth phase (phase ) stopped 42 d after anthesis (day 42),
when the daily mean temperature summation (basis 10 °C)
reached 412 °C. At this stage, the weight of the berries had
reached 52 % of its maximum. Seeds reached their maximal
weights before day 35; and thereafter the weight remained
constant until the end of berry growth. Phase 11 (lag phase)
was relatively long (14 d). The second growth period (phase
III or ripening phase) started when the temperature sum
reached 600 °C (day 56), 2 d after the beginning of veraison
(day 54, evaluated from softening of 10 % of berries), and
continued until maturity.

Average daily air temperature sum (basis 10°C)

o] 100 200 300 400 500 600 700 800 900 1000 1100 1200

Berry weight (g)

Diameter {(mm)

Total seed weight (g x 10)

Alcohol degtees (% vol.)

Days after anthesis

—a— Diameter (mm)

—e——Fresh weight (g)

--—o—-— Sugar (potential alcohol)
- Seeds weight (g x 10)

Fig. 1: Changes in fresh weight, diameter, total seed weight and mean sugar content of Shiraz berries from anthesis to maturity, related to
the average daily air temperature sum (basis 10 °C) and the number of days after anthesis. The arrow indicates the onset of veraison
(softening of 10 % of the berries). The dotted vertical lines delimit phases I, IT and II1.
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Fig. 2: Changes in the absolute growth rates of berries (AGR-berry) and seeds (AGR-seeds) of Shiraz from anthesis to maturity,
related to the average daily air temperature sum (basis 10 °C) and the number of days after anthesis. For details see Fig. 1.
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Fig. 3: Precipitation and average daily air temperature during the development of Shiraz berries.

During phase 1, the absolute growth rates of the berries
(AGR-berry) and seeds (AGR-seeds) reached their maximum
simultaneously, toward day 28 (Fig. 2). The slowdown of
berry growth observed toward day 9, corresponded to a
period of significant reduction in air temperature. During
this period, the average daily air temperature decreased from
25 to 15 °C between day 2 and day 7 (Fig. 3). This growth
depression was not observed on seeds.

During the second growth period, AGR-berry reached a
maximum 10 d after the onset of ripening. A second peak
was also observed toward day 80, 2 d after a strong rain
(Fig. 3).

Changes in total DNA and cellular
division: Total DNA of the pericarp increased from
anthesis until the average daily temperature sum (basis 10 °C)
reached about 340 °C, approximately 35 d after anthesis,
before the end of phase I (Fig. 4). From this stage, the total
amount of pericarp DNA was constant for two months (5.5 ug
total DNA per pericarp), until maturity was reached. The
increase in DNA related to the berry volume gives a more
regular curve, indicating that DNA reaches a maximal value
before the lag phase (Fig. 5).

The changes of the relative DNA content in Fig. 4 indi-
cate that the highest mitotic activity occurred before day 5.
This confirms results obtained by Coomse (1960) (cv. Mus-
cat of Alexandria) and by Jona and Botta (1988) (Barbera

and Freisa) with histological methods based on cell num-
bering of pericarp sections. The important decrease in DNA
observed thereafter, could be associated with a reduction of
air temperature by 10 °C (Fig. 3), as has already been noticed
by Jona and Botta (1988). If this is true, the ro]e of tempera-
ture on cell division of berry pericarp would be an important
phenomenon which would need more detailed examination.

The return to normal temperatures was not followed by
arecovery in the relative rate of DNA increase. The steady
increase of DNA from day 11 to day 35, suggests that the
mitotic activity is limited to some peripheral cell layers, while
the other pericarp cells have already begun to enlarge (see
further). These results corroborate the microscopic obser-
vations of Consipine and Knox (1981) and FouGERe-RIFOT
et al. (1997), who have shown that cell division continues in
the peripheral tissues localized between the external epider-
mis and the vascular bundles.

The similarities between our results obtained by DNA
estimation, and the results obtained by direct counting seem
to exclude the hypothesis of DNA endoreduplication (post-
mitotic nuclear DNA synthesis) in berry pericarp cells, in
contrast to tomatoes (BEGERVOET ef al. 1996) or maize
(KnowLEs and PriLLIps 1988).

The amount of total pericarp DNA increased by a factor
of 33 between day 0 and day 35, which is distinctly more
important than the 1.5 division cycles shown by Harris ef al.
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(1968) on Sultana berries. However, Sultana is a seedless
cultivar, which could explain the differences with Shiraz used
in this work. Under our experimental conditions, seed growth
and the increase of total DNA in the pericarp stopped si-
multaneously at day 35 (Figs. 1, 4).

It is well known that seed number and berry growth are
positively correlated which is an argument in favor of a hor-
monal control of berry development by seeds (Coomse 1960;
NitscH et al. 1960; CooMst 1973). Our results suggest that
seed growth could have a positive effect on cell mitosis,
rather than on cell enlargement.

Evolution of the DNA quantity
related to the pericarp weight: Fig. 6
shows the DNA evolution on a fresh weight basis. The rela-
tive DNA quantity increased during the first weeks after
anthesis, indicating an important cell multiplication rate dur-
ing this period. From day 5, the DNA quantity per gram of
pericarp decreased until maturity as a consequence of cell
enlargement in relation to vacuolar hypertrophy (STorREY
1987).

We propose a cell enlargement index (CEI), that allows
to appreciate the mean cell enlargement, according to the
following formula:

CEI = [a] ! [b]"
a is the DNA quantity per pericarp fresh weight (ug-g™),
and b is the pericarp mean density (g. ml™!) (in this test we
have taken into account the mean density of the whole berry).

Days after anthesis

Fig. 6: Changes in the amount of DNA per pericarp weight unit
during the development of Shiraz berries. For details see Fig. 1.

The CEI (ml-ug™") represents the pericarp volume per DNA
weight unit.

The CEI evolution (Fig. 7) shows that the mean size of
the pericarp cells did not increase during the first 15 d. The
CEI variation indicates that the mean volume of the pericarp
cells increased by a factor of 16 between anthesis and matu-
rity: 8.6 times during phase I, and 7.4 times during phase III.
These results are similar to those presented by CooMse (1960)
for Muscat of Alexandria, which is also a seeded cultivar.
With regard to seedless vines, Harris e al. (1968) have
shown that the pericarp cell size of Sultana already increased
20 times during the first 16 d of berry growth.

The CEI mean daily rate, clearly shows two periods of
intense cell enlargement (Fig. 7). The first started one week
after anthesis (70 °C-d) and stopped suddenly at the end of
phase I, at 420 °C-d. The second period started at veraison,
at about 550 °C-d, and continued during phase III with a
peak towards day 80 (935 °C-d). Possibly this peak was the
consequence of a modification of the grapevine water sta-
tus, as it occurred after a strong rain {22 mm at day 77; Fig. 3).
The influence of the plant water status on pericarp cell en-
largement at different development stages is studied at the
moment by our team.

Cell enlargement exhibited comparable rates in phases
[ and III, although the vacuolar expansion modes are ex-
pected to be very different between these periods. There is
also a change in the water transport system, i.e. the periph-
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Fig. 7: Changes in the cell enlargement index (CEI) and variation in the mean daily rate of CEI during the development of Shiraz berries.
For details see Fig. 1.

eral xylem is no longer functional after veraison and during
ripening phloem becomes the main water transport system
to the berry (DURING et al. 1987; Creasy et al. 1993; Creasy
and Lomearp 1993; OLraT and GauniLLERE 1996). At this
developmental stage, berries loose water by transpiration
only (GREENsPAN ef al. 1996).

During the first 5 d, mean daily rates of CEI were nega-
tive, but increased thereafter, At the end of phase 111, with
decreasing cell volume, the CEI variation rate is also nega-
tive. The decrease of berry volume by loss of water at the
end of the ripening stage is often observed with Shiraz and
Carignan (SMART et al. 1974; Freeman and KLIEWER 1983;
Davis and RoeinsoN 1996; McCartHY 1997, 1999). This phe-
nomenon of over-ripening is accompanied by an increase of
sugar concentration {McCaRTHY and CooMge 1999). How-
ever, the DNA content remains constant, showing that over-
ripening, often considered as a senescence process (SACHER
1973), is not associated with cell self-autolysis.

The evolution of cell multiplication (Fig. 4) and enlarge-
ment (Fig. 7) allows to distinguish between three periods
during phase 1. The first, from anthesis to day 5, is charac-
terized by intense mitosis and insignificant cell enlargement.
Berry growth seems to be due exclusively to cell multiplica-
tion and not to cell enlargement. The second period, from
day 5 to day 35, is characterized by a reduction of mitosis
and by the induction of a strong cell enlargement. Cell divi-
sion stops definitely one week before the onset of phase II.
The third period corresponds to the last week of phase I,
during which berry growth depends only on cell enlarge-
ment. During phase 111, the berry growth is only due to cell
enlargement as well.

Conclusion

Analysis of the DNA content of grape berries (cv. Shiraz),
presented in this work, has allowed to indirectly quantify
the number and size of the pericarp cells. This has enabled
us to analyze precisely the beginning and the end of mitosis

during phase I, and to quantify and compare the periods of
cell enlargement during berry development.

Our attempts to get more precise data by flow cytometry
(data not shown) were not successful. However, determina-
tion of the DNA content can overcome major disadvantages
of methods previously used on grapes. The cell separation
technique by steeping and numbering with a haemocytom-
eter is difficult due to the extreme fragility and the
compartmentation breakdown of pulp cells, during the berry
ripening phase (HARRIs ef al. 1968 ; LaNG and DURING 1991).
The histological procedure of direct counting the number of
cells across a transverse section of the pericarp (CooMBE
1960; Consipive and Knox 1981; Jona and Borta 1988) per-
mits to estimate the volume and the number of cells, but the
problem is also the fragility of pericarp cells, and these meth-
ods are not adapted to analyze large numbers of berries.
Extraction and estimation of DNA permits to work on frozen
material; it is also possible to homogenize a larger number of
berries to get more representative data. 1

The effects of cultural and environmental stresses, e.g.
effects of water deficit on berry cell division and enlarge-
ment is currently studied with this method.
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