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The effect of different fertilizer application levels on anthocyanoplast
development in berry skin of Pione grapevines (V. vinifera x V. labrusca)

G. Okamoro, H. Onisar and K. HIRaNO

Faculty of Agriculture, Okayama University, Okayama, Japan

Summary

Effects of different levels of a complete liquid fertilizer
on grape berry coloration and anthocyanoplast (ACP) de-
velopment in the skin were investigated. Four-year-old vines
of cv. Pione (a tetraploid hybrid of Vitis vinifera L. and
V. labrusca L.) were planted in root zone-restricted beds
and were treated with normal (N), high (H; Nx1.5), and ex-
cessively high (EH; Nx2) levels of a commercial liquid fer-
tilizer. Fertilizer levels were decreased to one third after
veraison to accelerate berry ripening. Skin anthocyanin
contents in N- and H-treated berries increased at a con-
stant rate after veraison, while the contents in EH berries
were significantly lower. ACPs were first observed in epi-
dermal cells at veraison in N and H berries and 2 weeks
later in EH berries. In each treatment formation of ACPs in
hypodermal cells occurred one week later than in epider-
mal cells. In each treatment the number of epidermal cells
containing ACPs increased during ripening of the berries
but the number of hypodermal cells with ACPs increased
only in N vines. The average numbers of ACPs per epider-
mal and hypodermal cell were largest in N vines, followed
by H and EH vines (two weeks after veraison). The number
of ACPs decreased thereafter because most ACPs coalesced.
The average ACP diameter at full ripeness was 16.7 um in
N vines, whereas in H and EH vines it was 9.5 im and 9.7 um,
respectively. From these results, it can be deduced that in
Pione grape berries high fertilizer levels inhibit ACP for-
mation both in epidermal and hypodermal cells at veraison
and/or induce their coalescence thereafter, resulting in
poor coloration.

Key words: anthocyanoplast, skin coloration, fertilizer
levels, Pione grape.

Abbreviations: ACP, anthocyanoplast; GA, gibberellin;
N, normal; H, high; EH, excessively high.

Introduction

Anthocyanoplasts (ACPs) (Peckets and SMaLL 1980),
are intensely pigmented organelles found in vacuoles of
plant cells such as Raphanus sativus (Y ASubpa and SHINODA
1985, Yasupa and Tsunno 1988, YAsupaA et al. 1989),
Polygonum cuspidatum (KuBo et al. 1995), and many
Brassica plants (NozzoLiLLo and IsHIKURA 1988, HopGES and
NozzoLiLLo 1996). NAKAMURA (1989, 1993, 1994) has reported

that ACPs are formed in vacuoles of epidermal and hypoder-
mal cells of grape berry skin after veraison. He also noted
that the enlargement of the ACP by coalescing might be
related to the darker coloration of the berry skin in Kyoho
grapevines (a hybrid of Vitis vinifera and V. labrusca).

It is generally known that grape berry coloration, espe-
cially in tetraploid grapes, is significantly inhibited by over-
fertilization (OxamoTo et al. 1991, HiraNoO et al. 2002), al-
though the ACP development was not observed in their
studies. HopGes and NozzoLiLLo (1996) found that red cab-
bage seedlings grown under nitrogen starvation formed more
ACPs than those grown under conditions of sufficient ni-
trogen.

In this study, using Pione grapevines (a tetraploid hy-
brid of Kyoho and 4x-Muscat of Alexandria), effects of dif-
ferent levels of a complete liquid fertilizer on ACP develop-
ment, skin coloration, and berry maturation were investi-
gated.

Material and Methods

Plant material: Twenty-four vines of 6-year-old
Pione, grafted on SO 4 rootstock, were used for this study in
2002. The vines were individually planted in raised soil beds
(0.9000.6 m wide and 0.2 m high), composed of peat, sand and
loam (1:1:3 in volume), at a vine space of 1.2 x 2.0 m. The side
and bottom of the beds were wrapped with water permeable
but root proof polyethylene sheet to prevent the root exten-
sion out of the root zone. They were supplied with a normal
level of commercial liquid fertilizer, Ohtsuka House Ekihi #1
and #2 (Ohtsuka Chemical Co.), through a drip irrigation
system at a rate of 5 1 per vine once a week. A 100 1 of the
liquid fertilizer consisted of 27.0 g KNO,, 31.7 g
Ca(NO,),-4H,0,0.2 ¢ MgSO,-5H,0,5.0 gNH,H,PO,, 1.5 ¢
EDTA-Fe, 0.3 ¢ H,BO,, 0.2 g MnSO,-5 H,0, 22 mg
ZnS0O,-7H,0, 5 mg CuSO,-5H,0, and Na,MoO,-2H,0. The
concentration of total N in the solution is equivalent to
60 mg I,

The number of shoots per vine was limited to 6 at
anthesis. All the flower clusters were treated with 25 mg 1!
of GA solution twice, at full bloom and 2 weeks after, to
produce seedless berries. Clusters and berries were thinned
3 weeks after anthesis to 1 cluster per shoot and 40 berries
per cluster. The leaf:fruit ratio was adjusted to 10 cm? g'! by
restricting the total number of lateral leaves per shoot at
veraison.
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Fertilizer application treatment: Thetest
vines were divided into 3 groups at berry set. The vines in
the first group received the normal level (N) of the liquid
fertilizer continuously, while vines in the second and third
group were supplied with high (1.5 times higher than N; H)
and excessively high (twice as high than N; EH) levels of the
liquid fertilizer, respectively. Each vine was supplied with 51
of the liquid fertilizer twice a week until veraison, then each
level was lowered to one third to enhance berry ripening
(Okamorto et al. 1991).

Berry sampling and analyses: Fortyto
50 berries showing average growth and maturation were sam-
pled from each treatment at veraison (70 % of berries began
coloration; July 16), at premature stage (15 °Brix; July 27),
and at full ripeness (18 °Brix; August 15). The sampled ber-
ries of each treatment were randomly divided into 4 groups
as replications. The skins of all berries were peeled by hand
immediately and were divided into 2 groups; one was stored
at -20 °C for anthocyanin analyses, the other was used for
ACP observation. The flesh was homogenized, centrifuged
at 10,000 rpm for 5 min, and filtrated to obtain juice samples.
Total soluble solids (TSS), pH, and titratable acidity (TA, as
tartaric acid equivalent) in juice were determined by a hand
refractometer (Atago N-1a), a pH meter (Horiba F-22), and
titration with 0.1 N NaOH, respectively. For determination
of the sugar and amino acid contents, juice samples and 80 %
EtOH extracts of skin samples were filtrated through a fil-
ter (@ 0.45 um), then analyzed by HPLC and a fully auto-
mated amino acid analyzer (JEOL JLC-300).

Anthocyanin analyses: Anthocyanins were
extracted from 0.5 g of frozen skin samples with 25 ml of 50 %
acetic acid 3 times for 5 min. Optical density at 520 nm was
determined by a spectrophotometer (Beckmann DU530). For
identification of individual anthocyanins, the extract was

filtrated through a filter (@ 0.45 wm) and applied to HPLC
(JASCO). HPLC conditions: column, STR ODS (@ 4.6 x
250 mm); column temperature, 35 °C; flow rate, 0.8 ml min';
mobile phase, solution A: 1.5 % phosphoric acid, solution
B: 1.5 % phosphoric acid + 20 % AcOH + 25 % AcCN, gradi-
ent (solution A %), 0 min 75 % = 0-40 min 15 %; detection at
520 nm. Identification of the peaks was based on results of
MocHiokA et al. (1995) and FunsHiMa and SHIRAISHI (1997).
ACP observation: ACP observation was carried
out at 4-7 d intervals beginning at veraison. According to
Nakamura (1989), fresh skin samples, @ 5 mmand 0.1-0.2 mm
thick, were obtained from the apical portion of sample ber-
ries using a razor blade. They were mounted on a slide glass
with distilled water, and covered by a cover glass. Photo-
graphs taken under a light microscope (Olympus BH) were
used for counting the number and size (maximum diameter)
of ACPs both in epidermal and hypodermal cells. 20-30 cells
per berry and 20-30 berries per treatment were examined.

Results

Berry growth and juice composition:
The level of the liquid fertilizer did not affect significantly
berry size, juice pH, and TA. TSS as well as the glucose and
fructose contents, tended to be lower in EH vines than in N
and H vines at veraison and in the premature stage, although
these contents became similar to those in N and H vines at
full ripeness (Tab. 1).

Skin composition: Both, glucose and fructose
contents in each treatment increased after veraison, then
decreased until full ripeness. These contents tended to be
lower in EH vines than in N and H vines until full ripeness
(Fig. 1). The anthocyanin accumulation in skins was mark-

Table 1

The effect of fertilizer levels on berry growth and ripening!

Berry stage Berry TSS Juice pH Titratable
and diameter (°Brix) Fructose Glucose acidity?

treatment? (mm) (2100 ml ) (g 100 ml)
Veraison (July 16)

N 23.0 124a 5.12a 425a 25 1.28

H 23.0 12.0 ab 4.94 ab 4.12a 25 1.32

EH 23.1 11.1b 4.45b 3.79b 25 133
Premature (July 27)

N 23.6 152 6.99 ab 5.79 ab 30 0.73a

H 239 15.3 7.19a 5.99a 3.0 0.64b

EH 234 14.6 6.58b 5.44b 30 0.77 a
Full ripeness (Aug. 15)

N 24.1 189 8.75 8.18 39 031

H 24.5 18.6 8.54 792 39 032

EH 24.3 18.7 8.65 798 39 0.35

D Means are separated by DuncaN's multiple range test, p<0.05 %; n=20 (for berry diameter) or n=4

(for others).

2 Applied with 5 1 of liquid fertilizer containing 60 ppm (N), 90 ppm (H), amd 120 ppm (EH) of nitrogen
twice a week from berry set to vraison, then the levels were lowered to one third.

3 As tartaric acid equivalent.
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Fig. 1: The effect of fertilizer levels on the skin sugar content.

Five | of complete liquid fertilizer containing 60 ppm (N), 90 ppm

(H), and 120 ppm (EH) of nitrogen were applied until veraison,

thereafter fertilizer levels were lowered to one third. Vertical bars
represent SE, n=4.

edly inhibited in EH vines compared to N and H vines
(Fig. 2). HPLC analyses of skin extracts revealed that the
major anthocyanin constituents are peonidin-3-p-coumaryl
glucoside-5-glucoside (Pn3pG5G) and malvidin-3-p-
coumaryl glucoside-5-glucoside (Mv3pG5G), followed by
malvidin-3-p-glucoside (Mv3pG), and peonidin-3-p-gluco-
side (Pn3pG) (Fig. 3). Anthocyanin extracts from berry skin
of H vines contained Mv-3-p-Gl-5Gl at lower levels than
those from N and H vines, although the difference was not
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Fig. 2: Effects of fertilizer levels on the anthocyanin content of
berry skins. For N, H, EH see Fig. 1. Vertical bars indicate SE, n=4.

significant. Tab. 2 shows the changes in skin amino acids
between veraison and full ripeness. Major amino acids at
veraison were glutamine, arginine, alanine, y-butyric acid,
serine, and glutamic acid; most of them differed insignifi-
cantly among the treatments. However, in the premature and
full ripe stages, most amino acids and NH, contents were
significantly higher in the skins of EH.
Anthocyanoplast (ACP) developme
nt: ACP was first found in epidermal cells on July 16 in N
and H berries and on July 30 in EH berries (Fig. 4), in hypo-
dermal cells on July 23 in N and H berries and on July 27 in
EH berries. The number of epidermal cells containing ACPs
in N berries was almost twice that of H berries at an imma-
ture stage on July 27. The average number of ACPs per epi-
dermal cell and the total number of ACPs in epidermal cells
were much greater in N berries than in H berries (Tab. 3).
The number of epidermal cells containing ACPs increased
remarkably thereafter in N and H berries. Cell numbers with
ACPs were much lower in EH berries at full ripeness (Tab. 3).
The ACP had coalesced during the ripening stage (Fig. 4 B).
This resulted in an increased ACP size and decreased ACP
number per cell in N and H berries. In the EH berries, how-
ever, ACPs did not coalesce. The total number of ACP per

Table 2

The effect of fertilizer levels on the amino acid and NH, content in berry skin at various stages of berry development!

Berry stage ALA GABA ARG PRO GLU GLN SER  THR ASP  Others Total NH,
and treatment? (umol g' d.w.)
Veraison (July 16)
N 4.54 389a 447 0.00b 090ab 521 1.57 0.84 0.83 0.54b 23.10 16.49
H 3.27 322b 3.93 0.00b 069b 450 1.29 0.66 0.77 0.54b 19.14 12.41
EH 3.56 291b 5.63 024a 103a 641 1.43 0.76 0.99 127 a 2426 10.85
Premature (July 27)
N 5.80b 0.67 7.19ab 098b 5.21 265b 132b 088b 1.17b 1.59 2746b 4.00b
H 7.65ab 1.16 6.18a 1.52ab 5.37 29b 143b 097b 1.12b 255 3092b 446b
EH 10.57a  0.88 925a 1.69a 5.63 637a 215a 130a 185a 256 4226a 659a
Full ripeness (Aug. 15)
N 886b 4.6l 566b 3.29 291 216b 1.66c 1.15b 0.74 278b 3381b 491b
H 10.05b  4.25 5.68b 347 2.68 212b 193b 122b 0.73 265b 3478b 532b
EH 13.66 a 495 1054a 3.80 2.01 398a 267a 1.75a 1.11 4.14a 4859b 586a

D Means in each column and each stage are separated by Duncan's multiple range test (p<0.05, n=4).

2 Refer to Tab. 1.
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Fig. 3: Anthocyanin composition of berry skins after treatment
with three different levels of fertilizer. For N, H, and EH see Fig. 1.

100 epidermal cells, calculated by multiplying the cell
number containing ACP with the average number of ACP
per cell, was highest in the N-treated vines at both stages
(Tab. 3). In the hypodermal tissue, the ACP was localized
mainly at the outermost cell layer of the tissue, and thus the
data were taken for this layer only. The number of hypoder-
mal cells containing ACPs and the average number of ACPs
were much higher in the N berries in the premature stage.
There was no significant difference in their number between
H and EH (Tab. 3). The decrease in the ACP number per

N

Fig. 4: Anthocyanoplasts (ACPs) in epidermal cells of berry skins.

A: Newly formed small ACPs in normally fertilized vines at veraison

(X 100); B: Coalesced and enlarged ACPs in normally fertilized

vines at full ripeness (X 200); C: Epidermal cells without ACPs in
excessively fertilized vines (X 200).

Table 3

The effect of fertilizer levels on ACP development in epidermal
and hypodermal cells"

Berry stage No. of cells No. of Total no.
and with ACPs ACPs of ACPs per
treatment? per 100 cells  per cell® 100 cells
Epidermal cells
Premature (July 27)
N 19 40.5 762 a
H 09 158 142 b
EH 00 - -
Full ripeness (Aug. 15)
N 169 a 30 508 a
H 90 b 38 344 ab
EH 30 b 46 138 b
Hypodermal cells
Premature (July 27)
N 6.2 59.6 3686 a
H 22 43,7 9.1 b
EH 00 - -
Full ripeness (Aug. 15)
N 95 a 323 3077 a
H 19 b 40 74 b
EH 06 b 40 26 b

' Means in each column at each stage are separated by Duncan's
multiple range test (p<0.05, n=17-31).
2 Refer to Tab. 1.

3 Counted only for cells containing ACPs.

cell, caused by coalescence of the ACP, was also detected at
full ripeness in each treatment. Here again, the total number
of ACPs in epidermal and hypodermal tissues was consid-
erably higher in N than in H and EH berries.

The distribution and means of ACP sizes in epidermal
cells, calculated from maximum diameters of 50 ACPs at full
ripeness, are presented in a box plot graph (Fig. 5). In N
berries, the range of ACP diameter in 90/10 percentiles of the
total was between 3 and 30 pm, the range in 75/25 percen-
tiles was between 6 and 27 um, and the mean diameter was
16.7 um. However, in both H and EH berries the ranges in
75/25 percentiles of 50 ACPs were between 4 and 20 pum, and
the mean diameters were about 10 pum, i.e. significantly
smaller than in N berries.

Discussion

Application of complete liquid fertilizer containing
60 ppm of nitrogen has been shown to induce the most ap-
propriate shoot growth in tetraploid grapevines, such as
cv. Kyoho (Okamoro et al. 1991, Hirano et al. 2002). We
also reported that lowering the fertilizer level to half or one
third at veraison usually promotes berry ripening and re-
sults in the production of berries with higher sugar content
and darker skin coloration. Pione, used for this study, was
bred by cross-pollination between Kyoho and 4x-Muscat of
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Fig. 5: The effect of different fertilizer levels on the distribution
and mean of ACP diameter in skins. Top and bottom lines of each
box indicate the range of 90/10 percentiles of 50 ACPs, dotted
lines 75/25 percentiles, and thick line the mean value.

Alexandria by Hideo Ikawa, a Japanese grape breeder, in
the 1960s and is now widely cultivated in Japan. Pione vines
are known to produce larger berries than cv. Kyoho and the
berries show poor coloration if vines are excessively ferti-
lized or over-bearing. In this study, shoot growth and leaf
color were estimated to be optimal at the recommended fer-
tilizer level (N), although berry growth, juice composition,
and skin coloration were similar to those in H treated vines.
EH vines that received twice as much of the liquid fertilizer
recommended, exhibited apparent over-fertilized features
such as delayed sugar accumulation (Tab. 1) and poor skin
coloration (Fig. 2).

Glucose and fructose contents in both skin and juice
tended to be lower in EH than in N and H berries at veraison
and in the premature stage, which was observed in the skin
of EH berries as well when fully matured (Fig. 1, Tab. 1). The
lower sugar content, especially glucose, in the skin of EH
berries at veraison and in the premature stage may be one
cause of poor coloration because a glucose moiety is an
important part of most grape anthocyanins (FusisHiMa and
Shiraishi 1997). Furthermore, the amino acids and NH, con-
tents in skins were often remarkably higher in EH vines than
in N and H vines. It is generally accepted that abundant
nitrogen usually inhibits the pigment accumulation in fruit
such as grapes (HiraNo ef al. 2002), apples (FausT 1965 a,
1965 b, KvaLE 1971), and peaches (Jia et al. 1999, 2000).

ACPs are found in vacuoles where anthocyanins are
abundant; the mechanisms of anthocyanin accumulation
into ACPs are not yet clear. SMALL and PEckEeT (1982) re-
ported that ACPs in the hypocotyl cells of red cabbage
seedlings had a membrane of 10 nm thickness. NakaMURA
(1993) observed the ACP membrane under light microscope
in Kyoho berry skins; he also found that ACPs in the ex-
cised hypodermis of Kyoho berries coalesced within a few
minutes of microscopic observation.

Our current study suggests that ACP development in
grape berry skin is significantly affected by the nutritional
status. The low sugar content and high levels of nitrog-
enous compounds, detected in the berry skin of EH berries,
reduces the formation and thereafter coalescence of ACPs
that are indispensable for marketable skin coloration. Fur-
thermore, their smaller number and size in H berry skins
indicates that even moderately high fertilizer levels may in-
hibit ACP development, although the concentrations in skin
and juice constituents did not differ significantly. Levels of

plant hormones and minerals in skins and flesh of berries
should be investigated.
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