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Abstract: The long-term use of copper (Cu) fungicides in viticulture in Europe has led to Cu accu-
mulation in vineyard top soils. However, less is known about the accumulation of Cu in grapevine
grafts after the callusing process/before planting in the nursery. This paper presents the capacity
of 5BB and SO4 rootstocks to accumulate Cu, as well as the patterns of translocation in the grafts.
After heat forcing (callusing), the grapevine grafts of Sauvignon Blanc on 5BB and SO4 rootstocks
were grown in pots for six months in a glasshouse and exposed to various Cu formulations (Cu-
oxychloride, Cu-gluconate) and concentrations in peat (50, 150, 500, and 1000 mg Cu of dry weight
(DW)). In addition to monitoring the shoot growth dynamics and analyzing the copper content in
graft organs, bioaccumulation (BAFs) and translocation factors (TFs) of Cu were calculated. The
mean Cu concentrations were ranked as follows: roots (15–164) > rootstock trunks (8–38) > canes
(5–21) mg kg−1 DW. The Cu concentrations depended on the Cu formulation and concentration in
the substrate. Higher Cu content was found in the roots of both rootstocks (5BB and SO4, 23–155 and
15–164 mg kg−1 DW, respectively) and the lowest in the canes (less than 10 mg kg−1 DW) of grafts
grown in Cu-oxychloride-treated peat. Based on the BAFs and TFs, both rootstocks could be con-
sidered as Cu exclusive. A higher translocation rate was determined in systemic Cu-gluconate and
SO4 rootstock. With shoot length measurements, the significant inhibitory effects of Cu on grapevine
grafts growth could not be confirmed, despite the inhibitory effects that were clearly expressed in the
first two months of growth. Soils containing more than 500 mg Cu/kg−1 are less suitable for growing
vine grafts.

Keywords: grapevine grafts; copper accumulation; Cu-oxychloride; Cu-gluconate; 5BB and SO4 rootstocks

1. Introduction

In viticulture, decades of repeated use of Cu fungicides to control downy mildew [1]
and a large number of Cu applications [2] have led to long-term accumulation of Cu in
vineyard soils, even in deeper soil layers [3]. Therefore, in many grape growing areas the
copper content in the vineyard soil exceeds 100 mg Cu kg−1 [4]. In French vineyard soils,
in several cases, the content was 1500 mg of Cu kg−1 [1,5], and in southern Brazil, even
3200 mg kg−1 [6]. Conversely, Borkow and Gabby [7] reported that the long-term use of
Cu fungicides cannot lead to excessive accumulation of Cu in the soil.

Copper ions are toxic to all plant cells and must, therefore, be used in specific, limited
doses, or in relatively insoluble forms to avoid tissue damage in the exposed plants [8].
In the past, the annual Cu inputs into vineyards reached up to 30 kg ha−1. Nowadays, in
European organic agriculture, a gradual reduction in Cu input levels from 8 kg ha−1 to
6 kg ha−1 (Commission Regulation EC No. 473/2002) is required. In certain countries,
even lower annual rates are recommended. For example, the limit concentration of clearly
detectable ecotoxic effects of Cu mentioned in environmental regulations in Republic of
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Slovenia is between 60 and 90 mg Cu kg−1 of soils (Official Gazette, Republic of Slovenia
no. 84/05).

The elevated concentrations of Cu are toxic to soil organisms, e.g., earthworms [9],
affect soil microbiota [10] and also grapevines [11]. Therefore, the management of contami-
nated soil has become very important [12]. The toxic effects of an excessive soil Cu depot are
exerted through the disturbance of plant photosynthesis, lower enzyme activity, pigment
and protein synthesis, and slower cell division [13–15]. It is observed that elevated levels of
Cu in soil are reflected in higher Cu content in grapevine aboveground tissues [16,17]. Some
studies have shown a very low correlation between soil Cu content and the amount of Cu
extracted from plant tissues [18,19]. Soil and vines from organic vineyards had higher cop-
per concentrations compared with those from conventional vineyards [20]. Certain plants
have shown good potential for Cu hyper-accumulation in their tissues [21–23]. Cover crops
growing between vine rows can reduce Cu concentrations in soils and grape plants [24].

Due to the elevated Cu concentrations in vineyard soils, it is necessary to know the
effects of its bioaccumulation and phytotoxicity on the growth performance of grapevines.
Considering the literature in general, Cu exposure effects have most often been studied
in old plants in established vineyards. Information about the negative effects is also
valuable for the grafts in the first year of growth when planted into soils with high Cu
content. The toxicity of copper can postpone a vineyard entering into full yielding capacity.
Because of this sensitivity, ecological relevance, and ease of assessment of their growth
rate, young grapevine plants can also serve as suitable objects to determine the sub-lethal
biological effects of copper on other plants. The roots of terrestrial plants are the first
organs exposed to rhizosphere metals owing to their direct contact with the contaminated
growth medium [16,25]. The inhibition of root elongation has generally been regarded as
the primary and early effect of metal toxicity in plants [14,26–29]. Direct measurement of
the metal concentration in the plant root tissue and observation of the inhibition of root
elongation in field experiments are difficult. Some studies have focused on establishing
the relationship between metal concentration in the aboveground parts, and the rhizotoxic
effects in the plant’s root [30]. The proportion of the metal that is actually taken up by plant
roots is extremely variable and depends on the plant species, the soil properties (soil pH,
particle size, organic matter), and cation exchange capacity [5,31–33]. Some investigations
to characterize Cu distribution and mobility in soils have been carried out in vineyards
with fully established mature grapevines [1,26,34,35], but not in young grafts after planting
in the nursery.

Information about the effects of high Cu concentration in soil on the development of
young grapevines during the first season after grafting is not available in the literature.
The effects of an elevated copper concentration on the development of grapevines directly
after callusing are also important because young plants (grafts) can be grown in media
where copper is added in high rates as a fungicide and bactericide to protect the grapevine
against pathogens.

In comparison with field investigations, hydroponic experiments to investigate the
bioaccumulation process of metals in plants are easy to conduct [36], but they can be
regarded only as the first step in delineating the bioaccumulation and phytotoxicity of
metals in plants since the metal availability pattern in the liquid solution cannot be fully
compared with an extremely complex matrix of soil with many different particles having
different biochemical natures. Also, interactions with other minerals and metals can occur.
For example, it was shown that increased concentrations of calcium or magnesium can
change the accumulation pattern of copper in grapevine roots [37]. Pot trials provide
conditions more similar to natural conditions, but are still not completely comparable.
In pot trials, a measurably significant reduction in root growth usually appears after the
addition of 400 mg Cu kg−1 DW of soil [11,38].

To the authors’ knowledge, however, no study has attempted to assess the Cu bioac-
cumulation and phytotoxicity in grapevine grafts directly after heat forcing (callusing).
Therefore, the purpose of this study was to conduct a pot experiment to determine the in-
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fluence of substrate Cu concentration on bioaccumulation, the translocation of Cu in grafts
organs, and the level of phytotoxicity in the first year of growth. The research contributes
to knowledge on the effects of copper on the development of grapevine grafts in the early
developmental stages. We recognize that the results of pot experiments cannot be directly
extrapolated to the conditions of the development of grafts in the soil in the vineyard.

2. Materials and Methods
2.1. Experimental Setting

Pot trials were carried out at the Faculty of Agriculture and Life Sciences in Maribor
(Slovenia; 46◦30′17.4′′ N, 15◦37′34.6′′ E), during the vegetation period (from May to October
2011). The scions of Sauvignon Blanc grapevine (Vitis vinifera L.) were bench-grafted
(“omega” system) on 35 cm long cuttings of SO4 and 5BB (V. berlandieri Planc. × V. riparia
Michx.) rootstocks. After heat forcing, only the grafts with completely overgrown callus
were selected. They were uniform in thickness (9–10 mm) and weight (21.5 ± 0.39 g), so we
tried to equalize the potential of reserve substances in the graft tissues at the beginning of
the experiment [38]. The upper half of each graft was waxed (“Plastiffina top blu 7321”,
Agrichem Barozzi, Revere, Italy). The grafts were randomly allocated to each treatment and
then soaked in water for 24 h. The peat mixture Neuhaus Huminsubstrat N8 (pH 5.5–6.5,
210 mg N/L, 150 mg P2O5/L, 270 mg K2O/L, 100 mg MgO/L, 150 mg S/L) was used as
the growing substrate, and 2.5 kg of substrate was placed in each of the 5 L pots. For each
treatment, we had four pot replicates. Before filling the pots with the peat mixture, it was
enriched with Cu. The content of the peat designed for filling each pot was placed in a clean
polyethylene bag and soaked in 1 L of water solution in which the appropriate amount of Cu
was added, based on the experimental design (50, 150, 500, and 1000 mg Cu++ kg−1 peat)
and the peat’s initial Cu content (1.7 ± 0.03 mg Cu++ kg−1 of peat DW). Copper was
added in two forms: as Cu-oxychloride (Cu2Cl(OH)3), (Cuprablau-Z 35 WP, Cinkarna
Celje, Celje, Slovenia), a traditionally used fungicide; and as Cu-gluconate (C12H22CuO14),
(Labicuper, Macasa, Spain). A systemic foliar fertilizer and the substrate in the bags were
mixed thoroughly to ensure the uniform distribution of the copper solution. Two weeks
after the planting in pots, only one shoot was left at each graft.

The pot experiment was conducted in a greenhouse (four plants per replicate) with a
mean air temperature of 26 ± 1 ◦C, a relative humidity of 70 ± 2%, and with controlled
drip irrigation. Protection against diseases was carried out only with Cu-free preparations.
During the growth of grafts in a 6-month growing season (from the beginning of May till
the end of October), the lateral shoots were regularly removed from the main shoots.

For the monitoring of shoot growth dynamics, every three weeks, the length of shoots
was measured (from 7 June to 20 September). After six months (1 May to 31 October),
the grafts were removed from the pots and sampled destructively by separating the plant
organs (four plant per replicate). All plant samples of roots, the rootstock trunks and canes
were washed thoroughly in deionized distilled water and were separately dried at 105 ◦C
for 24 h till constant weight. This represented the total biomass of the graft. For statistical
evaluation, the biomass is defined as the sum of the DWs of canes, roots, and the annual
growth of the rootstock trunks (the difference between rootstock trunks weight at the start
and the end of the trial).

The Cu contents (mg kg−1) of the dried root tissue, the rootstock trunk and the canes
of all plants in each replicate (n = 4) were determined for homogenised samples obtained
by acid digestion in microwave heating. The Cu content of each sample was determined
using an atomic absorption spectrophotometer (Varian AA 240FS; Agilent Technologies,
California, Santa Clara, CA, USA) performing absorbance readings at 324.8 nm, as described
by Kurnik et al. [39]. All analyses of copper content were performed in duplicate. The
analysis was performed by an internationally accredited laboratory. The metal recovery
rate of the method is higher than 95%, and the limit of detection is above 0.035 mg L−1.
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2.2. Growth Inhibition and Cu Accumulation Assessment

To analyze the effect of Cu on the growth of graft shoots, the relative growth rate of
shoots (in %) was calculated. It is defined as the ratio between the length of shoots (in
cm) of grafts developing in control pots without added copper (La) and the length of graft
shoots developing in pots with added copper (Cu-gluconate or Cu-oxychloride) (Lb). The
relative growth rate is calculated as (Lb/La) × 100. Values below 100% indicate growth
inhibition, and values above 100% indicate growth acceleration.

In order to assess the rate of growth inhibition of grapevine grafts by copper, the
dynamics of shoot growth were monitored. The model of Lai et al. [40] was used to
describe the Cu uptake rate from the soil into the grapevine grafts in our experiment. By
definition [17], the bioaccumulation factor (BAF) is the ratio between the Cu concentrations
in the substrate and grapevine grafts organs as follows:

BAFi = Cgi/Csu

where BAFi is the bioaccumulation factor for the grapevine graft organ i, Cgi is the Cu
concentration in graft organ i (mg kg−1), and Csu is the Cu concentration in the substrate
(mg kg−1).

The translocation factors (TFs) are the ratios between the Cu concentrations in the
roots and other organs of grapevine grafts. Thus, the TFs of Cu from the graft roots to
rootstock trunk and canes were approximated by Chopin et al., [26] and Busuioc et al. [41]:

TFi = Ci/Croot

where Ci is the Cu concentration in the plant organ i (mg kg−1), Croot is the Cu con-
centration in the roots, and TFi is the translocation factor through the root to the plant
organ i.

2.3. Statistical Analysis

Statistical analyses were carried out for all presented parameters analysed in the graft
samples. Differences between treatments were detected using an independent samples
T-test and One-Way Analysis of Variance (ANOVA), followed by the Duncan multiple
comparison procedures. Statistical evaluation of the data was performed using the SPSS
25.0 programme. Statistical significance was evaluated at p ≤ 0.05. For the evaluation of
correlations, the Pearson coefficient was used.

3. Results
3.1. Shoot Growth Inhibition

The shoot growth rates do not confirm our expectation that the increase in Cu concen-
tration in the growth substrate has a good correlation with the retarding effects on the shoot
growth of grafts, as established by Toselli et al. [11]. After two months of graft growth in
pots (28 June), the trends in inhibitory effects were observed (Figure 1; lower lines), and the
highest shoot length was in the control. This first period was the time of adventitious roots
formation on the grafts, and young roots were not yet able to mitigate the inhibitory effects
of Cu on the growth of the grafts. We conclude that at this time, the highest concentration
of Cu-gluconate in the SO4 rootstock had a toxic effect on the grafts as they all failed in this
plot after one month of growth (Figure 1; right lower box). Generally, the lowest impact
on relative shoot length was identified in the 5BB rootstock with Cu-oxychloride in the
substrate (Figure 1; compare left upper box with right lower box). However, at this time,
the minimum relative shoot length was at the highest concentration in the Cu gluconate,
and differences between the Cu formulations were also confirmed by the t-test (p = 0.009).
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Figure 1. Relative growth rate of grafts of Sauvignon Blanc grafted on 5BB and SO4 rootstocks in
response to various Cu concentrations in the substrate after 58 d (20 June) and 143 d (20 September) of
growth in pots. Values reported separately for rootstocks, Cu-formulation and measurement period,
followed by the same letters are not significantly different according to the LSD test (p ≤ 0.05). Values
represent mean ± SE, n = 4.

At the last shoot length measurement (20 September) (Figure 1; lines with circles),
the increasing trend in the relative shoot length with the increase in Cu concentration in
the substrate was confirmed, except for the SO4 rootstock (Cu-oxychloride), which was
declining (Figure 1; right upper box). For the Cu-gluconate treatments, the differences
between Cu concentrations were not significant (Figure 1; all data on lines marked with the
same letter). The shoot length of the control plants without added Cu in the substrate were
the lowest at the end of experiment.

These relations were confirmed by the daily shoot growth observations. During the
last month of the experiment, the growth of shoots per day in the control plants was less
than 0.2 cm per d, whereas in all other treatments, depending on the rootstock and Cu
formulations, the growth rate ranged from 1.3 to 3 cm per d (p ≤ 0.031 for gluconate and
p ≤ 0.0001 for oxychloride).

However, there were no significant differences in shoot growth per day between the
first and second shoot length measurements, except for rootstock 5BB in Cu-gluconate
(p = 0.007). The shoot growth rate was the highest in the control at more than 3 cm compared
with 0.92 cm per d at the highest concentration (1000 mg Cu kg−1 of substrate). In both
rootstocks and Cu-formulations, the average shoot length was the lowest in all treatments
with the highest copper concentrations in the substrate. In this period, in the pots with SO4
rootstock and Cu-gluconate, all the grafts failed.

The DW values of roots, rootstock trunks, and canes are listed in Table 1. The general
finding was that increasing the Cu concentration in the substrate did not cause a reduction
in the DW of the root and cane as reported by other authors who used a hydroponic
solution in their experiments [17]. The 5BB rootstock with increasing Cu concentration in
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the substrate showed increasing cane, root, and biomass DW in Cu-oxychloride (p = 0.001,
p = 0.006 and p = 0.001, respectively), and in Cu-gluconate (p = 0.044, p = 0.003 and p = 0.019,
respectively) (Table 1; 5BB Oxy and Glu data). The DW of the whole graft biomass was the
highest when Cu was added in Cu-gluconate form, but differences between formulations
were not significant (p ≤ 0.05). The same trends as in 5BB were also seen in the SO4
rootstock, except in the case of Cu-oxychloride where the differences in root DW were
not observed (Table 1; SO4 Oxy and Glu data). This rootstock showed similar trends with
Cu-gluconate, and it was observed that all its grafts failed in the pots with the highest Cu
concentrations (Glu-1000) after the one month of growth (at 25–30 cm of shoot length).
Whether this was due to the high concentration of copper should be examined in the future.
We assume that the translocation rate of systemic acting Cu-gluconate to grapevine graft
organs was so high that the concentrations in these organs reached a lethal level. We
assume that in the first month of the trial, Cu-gluconate present in the growing substrate
was not transformed into other copper forms that do not have such a high rate of systemic
movement in the graft tissues. In pot trials conducted by Toselli et al. [11], the shoot
inhibiting threshold of 1.16 mg of CaCl2-extractable Cu and 141 mg of DTPA-extractable
Cu/kg soil DW was established for rooted grafts in pots in sand-enriched soil after 1 year
of exposure. Concentrations of copper measured in roots in that trial were higher than in
our trial, but the plants survived the toxic effects. Our grafts were potted directly after
callusing (without developed roots), and inhibition at the beginning of graft growth at the
time of adventitious root formation is perhaps more severe than later when the grafts have
a bigger root mass.

Table 1. Root, rootstock trunk, and cane dry weight (DW), and biomass (mean ± SE; n = 4) for grafts
of Sauvignon Blanc grafted on 5BB and SO4 rootstocks grown in pots with various Cu concentrations
in substrate after 6 months (oxy = Cu-oxychloride, glu = Cu-gluconate).

Root-Stock Cu in Substrate
(mg kg−1)

Root DW
(g ± SE)

Rootstock
Trunk DW (g ± SE)

Canes DW
(g ± SE)

Biomass *
(g ± SE)

5BB

0 10.30 bc ± 1.193 14.37 a ± 0.982 6.93 b ± 0.524 22.36 b ± 0.4817
Oxy-50 8.80 c ± 1.021 16.17 a ± 0.913 6.77 b ± 0.318 21.17 b ± 1.9373

Oxy-150 7.85 c ± 0.556 15.85 a ± 0.822 8.65 ab ± 0.233 21.59 b ± 0.9361
Oxy-500 12.95 ab ± 0.388 16.15 a ± 0.654 10.08 a ± 0.466 28.03 ac ± 0.8164
Oxy-1000 14.98 a ± 1.342 15.15 a ± 0.210 10.78 a ± 1.247 30.17 a ± 2.0509

0 10.30 b ± 1.193 14.37 b ± 0.982 6.93 b ± 0.524 22.36 b ± 0.4817
Glu-50 10.45 b ± 0.964 17.35 a ± 0.821 6.28 b ± 0.636 24.09 b ± 1.9974
Glu-150 13.48 ab ± 0.944 14.97 ab ± 0.522 7.58 b ± 0.520 26.58 b ± 1.4479
Glu-500 12.75 ab ± 1.229 15.90 ab ± 0.687 7.18 b ± 0.206 25.65 b ± 0.7395

Glu-1000 15.75 a ± 0.550 16.30 ab ± 0.200 11.35 a ± 1.550 32.58 a ± 2.6255

SO4

0 12.50 a ± 1.197 15.23 b ± 0.320 7.48 b ± 0.930 24.91 b ± 2.0395
Oxy-50 11.77 a ± 0.296 16.00 b ± 0.153 7.33 b ± 0.384 24.54 b ± 0.1876

Oxy-150 11.83 a ± 0.828 15.30 ab ± 0.392 8.75 ab ± 0.501 25.52 b ± 0.7958
Oxy-500 14.23 a ± 1.050 17.17 a ± 0.554 10.50 a ± 0.521 30.90 a ± 1.5498
Oxy-1000 12.25 a ± 1.050 16.80 a ± 0.100 9.90 a ± 0.700 27.97 ab ± 0.8512

0 12.50 b ± 1.197 15.23 a ± 0.320 7.48 ab ± 0.930 24.91 b ± 2.0395
Glu-50 15.70 ab ± 0.636 16.45 a ± 0.592 6.35 b ± 0.185 27.59 ab ± 0.4149

Glu-150 14.87 ab ± 1.147 16.50 a ± 0.306 8.30 ab ± 0.833 28.61 ab ± 1.6395
Glu-500 19.80 a ± 3.051 15.73 a ± 0.145 9.60 a ± 0.611 34.09 a ± 3.9063
Glu-1000

Values in each column are reported separately for rootstocks. Cu-formulation means followed by the same letters
are not significantly different according to the LSD test (p ≤ 0.05). * Biomass is the sum of DW of canes, roots, and
annual growth of the rootstock trunks (difference between rootstock trunks weight at the start and the end of
the trial).
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Due to the limited amount of data in the literature, especially the lack of data for
different grapevine rootstocks, the copper concentrations in grapevines observed in the
present study can only be compared with those of grapevine cuttings grown in hydroponic
media. Juang et al. [17], found that the cytotoxic damage in grapevine rhizodermal cells
caused by Cu in a hydroponic medium was most evident in the 25 to 50 µM concentration
range. The threshold value of Cu shown to have a measurable inhibitory effect on the
root growth of the grapevine was 10 µM, and the root growth was totally stunted at
a concentration of 50 µM. In other plants (grass species), the lowest concentration that
inhibited root growth was between 0.1 µM [30] and 5 µM [27]. Some plant species were free
of any inhibition of root growth, even at exposure to a concentration of 10 µM of Cu [15].
Steffens and Rasmussen [42] also reported that nutrient and heavy metal stress conditions
increase adventitous root development.

3.2. Cu in Graft Organs

The Cu concentrations in grafts were the highest in the roots and decreased gradually
to the rootstock trunk and cane (Figure 2). The Cu accumulation within the roots generally
increased with increasing Cu concentration in the substrate for both rootstocks and Cu for-
mulations: Cu-oxychloride (p = 0.0001), and Cu-gluconate (p = 0.001, p = 0.022). Practically
all lines in Figure 2 have an upward trend. The trend of increasing Cu concentrations in
the rootstock trunks was similar to the increase in roots when the grafts were grown in
substrate with the Cu-oxychloride for both rootstocks: p = 0.045 (5BB), and p = 0.0001 (SO4).
(Compare the lines with rectangles and diamonds in Figure 2.) In the case of Cu-gluconate,
differences in the Cu concentrations in the trunks of grafts grown in substrates with increas-
ing Cu concentration were not significant, but the retention of Cu in the rootstock trunk
was more pronounced in 5BB (p = 0.450) than in SO4 (p = 0.074). (Compare the lines on left
and right side of Figure 2.) Generally, the Cu concentration in the canes was not influenced
by the Cu concentration in the substrate, except for the SO4 rootstock with Cu-gluconate
(p = 0.002). (See correlation lines in Figure 3.) This indicates that most of the Cu is retained
by the roots, but in the case of Cu-gluconate, its translocation to the canes of grafts is still
higher in the SO4 rootstock than in the 5BB rootstock.

In comparison with the canes, the roots accumulated relatively higher amounts
of Cu, from 11 to 164 mg kg−1 DW, regardless of exposure concentrations in the sub-
strate (Figure 2). Meanwhile, the Cu concentrations for rootstock trunks ranged from 6 to
38 mg kg−1 DW and from 4 to 21 mg kg−1 DW for canes (Figure 2). The tendency observed
in the present study for vines to accumulate Cu in certain graft organs was in agreement
with the research reported by other authors [34,40]. Significantly higher Cu concentrations
were observed in the roots and rootstock trunks compared with in canes. At the highest
Cu concentrations (1000 mg kg−1) in the substrate, the Cu amounts in the roots were four
times higher than in the rootstock trunks and sixteen times higher than in the canes in
both rootstocks (5BB, SO4) when the Cu-oxycloride formulations were used (Figure 2). The
copper content was the highest in treatments with the higher concentrations (Oxy-500 and
Oxy-1000), which was expected based on the findings of other researchers [17]. In the roots
and in the rootstock trunks, the Cu concentration was eight times and four times higher,
respectively, compared with the control grafts. In canes, the differences were minimal in
all Cu treatments. The exception was at the higher concentration of Cu-gluconate in the
substrate for the SO4 rootstock (p = 0.002). In the roots, the Cu concentration was lower
when Cu-gluconate was used, whereas it was higher in the canes. Treatment Glu-500
resulted in a significant increase in the amount of Cu accumulated in the canes of the
SO4 rootstock (21 mg kg−1). This was more than two times higher than in canes of 5BB
(9.43 mg kg−1 DW) and three times more than with Cu-oxychloride in both rootstocks:
6.4 mg kg−1 DW (SO4) and 6.58 mg kg−1 DW (5BB). These results confirm the increased
translocation of Cu from the roots to the shoots as a result of the systemic activity of this
Cu gluconate form.
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Figure 2. Copper content in DW of roots, rootstock trunks, and canes of Sauvignon Blanc grafts on
the 5BB and SO4 rootstocks exposed to various Cu concentrations and formulations in the substrate
in a pot-based trial. Different letters indicate significant differences between copper content in
specific tissues (root, rootstock trunk, cane) and in a specific combinations of rootstock variety and
Cu formulation at p ≤ 0.05, according to the LSD tests.

Grapevine grafts accumulated most of the Cu in their roots, thereby reducing its
translocation to canes and avoiding excessive uptake of Cu, which is consistent with
numerous previous studies [17,30]. This is confirmed by our findings that the amounts of
Cu in the canes and roots do not correlate well (Figure 3). A highly significant correlation
between the amounts of Cu in the rootstock trunks and roots was observed, which confirms
the higher Cu translocation from the roots to the rootstock trunk than further to the canes
(See Section 3.3). These results demonstrate the different nature of Cu-gluconate, where the
increased translocation of Cu from the graft roots to the canes was observed. Our findings
suggest that grapevine grafts accumulate most of the Cu in their roots (and also in the
rootstock trunk), and are somehow able to reduce its translocation in the growing season to
other plant parts (shoots and leaves) and thereby avoid excessive uptake of Cu.

3.3. Bioaccumulation and Translocation of Cu

By definition, the BAF represents the capacity for a specific species to accumulate
a compound, and thus, it is highly species-specific. In general, the Cu accumulation in
roots (BAFroot) was higher in grafts of 5BB than in SO4 rootstock in the Cu-oxycloride
treatments (Figure 4), but the differences were not significant (p ≤ 0.05). The decreasing
BAF rates of the 5BB and SO4 rootstocks were similar except for Cu-gluconate in canes.
In this case, the BAFs for 5BB were lower at all Cu substrate concentrations, and in pots
with 500 mg Cu kg−1 of substrate, the BAF of 5BB was two times lower than that for SO4.
A comparison between the rootstocks in the pot with 1000 mg Cu kg−1 of substrate was
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not possible as in these pots, all the grafts of SO4 rootstock failed in the first month of the
experiment. This suggests that the toxicity limit of grafts for this form of Cu was exceeded.
Differences in the BAF values of the cane for different substrate Cu-concentration levels
were determined in both rootstocks and Cu-formulations at a significance level of p ≤ 0.004
(Figure 4), which means that both rootstocks reduced the accumulation of Cu in the canes,
regardless of the concentration in the substrate, but the reduction in Cu accumulation was
less pronounced in SO4, and therefore, SO4 suffered total damage at Cu-1000-gluconate.
The Cu-formulation also influenced the BAF of cane. It was, on average, 0.042 and 0.112 for
the Cu-oxychloride and Cu-gluconate formulations, respectively (p = 0.006).
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With increasing Cu concentrations in the substrate, translocation factor (TF) values
were decreased. More significant differences were observed for the TF canes/roots (Table 2).
Similar relationships are found for TFs of rootstock trunks (rootstock trunk/roots) of
grafts. This suggests that the rootstock may also retain some excess Cu and limit further
translocation to the green organs of the vine graft. These results further confirmed that
grapevines are a typical metal excluder when exposed to excessive Cu and revealed that
the Cu absorbed by the grapevine remains mainly in the roots. Therefore, the role of
rootstocks should not be ignored, but there are still insufficient results available. Even the
arrangement of the roots vertically along the soil horizon can affect the uptake of metals.
The differences between the rootstocks were significant in regard to TFs for canes and
roots (p = 0.043). This suggests that the rootstock 5BB is more Cu-exclusive than SO4,
regardless of Cu formulation (Table 2). In the first step of Cu translocation in grafts, from
roots to rootstock trunks, the differences between TFs were not significant for different Cu
concentrations in the substrate, except for the more mobile Cu form (Cu-gluconate) in the
SO4 rootstock.
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Figure 4. Bioaccumulation factors (BAF) for roots, rootstock trunk, and canes of grapevine grafts of
Sauvignon Blanc grafted on 5BB and SO4 rootstocks grown in pots in response to treatment with
a range of internal Cu concentrations (mg kg−1) in substrate. Different letters indicate significant
differences between the BAF values in specific tissues (root, rootstock trunk, cane) and in specific
combinations of type of rootstock and Cu formulation at p ≤ 0.05, according to the LSD tests. Values
represent mean ± SE, n = 4.

Cu translocation was influenced by Cu formulation, with higher values identified
for Cu-gluconate, both for the different substrates and different rootstocks. In general,
in both rootstocks, the average TF values were higher with Cu-gluconate in comparison
with Cu-oxychloride. The TF values for rootstock trunk/roots were 12% (SO4) and 67%
(5BB) higher. The TF values for cane/roots were 17% (SO4) and 21% (5BB) higher, and
those for cane/rootstock trunk were 18% (5BB) and 140% (SO4) higher. This suggests
that 5BB rootstocks also translocated less Cu from the rootstock trunk to the canes. The
average cane/rootstock trunk TF for Cu-gluconate was 0.599 in 5BB in comparison to a
TF of 1.086 in the SO4 rootstock (p = 0.05). The values of TF higher than 1 indicate a high
mobility of Cu from the rootstock trunk into canes for the SO4 rootstock. Differences in TF
values for Cu-oxychloride were not significant for the 5BB and SO4 rootstocks, with values
of 0.505 and 0.452, respectively.

In practice, however, other environmental factors should also be taken into considera-
tion due to the complex field conditions. Based on the BAFs and TFs, the grapevine could
be considered a Cu-exclusive plant, as found by Juang et al. [17]. We can only speculate
about the physiological background of the limited translocation of copper from roots to
canes. We suggest that copper is complexed to immobile non-soluble complexes which
cannot be transported from the root by the xylem stream to the upper parts of the plant.
These complexes are likely incorporated into the cell walls, as proposed by Toselli et al. [11],
who cited the research of Iwasaki et al. [43]. Substances for the forming of complexes may
be present in the vascular root tissue or can be transported there from aboveground parts in
the context of plant defence mechanisms which remain unfamiliar (for example, excessive
suberisation of cell walls of root cells).
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Table 2. Translocation factors (TFs) of roots to rootstock trunk and rootstock trunk to cane of
grapevine grafts of Sauvignon Blanc grafted on 5BB and SO4 rootstocks grown in pots in response to
treatment with a range of internal Cu concentrations (mg kg−1) in substrate. (oxy = Cu-oxychloride,
glu = Cu-gluconate).

Rootstock Cu in Substrate
(mg kg−1)

TFs

Rootstock Trunk/Roots Cane/Roots Cane/Rootstock Trunk

5BB

0 0.769 ± 0.381 a(AB)

0.
54

4
±

0.
07

7
(A

)

0.472 ± 0.069 a(A)

0.
24

8
±

0.
02

9
(B

)
(p

=
0.

04
3) 0.762 ± 0.162 a(AB)

0.
76

4
±

0.
11

3
(A

)

Oxy-50 0.396 ± 0.064 ab(AB) 0.332 ± 0.076 b(ABC) 0.756 ± 0.104 a(AB)

Oxy-150 0.453 ± 0.087 ab(AB) 0.256 ± 0.024 b(CD) 0.503 ± 0.133 ab(ABC)

Oxy-500 0.261 ± 0.041 b(B) 0.105 ± 0.009 c(E) 0.290 ± 0.062 b(BC)

Oxy-1000 0.238 ± 0.062 b(B) 0.072 ± 0.010 c(E) 0.218 ± 0.056 b(C)

0 0.769 ± 0.381 a(AB) 0.472 ± 0.069 a(A) 0.762 ± 0.162 a(AB)

Glu-50 0.914 ± 0.247 a(AB) 0.449 ± 0.050 a(AB) 0.992 ± 0.292 a(A)

Glu-150 0.974 ± 0.370 a(AB) 0.315 ± 0.074 ab(BC) 0.646 ± 0.170 ab(ABC)

Glu-500 0.399 ± 0.032 a(A) 0.110 ± 0.020 c(DE) 0.366 ± 0.076 ab(BC)

Glu-1000 0.477 ± 0.169 a(A) 0.151 ± 0.043 bc(DE) 0.229 ± 0.028 b(C)

SO4

0 0.624 ± 0.069 a(AB)
0.

49
9
±

0.
04

4
(A

)

0.790 ± 0.205 a(A)

0.
37

9
±

0.
05

5
(A

)

0.654 ± 0.071 a(AB)

0.
53

3
±

0.
06

4
(A

)

Oxy-50 0.627 ± 0.161 a(AB) 0.511 ± 0.072 ab(AB) 0.635 ± 0.133 a(AB)

Oxy-150 0.477 ± 0.071 ab(ABC) 0.360 ± 0.065 bc(AB) 0.497 ± 0.093 ab(B)

Oxy-500 0.392 ± 0.073 ab(BC) 0.140 ± 0.015 bc(B) 0.232 ± 0.041 b(B)

Oxy-1000 0.215 ± 0.003 b(C) 0.064 ± 0.018 c(B) 0.244 ± 0.017 b(B)

0 0.624 ± 0.069 aa(AB) 0.790 ± 0.205 a(A) 0.654 ± 0.071 a(AB)

Glu-50 0.768 ± 0.145 a(A) 0.521 ± 0.090 a(AB) 1.640 ± 0.473 a(A)

Glu-150 0.313 ± 0.017 b(AB) 0.277 ± 0.069 ab(AB) 1.197 ± 0.133 a(AB)

Glu-500 0.390 ± 0.009 b(AB) 0.164 ± 0.049 b(B) 0.854 ± 0.186 a(AB)

Glu-1000 All plants failed

Values in each column are reported separately for rootstocks (uppercase) and Cu formulations (lowercase);
Cup—Cu oxycloride, Lab—Cu-gluconate; values followed by same letter are not significantly different according
to the LSD test (p ≤ 0.05). Values represent mean ± SE, n = 4.

4. Conclusions

In this study, the bioaccumulation, translocation, and phytotoxicity of Cu in grapevine
grafts were investigated. The dose–response relationship between Cu concentration in
the substrate and the rate of inhibition of shoot and root growth was not found to be
significant. Roots accumulated a relatively higher rate of Cu than the rootstock trunk
and canes. Our results indicate that Sauvignon Blanc grafted on 5BB and SO4 rootstocks
does not, when grown in substrate containing from 50 to 1000 mg Cu kg−1 DW, show
a significant reduction in growth vigour, despite the high accumulation rate of copper
in the roots and rootstock trunk. We suggest that the resistance to growth retardation
is based on the low translocation rate of copper to aboveground parts, even in the case
of systemic-acting Cu-gluconate. It is also necessary to mention the increased amount
of copper in the rootstock trunks, which was also associated with lower translocation of
copper into the canes at the end of the growing season. This needs to be considered when
extrapolating our findings to other rootstocks. The failure of grafts on SO4 rootstock when
grown in the substrate spiked to 1000 g of Cu-gluconate kg−1 DW demonstrates that the
form of copper could play an important role in the toxicity level.

The results of our study show quite a high tolerance of grafts after callusing to elevated
copper concentrations in the growing substratum. The treatment consisting of 500 mg of Cu
kg−1 still did not cause a reduction in shoot growth. Considering the statistics on copper
residues in grape-growing areas, which show that only a small proportion of soils contain
more than 500 mg of Cu kg−1, we expect that in most of the moderately contaminated soils,
young grape plants do not suffer growth inhibition related to sub-lethal copper toxicity
effects. We are aware that conclusions obtained in pot trials cannot be directly extrapolated
to the conditions for development of grafts in vineyard soils contaminated with Cu.

Based on our results, further research should be carried out in the future with other
cultivars and rootstocks, and especially with even higher concentrations of copper, which
are reported in the soil in some wine-growing countries. Since in our research, grafts were
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used in the most sensitive phase of development, i.e., immediately after callus formation, it
would make sense to also include in further trials already rooted grafts which are ready
for planting in vineyards. Our results contribute to knowledge about Cu impacts on the
development of grape grafts grown in graft nurseries.
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