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Abstract: Grafting is the most used propagation method in viticulture and is the unique control
strategy against Phylloxera. Nevertheless, its practice remains limited mainly due to inconsistent
graft success and difficulties in predicting graft compatibility responses of proposed scion-rootstock
combinations, slowing down the selection of elite rootstocks. Aiming to identify optimal phenotypic
parameters related to graft (in)compatibility, we used four clones of two grapevine cultivars that
show different compatibility behavior when grafted onto the same rootstock. Several physiological
parameters, internal anatomy of the graft union, chlorophyll fluorescence, and pigment contents of
homo- and heterografts were monitored in a nursery-grafting context. The measurements
highlighted enhanced performance of the heterografts due to rooting difficulties of Vitis vinifera
homografts. This suggests that in viticulture, homografts should only be used as compatibility
controls regarding qualitative attributes. By observing the internal anatomy of the union, we found
that grapevines might require longer times for graft healing than anticipated. While Affinity
Coefficients were not informative to assess incompatibility, leaf chlorophyll concentration analysis
proved to be a more sensitive indicator of stress than the analysis of chlorophyll fluorescence.
Overall, we conclude that graft take correlated best with callus formation at the graft junction three
weeks after grafting.

Keywords: Vitis; grapevine; grafting; graft incompatibility; graft success prediction; rootstock;
rootstock breeding; Richter 110; Syrah; Touriga Nacional

1. Introduction

Grafting is an ancient method for plant propagation and plant improvement. During recent
decades, the use of grafting expanded to commercially propagate horticultural crops [1] and it is
currently applied in orchards, greenhouses, and gardening. For grapevines, grafting represents the
longest use of a biological control strategy ever applied, as it saved and keeps saving viticulture and
the wine industry from the devastating effects of the soil-borne aphid Phylloxera (Daktulosphaira
vitifoliae Fitch). Since American vines showed resistance to “Phylloxera”, Vitis vinifera scions started
to be grafted onto American resistant rootstocks or their hybrids, and nowadays, more than 80% of
all vineyards worldwide are composed of heterografted Vitis species [2]. Although the use of grafted
crops is increasing, its practice remains limited mainly due to inconsistent graft success with variant
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scion and rootstock species [3]. It has been reported that 39% of bench grafted vines are deemed
defective at the nursery [4]. Consequently, nurseries are frequently required to double the production
of grafted vines to guarantee their contracts. Graft incompatibility can be defined as the failure to
form a successful graft union between two plant parts when all other requirements, such as
technique, timing, phytosanitary and environmental conditions are satisfied [5].

Both compatible and incompatible plants are defined in the graft research field in such that they
can be grafted and form a vascular connection [6]. Nevertheless, incompatible grafted plants do not
exhibit normal growth behavior and lifespans whereas compatible grafted plants demonstrate
normal growth behavior. Measurements for the degree of (in)compatibility are often based on graft
success rates or other sometimes not well defined physiological and morphological indicators. In
general, compatibility measurements include indicators related to growth behavior and stress
symptoms. All of these can be displayed immediately or delayed and in some cases, they can take as
long as 20 years to manifest, as seen in conifers and oaks [7]. Although it is believed that the likelihood
of graft success is higher when scion and rootstock are closely related or of the same species, graft
compatibility between scion and rootstock can vary greatly even between related species and
grapevine clones [5]. Inline, predictive and standardized measurements to evaluate compatibility
levels would be useful for breeders when considering the use of a rootstock with a specific graft
combination [3], particularly in the case of new genotypes under selection with unknown grafting
properties [8-10]. Indeed, to release a new grapevine rootstock into the market, several traits need to
be evaluated including “Phylloxera” and nematode resistance, salt and drought tolerance, and last
but not least, graft compatibility with scion species need to be assessed [11].

Considering that grapevine breeding has generation cycles that may last 25 years [12], it is
obvious how incompatibility could impede the effort of breeding programs, slowing-down the
selection of elite genotypes. Despite the importance of grafting and high graft success rates for many
crop plants and its unavoidability in grapevine propagation, surprisingly little is understood, even
with over one hundred years of scientific research [3]. Intending to unveil graft biology and
incompatibility, a number of reports exist on (i) the phenotypic traits and field performances of
several graft combinations [13-15]; (ii) the anatomy of grafted grapevines [16,17]; (iii) the
biochemistry of grapevine grafts with focus on phenolic compounds [18,19] and on isoenzymes [20];
(iv) the molecular aspects concerning the transcriptome of different graft combinations [5,21,22]; and
(v) total protein profiles [20]. Although numerous detection methods have been employed, no simple
indicator seems to accurately predict compatibility behavior of variant scion-rootstock combinations,
which would be valuable to shorten breeding cycles and to limit the production losses of nurseries
and growers.

To address the known limitations in graft success predictions, we evaluated several methods
that have been described as predictive for graft (in)compatibility in different plant species. Aiming
to screen for suitable indicators of successful grapevine grafts, we employed the rootstock Richter
110 (110R) that was reported to have different graft success rates when combined with clones of
Touriga Nacional, one of the most important Portuguese cultivar [5,19], and of cv. Syrah [23]. In
particular, Syrah clone 383, one of the most susceptible to the reported vine decline, is no longer
available for the market [24]. To further address the parameters regarded as indicative for scion—
rootstock incompatibility, we re-evaluated reported methods and monitored several physiological
indicators at the early callusing stage, 3 weeks after grafting (21 DAG), and at the hardening stage, 5
months after grafting (152 DAG), of cv. Syrah and cv. Touriga Nacional grafted onto 110R rootstock,
known to have a different degree of compatibility with these plants [5,18,19,23]. We compared also
reported Affinity Coefficient calculations based on stem growth measurements as a measure for graft
compatibility. Furthermore, we analyzed the internal anatomy of the graft union and the leaf
chlorophyll and carotenoid content and chlorophyll fluorescence parameters serving as plant stress
indicators.
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2. Materials and Methods

2.1. Plant Material and Experimental Details

Cuttings of certified virus-free plants of four registered V. vinifera clones cv. “Syrah”, clone 383
and 470 (SY383 and SY470, ENTAV-INRA/FR clones) and cv. “Touriga National”, clone 21 and 112
(TN21 and TN112, ISA/PT and JBP/PT clones, respectively) and cuttings of the rootstock 110R (V.
berlandieri X V. rupestris, JBP/PT clone) were used. Graft combinations were selected according to the
incompatibility reported for SY383 grafted on 110R (SY383/110R) [18,23] and for TN112/110R [5,19].
One hundred grafts per combination were performed, as well as one hundred homografts (grafts of
each genotype with themselves). All grafts were performed on 27 April 2018 by bench omega-grafting
of dormant cuttings under commercial nursery conditions at the Plansel nursery located in
Montemor-o-Novo, Portugal (291 m above sea level, 38°39" N, and 8°13" W). The nursery provided
all plant material except SY383 cuttings which were collected from the Portuguese National
Ampelografic Collection (PRT 051), INIA Dois Portos, INRB LP. (Quinta da Almoinha). All
procedures concerning the handling of plant material were carried out by the nursery under
phytosanitary guidelines used for their commercial clients. Grafts were dipped in paraffin
(containing 0.11% of Quinidol and 0.004% of 2,5-Dichlorobenzoic acid) and underwent 21 days of
stratification (at 30 °C and 80%-90% relative humidity) to induce callusing at the graft interface. On
18 May 2018, the grafted plants were transferred to the field nursery in a randomized complete block
design (RCBD) with 4 blocks (25 repetitions/block) for hardening under drip irrigation. The main
climatic parameters for the field trial were monitored throughout the experiment (Figure S1) using
daily meteorological data collected for Montemor-o-Novo at the Evora weather station, Portugal [25]
(38°65" N; 8°21 W; altitude: 247 m) for the period from 22 May to 1 October 2018.

2.2. Growth Parameters

Sprouting and rooting rates of the grafted plants were recorded at the end of the callusing
stage—21 days after grafting (DAG) and at the hardening stage — 152 DAG. The sprouting rate at 152
DAG is named “graft take” as, at this time point, sprouted grafts are considered successful. The two
time points were chosen because callus formation is a prerequisite for a successful graft [7] and
because 5 months is considered sufficient time to assess levels of incompatibility in the field [26]. Six
biological repetitions per graft combination were randomly selected from each of the 4 blocks (1 =24)
and the following growth parameters measured at 21 DAG: (i) Length of the main shoot (cm), (ii) root
number, (iii) length of the major root (cm), (iv) stem diameters at the base of the sprouted shoot, at
the graft union and 5 cm below the union (mm) and (v) score of callusing on a scale from 0 to 4 based
on visual evaluation, where 0 = no callus, 1 = 25%, 2 =50%, 3 = 75%, and 4 = 100% of callus formed
around the graft union. At 152 DAG, the following data were collected on the survived grafts that
were monitored at 21 DAG: (i) Length of the main shoot (cm), (ii) stem diameters 5 cm above and
below the union (mm) and at the graft union. The stem diameters were measured with a digital
compass (DigiMax, Swiss Precision, CA, USA).

2.3. Internal Characterization of the Union

At 152 DAG, the graft union of the same plants sampled for the growth parameters monitored,
were longitudinally sectioned at the graft area. Anatomy on the surface of the union was recorded
and evaluated for vascular continuity on both the right and the left part of the pith, adapting the
method of Herrero [27]. According to this method, 5 categories (from A to E) were used for
evaluation, where category A represents a perfect union in which the graft line is almost invisible.
Category B shows few structural imperfections and/or slight discontinuities between wood and bark
or cambial invaginations. Category C is characterized by bark discontinuities and D by wood
discontinuities. Category E includes broken/unattached unions and/or unions with dead tissue in the
proximity of the union line. Graft unions were scored as follows: unions showing at least one side
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scored as A or B categories (A/-, B/-) were considered compatible. C/C, C/D, C/E scored unions were
considered intermediate while D/D, D/E, E/E unions were considered incompatible.

2.4. Affinity Coefficients (ACs)

The measured stem diameters at 152 DAG were used as data input on the four affinity
coefficients (ACs) formulas developed by Branas, Perraudine, Spiegel-Roy and Lavee, and Onaran,
which were already reviewed and applied in Vitis [14]. Below, the ACs formulae used in this work
are listed:

Perraudine: good affinity when AC =12. If > 12, the rootstock is thicker.

AC=[C/A +(C+ A)/2B]+10AC (1)
Branas: good affinity when AC = 10. If > 10, the rootstock is thicker.
AC=[C/Ax(C+A)/2B]x10 (2)
Spiegel-Roy and Lavee: good affinity when AC = 0.
AC=(C/A)-1 3)
Onaran: good affinity when AC = 100.
AC = (Cx100)/A =% 4)

2.5. Chlorophyll Fluorescence and Pigments Content

Chlorophyll fluorescence parameters were measured at 152 DAG using the OS-30p+
Chlorophyll Fluorometer (Opti-Sciences, Hudson, NH, USA). After 20 min of dark adaptation, the
first expanded leaf in 6 grafts/combination/block was measured according to the OJIP protocol
described in the fluorometer’s manual. We ensured that a total of 6 measurements were recorded
when fewer than 6 grafts had survived in a given block. Leaf samples for pigment quantification were
the same as those used for chlorophyll fluorescence measurements. In total, 1.27 cm? of leaf area was
excised from the sampled leaf, submerged in 2 mL of 95% ethanol and stored at 4 °C for two weeks.
Then, chlorophyll and carotenoids contents were determined using Ultraspec 4000 UV/Visible
Spectrophotometer (Pharmacia Biotech, Piscataway, NJ, USA) according to the method of
Lichtenthaler [28]. Pigments absorbances were measured between 0.3 and 0.85 [29]. In the case of
absorbance values > 0.85, a dilution of the samples was made, and the dilution factor was considered
in the quantification.

2.6. Statistical Analysis

Statistical analysis of the collected data for all graft combinations at each time point, except for
the results from the internal characterization of the union, was performed in RStudio (RStudio Team,
2015. RStudio: Integrated Development for R. RStudio, Inc, Boston, MA, USA,
http://www.rstudio.com/) by Kruskal-Wallis test and multiple comparisons of treatments, in the R-
package “agricolae”, which uses the criterium Fisher’s least significant difference as a post hoc test
[30]. For sprouting, graft take, and rooting rates a Fisher’s exact test was performed for all graft
combinations at each time point. Pearson correlations were carried out between graft take rates and
the parameters analyzed at 21 and 152 DAG. To compute the significant levels for Pearson correlation
the “rcorr” function in the R-package “Hmisc” was used [31]. For visualization, the R package
“corrplot” was used [32]. Data are shown as mean values of original data + SE (standard error).
Significant differences are reported at * p < 0.05, ** p <0.01, ** p < 0.001.
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3. Results

3.1. Grafting onto 110R Rootstock Leads to Higher Graft Take Rates

Several external symptoms have been associated with incompatible graft unions, including a
high rate of graft take failures, leaves yellowing, early defoliation, a decline in the vegetative growth,
marked differences in vigor and the seasonal biological clock, overgrowth of one of the partners or
at the graft zone and the break of the union [7]. Our results showed that at 21 DAG a few homografts
sprouted compared with their respective heterografts, suggesting that grafting onto 110R supports
and induces early sprouting of the scion genotypes (Figure 1a), which is consistent with other studies
[33,34].
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Figure 1. Percentage of graft take, sprouting, and rooting at 21 and 125 DAG in all graft combinations.
(a) Sprouting and rooting percentages at 21 DAG; (b) graft take and rooting percentages at 152 DAG
in the same population analyzed at 21 DAG. Different letters indicate significant differences between
all graft combinations with p <0.05 (n = 94-100 per graft combination) according to Fisher’s exact test.

Indeed, at 21 DAG, more than 80% of 110R homografts, approx. 50% of the Touriga Nacional
homografts, and less than 25% of Syrah homografts sprouted, suggesting that 110R is an early
sprouting genotype followed by Touriga Nacional and Syrah. Nevertheless, when Touriga Nacional
and Syrah clones were grafted onto 110R, more than 90% of these heterografts sprouted at this time,
while the sprouting rate of SY383/110R was just 77% (Figure 1a). At 152 DAG, graft take rates showed
a marked difference between homo- and heterografts, which seems to depend on the 110R rootstock
genotype rather than to the type of graft (homo- or heterograft). In line, the success of graft takes in
V. vinifera homografts ranged from 13% (TN21/TN21) to 35% (SY383/5Y383), whereas in heterografts,
it ranged from 85% (SY383/110R) to 98% (TN112/110R). Among heterografts, just SY383/110R
displayed a significantly lower graft take, while this was not observed for TN112/110R. Interestingly,
the rootstock homograft (110R/110R) displayed a graft take success with 98 %, which is in the same
order as detected with most heterografts (except SY383/110R) (Figure 1b). This led us to hypothesize
that the low graft take of the V. vinifera homografts could be due to a lower rooting capacity of these
genotypes in comparison with 110R, an American hybrid specifically selected to be used as rootstock
[35]. Indeed, this hypothesis was supported by the Pearson correlation calculation between rooting
and graft take at 152 DAG, indicating a correlation value of 0.89 (p < 0.05).

Concerning callus formation degree in the studied graft combinations, we detected a
significantly higher callus formation in all heterografts (average grade of 4) when compared with the
homografts (average grade of 3) (Table 1). Callus proliferation was expected not only because of the
natural wound response but also because of the effect of 2,5-dichlorobenzoic acid added to the
paraffin.
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Table 1. Average of callus grade, root number, root length, and shoot length detected at 21 and 152 DAG.

21 DAG 152 DAG
Callus Grade (0-4) Roots Number Root Length (cm) Shoot Length (cm) Shoot Length (cm)
Graft Combination EE o o o o
110R/110R 3.9+0.1 abc 41+0.6a 16+03a 43+0.6a 78+6.2 cd
TN21/TN21 3.0+03d 53+09a 16+02a 1.9+0.5 bed 95+7.4bc
TN112/TN112 1.5+02e 57+12a 11+02a 0.9+0.3 cde 127 +8.2 ab
SY383/5Y383 3.4+0.2bcd 05+02b 02+01b 04+0.1de 78 +3.8 cd
SY470/5Y470 3.3+0.3 cd 0.8+03b 03+02Db 0.0+00e 139+9.0a
TN21/110R 4.0+0.0a 30+05a 1.3+03a 29+0.4 ab 80+7.7cd
TN112/110R 4.0+0.0ab 41+08a 1.8+04a 35+04a 63+4.1d
SY383/110R 3.9+0.1 abc 38+0.7a 19+03a 2.1+0.4 abc 66+39d
SY470/110R 40+00a 39+0.6a 1.8+03a 43+05a 78+4.6 cd
Graft Type wEE ns ns A A
Homograft 30+01a 33+04 1.0+0.1 1.5+02a 97+39a
Heterograft 40+0.0b 3.7+0.3 1.7+0.1 32+02b 72+2.7b

+ SE standard error; 21 DAG n = 24; 152 DAG n = 11-24. Significant differences according to Kruskal-Wallis test are indicated by asterisks symbols *** p < 0.001;

“ns” indicates non-significant differences.
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It is commonly thought that grapevine grafts will develop their final root system only when
plotted in a field. However, the development of adventitious roots can be observed already at 21
DAG and might be indicative of the rooting capacity of the genotypes under study. Indeed, while the
individual graft combination had a strong effect, the type of graft (homo- or heterograft) did not
produce a statistically significant difference in root development at 21 DAG. The only significantly
lower rooting performance was detected with Syrah homografts compared to all other combinations.
Here the mean values were below 1 for SY383/SY383 and SY470/5Y470 combinations with 0.5 + 0.2
and 0.8 + 0.3, respectively (Table 1). Nevertheless, no differences were detected comparing Syrah
scions heterografts with other heterografts suggesting that the scion does not influence the rooting
ability of the rootstock indicating that this is an autonomous trait of the rootstock.

The length of the main scion shoot depended on the graft type at both 21 and 152 DAG and
suggests an influence of the used rootstock on scion’s growth. At 21 DAG, homografts displayed a
significantly lower shoot length than heterografts (i.e., 1.5 vs. 3.2 cm) (Table 1). This difference is in
accordance with the observed delayed sprouting of homografts. Interestingly, the situation inverted
at 152 DAG, with the homografts displaying a significantly higher shoot length than heterografts (i.e.,
97 vs. 72 cm) (Table 1). This suggests that the expansion growth rate of homografts was higher than
that of heterografts, which is consistent with reports from other studies [36].

With respect to the stem diameters evaluated, a significant difference was detected between all
different graft combinations above, below, and at the graft union at both time points (Table 2).
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Table 2. Mean values of the Stem Diameters (SD) detected at 21 and 152 DAG.
21 DAG 152 DAG
SD Above SD Graft Union SD Below SD Above SD Graft Union SD Below
Graft Combination HkF Hk ok ¥ EaE Rk HHF
110R/110R 3.21+0.18 ab 1426 +0.35a 9.47 £0.29 ab 5.08+0.37 ¢ 18.18 + 0.88 ab 10.86 + 0.44 bc
TN21/TN21 1.55+0.32 cd 10.94 +0.38 cd 8.82+0.17 ab 6.88 +0.48 abc 15.67 + 0.68 bc 11.01 + 0.46 abc
TN112/TN112 1.46 +0.41 bed 9.38+0.29d 8.42+0.15b 6.77 +0.40 be 13.88+1.04 ¢ 11.45 + 0.47 abc
SY383/SY383 1.46 +0.46 bed 12.01 £0.49 be 9.70+£0.29 a 7.59 +0.40 ab 17.80 +0.51 ab 12.90 + 0.44 ab
SY470/SY470 0.00 £0.00 d 11.20 +£ 0.44 cd 11.20+0.44 ab 10.61 £0.90 a 18.98 +0.79 ab 140+0.72 a
TN21/110R 3.55+0.27 a 139+0.27 a 1390+ 0.27 a 5.33+0.33 ¢ 17.99 + 0.62 ab 10.24 £0.37 ¢
TN112/110R 425+0.30a 13.85+0.34 a 13.85+0.34 ab 5.39+0.33 ¢ 17.58 +0.63 abc 10.14 £ 0.46 ¢
SY383/110R 3.26+048a 13.31+0.29 ab 13.31+0.29 a 591+0.35¢ 18.05 + 0.68 ab 10.30+0.30 ¢
SY470/110R 2.85 +0.28 abc 14.09+0.29 a 14.09 £ 0.29 ab 6.20 £ 0.28 be 19.28+0.52 a 10.17£0.39 ¢
Graft Type Hk ok Hk ok ¥ HkF * HHF
Homograft 154+0.17 a 11.56+0.23 a 9.05+0.11a 7.18+0.28 a 16.99+04 a 12.04+0.25a
Heterograft 347 +0.18b 13.79+0.15b 9.56+0.14b 57+0.16 b 1823+0.31b 10.21+0.19b

+ SE standard error; SD above, below, and at the graft union measured at 21 (n =24) and 152 DAG (n = 11-24) for all graft combinations and graft type. Significant
differences according to Kruskal-Wallis test are indicated by asterisks * p <0.05, ** p < 0.01, *** p < 0.001.
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At 21 DAG, all heterografts showed larger stem diameters than homografts in all sections
measured (i.e., 3.5 vs. 1.5 mm above the union; 13.8 vs. 11.6 mm at the graft union; and 9.6 vs. 9.1 mm
below the union) (Table 2). Interestingly, the situation was different at 152 DAG, since homografts
displayed larger stem diameters than heterografts above the union (7.2 vs. 5.7 mm) and below (12 vs.
10.2 mm). Notably, all heterografts showed significantly increased stem diameters (18.2 mm)
compared with homografts (17 mm) at the graft union. Over time, the stem diameter growth of the
homografts was 2.5 times greater than in heterografts above the graft union (i.e., 5.9 mm increase in
homografts vs. 2.2 mm increase in heterografts) (Figure 52). Below the union, the increase was four
times greater in the homografts compared to the heterografts (3 mm vs. 0.7 mm, respectively).
However, heterografts showed a similar stem diameter growth to that of homografts at the graft
interface (4.4 mm vs. 5.3 mm, respectively) (Figure S2).

3.2. Graft Unions Are Frequently Incomplete at Five Months after Grafting

Anatomic studies are frequently performed to assess graft success in cherry [37], peach [38],
apricot [36], pear, and quince [39]. In grapevine, grafting anatomy has also been investigated, mainly
by non-destructive methods such as X-ray tomography and MRI [16,17]. Nevertheless, the five graft
categories (A, B, C, D, and E) established by Herrero (1951), with “A” showing a perfect union and
“E” showing unattached unions and/or unions with death tissue [27] have not been applied to Vitis
so far (Figure 2a).

Using this approach, just SY470 homografts scored as compatible for all replicates. TN21/TN21
and SY470/110R graft unions scored as compatible and intermediate, while the unions of all the other
graft combinations displayed all three classes from compatible unions to intermediate compatible
and incompatible unions (Figure 2b). Thus, using this categorization, the most compatible
combinations were SY470 and TN21 homografts, and TN112/110R heterografts, with 100%, 83%, and
83% of compatibility, respectively. On the other side, the graft combinations with a high degree of
incompatibility were SY383 and 110R homografts (33% and 21% respectively), and TN21/110R and
SY383/110R heterografts both with 17% of incompatible unions. Given that homografting should
result in the highest graft compatibility value as the growth rate and vasculature pattern should be
equal between rootstock and scion, it is surprising that there is enormous variability within the
combinations, regardless of whether they are homo- or heterografts. Additionally, bark (category C)
and wood (category D) discontinuities in the graft zone were frequently observed. These findings
suggested that grafted grapevines might require long times to complete the healing of a union.

Compatible Intermediate Incompatible
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Figure 2. Internal characterization of the graft union. (a) Example images of the category A to E
charactering the internal graft unions. Category A represents a perfect union in which the graft line
is almost invisible. Category B shows few structural imperfections and/or slight discontinuities
between wood and bark or cambial invaginations. Category C is characterized by bark discontinuities
and D by wood discontinuities. Category E includes broken/unattached unions and/or unions with
dead tissue in proximity of the union line. (b) Proportion (%) of compatible, intermediate, and
incompatible classes detected per graft combination.

3.3. Affinity Coefficients (ACs) Calculated for the Same Graft Combination Vary According to the Formula
Used

Looking for the early determinants of long-term graft success of different graft combinations,
several AC formulas based solely on stem diameter measurements of scion and rootstock have been
proposed and applied in vineyards [14,16] and orchards [40], since growth differences above and
below the graft union are regarded as a sign of incompatibility [14].

ACs calculated using the Parraudine formula indicated good compatibility for all analyzed
combinations, since all calculated values were close to 12 (Table S1). ACs calculated using Branas’
formula identified 110R and SY383 homografts as the more compatible combinations, while
TN112/TN112 and SY470/110R were the combinations with the worse calculated affinity since their
coefficients were far from the ideal value (10). Using Branas’ coefficient, significant differences were
found among graft combinations and also between graft type, suggesting homografts as more
compatible than heterografts (Table S1). No statistical significant difference was detected between
homo- and heterografts when the formula of Parraudine, Spiegel-Roy and Lavee, and of Onaran were
used, although differences were detected among graft combinations (Table S1). In summary, the ACs
calculated for the same graft combination vary according to the formula used, and they are not
reliable indicators of graft (in)compatibility for the used graft combinations.

3.4. Chlorophylls Analysis Is a More Sensitive Indicator of Stress than the Analysis of Chlorophyll
Fluorescence

In this study, chlorophyll fluorescence parameters, fast chlorophyll fluorescence induction curve
(OJIP curve), and the quantification of leaf pigments were tested to screen the graft combinations for
their compatibility behavior. The main chlorophyll fluorescence parameters investigated were: Vj
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(variable fluorescence at the J step), PI (Performance Index), Fv/Fm and Fv/Fo (maximum quantum
yield of photosystem II-PSII). Nevertheless, no significant differences were detected for any of the
parameters, with the exception of Fv/Fo, for which a significant difference (p < 0.01) was found for
SY470 homografts compared with 110R and SY383 homografts (data not shown). This combination
stood out by having the lowest values of the maximum quantum efficiency of PSII (Fv/Fm = 0.72)
and, in particular, a significantly lower Fv/Fo (2.74). Fv/Fo is considered a more sensitive parameter
for plant stress, capable of amplifying small variations detected by Fv/Fm, since it is normalized over
the minimal fluorescence (Fo) [41]. The optimal Fv/Fm value for stress-free plants is around 0.83 [42].
In our study, Fv/Fm values for all graft combinations varied from 0.72 to 0.77, suggesting that all graft
combinations were subjected to stress at the moment of the measurements. It has been shown that
some types of plant stress affect specific parts of the OJIP curve. For example, severe nitrogen stress
displays a K strep at 300 pis [43]. To investigate whether grafting and/or incompatibility could have
a similar effect, OJIP curves for all graft combinations were plotted. Nevertheless, the transients were
almost overlapping, denoting that homografts” OJIP curve does not differ from heterografts” and no
unusual step was observed on the OJIP traces (Figure S3) suggesting that, in our study, OJIP curves
of grafted grapevines are not affected by the graft combination.

Methods to quantify chlorophylls in plants are used to estimate the effect of different stress
factors on the efficiency of photosynthesis [44]. Furthermore, it was proposed that measurements of
chlorophyll concentrations in scion leaves allow the identification of graft incompatibility in Prunus
species [38]. To evaluate this on Vitis grafts, we measured chlorophyll a (Chl(a)), b (Chl(b)), total
(Chl(a+b)), and carotenoids (Carot) concentrations in leaves formed on scions of the different graft
combinations. The ratios Chl(a)/Chl(b) and Chl(a+b)/Carot were also calculated. In TN21, TN112,
5Y470 homografts and in SY470/110R heterografted plants, the detected Chl(a) concentrations were
lower than in the other graft combinations. The same homografts also displayed a lower amount of
Chl(b) and overall, homografts are significantly less enriched in Chl(b) than heterografts (Table 3).
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Table 3. Mean values of chlorophyll and carotenoid content per graft combination and graft type.

Chl(a) (mg/cm?) Chl(b) (mg/cm?) Carot (mg/cm?) Chl(a)/Chl(b) Chl(a+b)/Carot
Graft Combination o *EE ns o wEE
110R/110R 0.023+0.001 a 0.01+0.001 ab 0.004 + 0.000 26+01a 9.5+£0.9 ab
TN21/TN21 0.019 £0.001 ab 0.007 £ 0.001 bc 0.005 + 0.000 2.7+0.1ab 54+02cd
TN112/TN112 0.019 £0.001 ab 0.008 + 0.001 bc 0.004 + 0.000 2.6+0.1ab 6.3 £0.5bcd
SY383/SY383 0.022+0.001 a 0.011 £ 0.001 ab 0.004 + 0.000 24+01a 10.2 + 3.0 abc
SY470/SY470 0.016 +0.001 b 0.005 +0.000 ¢ 0.004 + 0.000 29+01b 51+01d
TN21/110R 0.022 £0.001 a 0.011 £ 0.001 ab 0.004 + 0.000 21+01a 8.2+1abc
TN112/110R 0.022+0.001 a 0.014 +0.001 a 0.004 + 0.000 17+0.1a 147+40a
SY383/110R 0.022+0.001 a 0.011 £ 0.001 ab 0.005 + 0.000 21+01a 7.0+0.7 bed
SY470/110R 0.020 +0.001 ab 0.009 + 0.001 ab 0.004 + 0.000 2.3+0.1ab 7.4+0.6 abcd
Graft Type ns A ns waE ns
Homograft 0.020 +0.001 0.009 +0.000 a 0.004 + 0.000 26+01a 8.0+0.9
Heterograft 0.021 +0.001 0.011 +0.000 b 0.004 + 0.000 21+0.1b 9.3+1.1

+ SE: standard error; significant differences according to Kruskal-Wallis test are indicated by asterisks ** p < 0.01 and *** p < 0.001; “ns” indicates non-significant
differences (n = 24). Abbreviations: Chl(a) = chlorophyll a; Chl(b) = chlorophyll b; Carot = carotenoids.
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With exception of SY383 genotypes showing no changes in chlorophyll content regardless of the
rootstock, it seems that grafting onto 110R leads to higher amounts of Chl(a) and Chl(b) in the scion
when compared with the respective homografts (Table 3). Although this effect is only significant for
Chl(b), this implies increased root uptake and/or translocation of nitrogen or other micronutrients
across the graft junction in plants grafted onto 110R rootstock. The decreased contents in both Chl(a)
and Chl(b) in the SY470 homografts (Table 3) could also explain the detected reduced quantum yield
of PSII in these plants. Indeed, a reduction in the quantum yield of PSII is generally associated with
the stress-induced degradation of chlorophylls, which has been partially attributed to the sensitivity
of the membranes to oxidative stress [41].

Carotenoids, necessary for photoprotection in photosynthesis, play an important role as
precursors of signaling during plant development under abiotic/biotic stress [45]. However, no
differences were detected in carotenoids contents with respect to the graft combinations (Table 3).
Therefore, the statistical differences found among graft combinations for the Chl(a+b)/Carot ratio are
more likely related to the differences in chlorophyll content. The analysis of pigment contents in
leaves seems a more sensitive indicator of stress than the analysis of chlorophyll fluorescence, even
if just Chl(b) contents were differentiating homo- from heterografts.

3.5. Graft Take Correlates with Callus Formation and with the Improvement of Scion—Rootstock
Translocation

We next performed a statistical correlation analysis with respect to the graft take rates on the
parameters recorded at 21 DAG and 152 DAG. Figure 3a shows that root and shoot length, the
measurements of stem diameters, and the degree of callus development were all positively correlated
with graft take at 21 DAG. However, root length and the stem diameter below the union displayed
low correlation coefficients (r < 0.3), while the highest correlations were obtained for stem diameter
at the graft zone and above the union, the degree of callus development and shoot length (r = 0.65,
0.57, 0.54, and 0.52, respectively). Considering that the measurements of stem diameters above the
unions were done only on sprouted scions at 21 DAG and that stem diameters at the graft zone
increased with the degree of callusing, we conclude that overall graft take correlated best with scion
growth and with the proliferation of callus tissue around the union.

Given that many grafts fail before scion sprouting, it is clear why shoot growth positively
correlated with graft take at 21 DAG. Nevertheless, shoot length negatively correlated (r =-0.51) with
graft take at 152 DAG (Figure 3b), with the stem diameters above and below the union (r = -0.49 and
r=-0.45 respectively), and with the Chl(a)/Chl(b) ratio (r =—-0.36). Positive correlations with graft take
at 152 DAG were found for the stem diameters at the graft zone and Chl(a) and Chl(b) contents,
although only the Chl(b) content disclosed a correlation coefficient higher than 0.3 (Figure 3b).
Interestingly, correlation coefficients with graft take rates measured at 152 DAG seem higher at 21
DAG than at 152 DAG, suggesting that early predictions do not necessarily imply low confidence of
the prediction
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Figure 3. Pearson correlation of the graft take value versus all the parameters investigated at 21 and
152 DAG. (a) at 21 DAG: roots number, length of the major root, shoot length, stem diameters (SD)
above, below and at the graft zone and callus score. (b) Pearson correlation of the graft take values
versus the parameters investigated at 152 DAG: shoot length, stem diameter (SD) above, below and
at the graft zone, Chlorophyll a (Chl(a)), Chlorophyll b (Chl(b)), carotenoids (Carot), ratio Chl(a) and
Chl(b), ratio total chlorophylls and Carot, and the following chlorophyll fluorescence values: Vj, PI,
Fv/Fm, Fv/Fo. Positive correlations are displayed in blue and negative correlations in red colors. The
size of the circles and color intensities are proportional to the correlation coefficients. Correlations

with p value > 0.01 are considered insignificant and are left blank.

4. Discussion

Much effort has been dedicated to the search of physiological [11,17], metabolic [18,19,46], and
molecular [5,21,22] markers to predict in an early growth stage graft compatibility in grapevine with
the aim of improving rootstock selection and propagation. To reveal grafting-related physiological
symptoms that might enable nurseries to predict whether a graft combination is likely to succeed, we
applied several methods at two time points (21 DAG and 152 DAG) to score graft compatibility of
graft combinations known to show distinct compatibility behavior [5,18,19,23]. Surprisingly, at 5
months after grafting (152 DAG), graft take rates did not match our expectations since V. vinifera
homografts had lower graft take rates than heterografts. Notably, the rootstock homograft
(110R/110R) performed as well as heterografts that have the 110R rootstock. We noticed a correlation
of the 110R rooting ability with graft success, which might explain the low take rates detected with
the V. vinifera homografts (<40%). Here, it should be noted that all grafted plants were cultivated at
the same field lot over the same growth period. Thus, we can exclude exogenous factors such as soil
quality or local stresses. In addition, it can be excluded that insufficient water supply could have
impacted the root formation as all grafted plants were grown under drip irrigation. Considering that
exogenous factors were similar to all grafted plants and that we found a significant correlation
between used rootstock and the rooting capacity of heterografts, we encourage the use of homografts
as compatibility controls in viticulture just for studying qualitative attributes and not to quantify graft
success.

It is widely known that rootstocks are selected for rooting and grafting capacity, abiotic and
biotic stress tolerance, and their ability to impact the phenotype of the grafting scion [47]. In this
work, 110R rootstock anticipates the sprouting of the heterografted scion and exerts control over scion
growth. It is conceivable that the early dormancy break of the rootstock (110R) is responsible for the
increased heterograft scion bud burst response. In our study, cuttings with only one bud were grafted
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onto the rootstock, implying dependence of bud break on rootstock reserves. Thus, it seems that the
sooner the rootstock will break dormancy, activating carbon supply for the scion, the sooner they
may sprout. The analysis of the internal anatomy of the graft union led us to realize that graft healing
is not yet complete at five months after grafting. Milien et al. (2012) [17] compared the anatomy of
“good” and “bad” grafts eight months after grafting and observed that the omega-cut line was visible
in both graft types and that, on “bad” grafts, connectivity was incomplete and necrotic tissue was
present at the graft junction. The inspection of grapevine graft unions through MRI also revealed
areas in the graft zone with no vascular connection even in 2 years-old grafts [16]. Our results are in
agreement with other studies on woody species, in which graft incompatibility may not become
apparent for several years [3]. Thus, graft (in-)compatibility studies in grapevines should include
later time points than five months after grafting.

Concerning the methods applied to predict graft compatibility, several AC formulas based solely
on stem diameter measurements of scion and rootstock have been proposed and applied in vineyards
[14,16] and orchards [40], since growth differences above and below the graft union are regarded as
a sign of incompatibility [14]. Nevertheless, in this work, the ACs were not suitable predictors to
assess graft incompatibility levels of the used graft combinations as they resulted in contradicting
conclusions.

An alternative approach is the use of methods to quantify chlorophylls in plants as an indicator
of the effect of different stress factors on the efficiency of photosynthesis [44]. Grafting causes stress
to the grafting partners, since the mechanical wound results in localized cell death, loss of water,
solutes, and disruption of the vascular system [3]. Repair of graft junctions, callus formation, and lack
of vascular continuity imply a high metabolic demand that has to be sustained by the photosynthetic
activity of the scion [3]. Light energy absorbed by chlorophyll drives photosynthesis
(photochemistry) but is also re-emitted (fluorescence) and dissipated by heat. Since these processes
compete with each other, the yield of chlorophyll fluorescence gives information on the quantum
efficiency of photochemistry [48]. For this reason, chlorophyll fluorescence imaging and the
determination of leaf chlorophyll concentrations using the Soil Plant Analysis Development (SPAD)
can be early diagnosis tools of graft incompatibility [38,49]. Notably, we found chlorophyll
concentration measurements a more sensitive parameter to identify changes between different graft
combinations than the measurements of chlorophyll fluorescence.

Overall, homografts were found less enriched in leaf chlorophylls than heterografts, although
just Chl(b) was significantly different. The fact that both types of chlorophylls are reduced in the same
graft combinations suggests that Chl(b) is not converted into Chl(a) in the context of the Chl(b)-to-
Chl(a) pathway [50]. Rather, it might be indicative of a reduced root-to-shoot translocation of water
and soil nutrients, particularly of nitrogen, since chlorophyll is one of the most important points of
its accumulation [44]. Nevertheless, many mineral deficiencies are also known to produce specific
pigment distribution within the same plant [51] and the selective mineral uptake of different
rootstocks [8] might be equally implicated. Furthermore, a decrease in chlorophylls content is a
common phenomenon under drought stress, and it is frequently associated to an increase in
Chl(a)/Chl(b) ratio since the reduction of Chl(b) is greater than that of Chl(a) under drought stress
[45]. Although, this is consistent with our results, since the graft combinations with the lowest values
of chlorophylls (i.e., TN21, TN112, SY470 homografts and SY470/110R heterografts) also displayed
the highest values of Chl(a)/Chl(b) ratio.

The growth parameters that best correlated with graft take rates were shoot length and the
degree of callusing at 21 DAG, and a higher Chl(b) content and a lower swelling above and below
the union at 152 DAG. As anticipated, this might imply that graft success correlates with the
improvement of the scion-rootstock translocation via vasculature. However, it should be noted that
positive correlations between graft take and scion growth at 21 DAG must be carefully evaluated,
since grapevine scion sprouting relies on rootstock reserves. Excessive scion growth would deplete
metabolite reserves before a functional root system can be established, which taken together would
lead to a graft failure due to plant death.
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The formation of a callus bridge between the grafted plant parts represents the beginning of the
connectivity leading to the formation of a continuous vasculature between the grafting partners [3]
and is suspected of predetermining the future compatibility or incompatibility response [52].
Additionally, callus formation is considered a prerequisite for the development of a successful graft
junction [7]. Accordingly, the degree of callus formation was suggested as a valuable indicator of good
graft take in grapevines [13,33]. Our results confirmed the reported positive correlations between the
degree of callusing and the success of grafting in grapevines. Therefore, considering that grapevine
grafts undergo callusing during a relatively short period (21 days), allowing only grafts with well-
developed callus to proceed to the further hardening stage might be already of economic advantage
at a nursery perspective.

Scion and rootstock stem diameters are frequently monitored in field studies to aid the
assessment of compatibility levels as a measure of graft success [13,34,36]. Although the swellings
often develop above unions with vascular discontinuities, it also can simply appear because of
differences in relative scion and rootstocks’ growth rates [53]. Therefore, stem swelling of one of the
grafting partners is not a reliable indicator of graft incompatibility in other species according to
Hartman et al. (2011) [7]. Nevertheless, in this study, stem diameter correlation coefficients with graft
take at both time points are among the highest ones and stem swelling above and/or below the graft
union was suggested to lead to decreased water and nutrient flow through the union causing wilting
[54]. Furthermore, swelling of the scion has been associated with a blockage of carbohydrates at the
graft zone and with phloem degeneration [54]. Recently, it was reported that narrow stem size in Vitis
rootstocks imposes a morphological constraint on the scion via reduced annual vascular formation
reflected by the annual ring size, which consequently leads to reduced hydraulic conductivity,
limiting physiological performance and yield [55] and, consequently, to limited shoot growth.
Whether this would explain the association between incompatibility and the increase in one of the
partners’ stem diameters still need to be investigated.

Comparison between homo- and heterografted plants with graft take success can be valuable to
understand scion-rootstock interactions during graft formation. Our results pointed out a crucial role
of the rootstock genotype in the vegetative growth and the Chl(b) content of the scion, although
scions did not seem to influence the rooting ability of the rootstock. Heterografts exhibited a higher
graft take rate, better callus development, and enrichment in Chl(b), which could be explained either
by an increased root uptake rate or by a higher healing capacity of the graft union. Nevertheless, the
internal anatomy of the union does not support the hypothesis that the healing of heterografts’ unions
plays a role. In addition, the fact that scion growth was reduced in heterografts does not fit to an
increased root-to-shoot translocation in these plants. Moreover, the detected rootstock effect on scion
bud burst suggests that scion-rootstock communication takes place as soon as callus is formed
between the partners and that this communication is able to impose developmental decisions and
growth habits on the scion. Overall, it seems that the quality, rather than the quantity, of the scion—
rootstock translocation system, is responsible for the detected alterations in plant performance when
a different rootstock genotype is used. Finally, the correlations analysis between all these traits may
reduce the number of parameters and plants needed to be screened for graft compatibility, which
might be of interest for breeders considering the high number of graft replicates needed to assess
each combination between different rootstocks and new cultivars from different breeding programs.

5. Conclusions

Standardized methods to detect graft incompatible grapevine combinations at early stages
would be very valuable to improve rootstock breeding and nurseries selection. Nevertheless,
phenotyping incompatibility in woody species is a challenge, since compatibility symptoms are often
difficult to discriminate from the effect of environmental stresses and often unpredictably arise early
or very late after grafting. By applying several methods described as indicative of incompatibility in
several crops on grapevine grafts with known compatibility behavior, we found that graft take rates
are not always indicative of compatibility and therefore they are not per se sufficient to assess
compatibility levels in viticulture, where graft success is also dependent on the rooting ability of the
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rootstock. Moreover, the use of homograft compatibility controls should be carefully evaluated, as
they did not show the highest graft take rates. Among the parameters investigated, the grade of callus
development at 21 DAG as an indicator of graft success, might be most valuable for practical
nursery’s applications. We encourage the analysis of leaf chlorophyll contents rather than the use of
chlorophyll fluorescence measurements. Conversely, we discourage the use of Affinity Coefficients
based on stem diameters, although stem diameters were found to strongly correlate with graft
success, which could be misleading as swelling is also associated with incompatibility of grafts. In
summary, our measurements and assessment of predictive graft success parameters might be useful
for both researchers and breeders for evaluating graft (in)compatibilities.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/10/5/706/s1. Figure
S1: Time course of main climatic parameters (daily means) in the field trial throughout the experiment (May —
September 2018). Figure S2: Mean values of Stem Diameter (SD) expansion from 21 to 152 DAG. Table S1: Mean
values of the affinity coefficients calculated by the formulas of Parraudine, Branas, Spiegel-Roy and Lavee, and
Onaran. Figure S3: OJIP curves of homo- and heterografts.
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