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Abstract 25 

Graft union development in plants has been studied mainly by destructive methods 26 

like histological studies. The aim of this work was to evaluate whether the chlorophyll 27 

fluorescence imaging (CFI) technique is enough sensitive to reflect the changes at 28 

the cellular level from different Solanaceae grafted plants 30 days after grafting, 29 

when both graft partners were well fused and strong enough in all plant 30 

combinations. The pepper cultivar ‘Adige’ was grafted onto different Capsicum spp. 31 

accessions typified with different compatibility degrees; eggplant grafted on Solanum 32 

torvum and pepper homografts like high compatibility; pepper grafted on S. torvum 33 

and pepper grafted on tomato like incompatibles. ‘Adige’/’Adige’ and ‘Adige’/pepper 34 

A25 showed a higher Fv/Fm value associated with higher values of ΦPSII and qP as 35 

well as with vascular regeneration across the graft interface. The results obtained 36 

highlight that CFI monitoring changes in chlorophyll fluorescence parameters reflect 37 

histological behaviour measurements in grafted Solanaceae plants.  38 

 39 

Additional key words: callus cells; graft (in)-compatibility; pepper, photochemical 40 

quenching; vascular connections.  41 

Abbreviations: CFI – chlorophyll fluorescence images; DAG – days after grafting; Fm 42 

– maximal fluorescence yield of the dark adapted samples; Fm` – maximal 43 

fluorescence yield of the light adapted samples; Fo – minimal fluorescence yield of 44 

the dark adapted samples; Fo`– minimal fluorescence yield of the light adapted 45 

samples; Fs – steady-state fluorescence yield during actinic irradiation; Fv – variable 46 

fluorescence (Fm – Fo) in the dark adapted samples; Fv/Fm – maximum quantum 47 

efficiency of PSII photochemistry; NPQ – nonphotochemical quenching calculated 48 
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from Stern-Volmer equation; qP – photochemical quenching; ΦPSII – actual quantum 49 

efficiency of PSII. 50 

Introduction 51 

Grafting can be defined as the natural or deliberate fusion of plant parts so that 52 

vascular continuity is established between them and the resulting genetically 53 

composite organism functions as a single plant (Mudge et al. 2009). Grafting is a 54 

technique that has been widely used for centuries in woody plants. Nowadays, this 55 

technique is being greatly expanding in vegetables plants particularly in Solanaceae 56 

and Cucurbitaceae families, to reduce pathogens infections (Biles et al. 1989; 57 

Padgett and Morrison 1990) or to increase resistance to abiotic stresses, such as 58 

drought (Sánchez-Rodríguez et al. 2013, Penella et al. 2014a) , salinity (Orsini et al. 59 

2013, Penella et al. 2015), or heavy metals (Savvas et al. 2010). This is also used to 60 

enhance nutrient uptake (Ruiz et al. 1997) or to increase yields and fruit quality 61 

(Rouphael et al. 2010, Penella et al. 2013).  62 

During the graft union formation between rootstock and scion, many researchers 63 

have observed callus proliferation (from both the rootstock and the scion), callus 64 

bridge formation, differentiation of cambium tissue from callus cells and the 65 

production of secondary xylem and phloem (Hartmann et al. 2002, Pina and Errea 66 

2005, Aloni et al. 2010, Trinchera et al. 2013). A low or incorrect callus formation 67 

between the rootstock and scion could lead to defoliation, reduction of scion growth 68 

and low survival of grafted plants (Kawaguchi et al. 2008, Johkan et al. 2009) 69 

reducing water flow to shoots (decreased hydraulic conductance) (Martínez-Ballesta 70 

et al. 2010). 71 

There is no precise definition of graft compatibility and generally means the 72 

establishment of a successful graft union as well as extended survival and proper 73 
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functioning of the composite rootstock-scion (Goldschmidt 2014). Graft 74 

incompatibility may be defined as failure to form a successful graft union. A lack of, or 75 

decrease in number of differentiated vascular bundles, or the dysfunction of 76 

differentiated vascular bundles at the graft union has been reported to inhibit 77 

transport of nutrients to scion (Wang and Kollmann 1996, Schöning and Kollmann 78 

1997). Characterization of incompatibility is not a simple process because graft 79 

combinations can initially unite with apparent success, but gradually develop 80 

incompatibility symptoms with time, due to either a limited and/or not fully functional 81 

vascular reconnection between scion and rootstock at the graft interface which 82 

causes the subsequent failure of the graft union (Errea et al. 1994,  Errea et al. 2001) or 83 

the development of abnormal growth patterns (Kawaguchi et al. 2008). 84 

The major causes implicated in graft incompatibility in Solanaceous crops are 85 

anatomical and/or biochemical (Deloire and Hébant 1982, Ives et al. 2012). In 86 

severely incompatible grafted plants such as pepper/tomato or pepper/eggplant 87 

grafts growth inhibition and high mortality was observed due to narrow and irregular 88 

xylem connections between scions and rootstocks; this was associated with higher 89 

concentration of sugars and starch above than below the graft union (Kawaguchi et 90 

al., 2008). Elevated production of reactive oxygen species, decrease in antioxidant 91 

enzymes activities or increase in polyphenols metabolites are a well-documented fact 92 

in graft-incompatible combinations from different Solanaceous species (Ives et al. 93 

2012, Deloire et al. 1982, Fernández-García et al. 2004a) 94 

Pepper (Capsicum annuum) is grown in most countries of the world, with 1.93 95 

million of ha cultivated area and is one of the most important crops in Mediterranean 96 

area. Grafted pepper plants are used to cope with biotic and abiotic stresses (Penella 97 

et al. 2014a, Penella et al. 2015, Oka et al. 2004). Peppers have been described as 98 
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compatible only with other Capsicum species but not with all of them. In this sense, 99 

Otsuka (Otsuka 1957) reported that tomato/pepper or pepper/tomato graft 100 

combinations were completely incompatible because plant growth was severely 101 

suppressed, in contrast with other Solanaceae species like tomato or eggplant, which 102 

are able to be grafted onto some different species within their family (Deloire and 103 

Hébant 1982, Miguel et al. 2007, Kawaguchi et al. 2008, Ives et al. 2012).  104 

The first methods used to predict graft incompatibility relied on external symptoms 105 

such as swollen union, death or decline in vegetative growth and vigour of the scion, 106 

and marked differences in growth of both scion and rootstock (Otsuka 1957). 107 

Afterwards, physiological and anatomical methods for the diagnosis of graft (in)-108 

compatibility have been developed, such as the measurement of peroxidase and 109 

catalase concentrations as the enzymes implicated in graft development (Fernandez-110 

Garcia et al. 2004a); the hormone levels (Yin et al. 2012); reactive oxygen species 111 

(ROS) production (Irisarri et al. 2015); accumulation of sugars (Kawaguchi et al. 112 

2008), hydraulic root conductivity (Clearwater et al. 2004) or histological 113 

measurements (Pina et al. 2012). However, all these methods are invasive 114 

(destructive), slow and/or most of them are thought to woody plants. 115 

The use of X-ray tomography to visualize the 3D structure of the graft union (Milien 116 

et al. 2012) is a non-destructive method to evaluate internal structure in the graft 117 

area, but the potential impact of the ionizing effects of the X-rays on the living tissue 118 

can be negative, as it has been demonstrated in a growth inhibited Arabidopsis 119 

seedling (Dhondt et al. 2010) and consequently has to be considered. 120 

Another nondestructive method without effects on the plant tissues and on the 121 

subsequent development of the plant is the use of the chlorophyll fluorescence 122 

imaging (CFI). CFI has been used to predict compatibility in melon grafted plants 123 
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(Calatayud et al. 2013), and the use of images for monitoring florescence parameters 124 

allowed visualize possible alterations in grafted plants (Quilliam et al. 2006; 125 

Calatayud et al. 2013). This could be an intuitive, quick and noninvasive method 126 

providing detailed information on spatial and temporal heterogeneity for evaluating 127 

behaviour in grafted plants.  128 

The aim of this work was to evaluate the potential of CFI in different Solanaceae 129 

plant combinations using positive controls (pepper grafted onto pepper) and negative 130 

controls (tomato/pepper and eggplant/pepper), connecting values of CFI parameters 131 

to histological observations in order to demonstrate whether or not CFI can reflect the 132 

morphological and anatomical at the graft interface between both graft partners. To 133 

reach this objective, the commercial pepper cultivar ‘Adige’ was grafted on different 134 

Capsicum spp. accessions typified with different compatibility degrees in terms of 135 

yield and quality in previous works performed by this research group (Penella et al. 136 

2013; Penella et al. 2014b; Penella et al. 2014c; Penella et al. 2015) and also used 137 

different graft combinations with known graft compatibility as controls: eggplant 138 

grafted on S. torvum and pepper homografts (high compatibility), pepper grafted on 139 

S. torvum and pepper grafted on tomato like incompatible unions. 140 

 141 

Materials and methods 142 

 143 

Plant materials and grafting plants: A total of nine combinations of plants were 144 

evaluated for graft compatibility. Cultivar ‘Adige’ Capsicum annuum L. (Lamuyo type; 145 

Sakata seeds, Japan – code A), was grafted onto the accessions of C. annuum L. – 146 

code A25 and code A5, Capsicum chinense Jacq. – code C12, Capsicum baccatum 147 

L. var. pendulum – code B14 used in previous studies on physiological and 148 
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agronomical responses that showed different compatibility degree (Penella et al. 149 

2013, Penella et al. 2014a, Penella et al. 2014c, Penella et al. 2015). In addition, two 150 

commercial rootstocks were used: Solanum torvum Sw. “Torvum vigor” (Ramiro 151 

Arnedo, Spain – code ST) and L. esculentum x L. hirsutum “Beaufort” (De Ruiter 152 

Seeds, Nederland  – code BEU) described in the bibliography as incompatible 153 

(Kawaguchi et al. 2008). Besides tomato var. Gordal (Mascarell seeds, Spain  – code 154 

TOM) was grafted on ST – TOM/ST, this combination has been described as 155 

moderately incompatible (Kawaguchi et al. 2008). Solanum melongena L. eggplant 156 

“Cristal” (Fitó seeds, Spain – code EGG) was also grafted onto ST– EGG/ST and 157 

selfgrafted plants of ‘Adige’– A/A were used as positive controls. 158 

As previously mentioned, plant combinations and their codes used in histological and 159 

chlorophyll fluorescence measurements. Between bracket are identify the intra or 160 

interspecific grafting for each plant combinations. Estimated affinity (according to 161 

literature and previous studies) is represented by (++) – compatible, (+) – moderately 162 

compatible, (-) – moderately incompatible and (--) – incompatible grafted plant 163 

combinations. 164 

Rootstock (code) Scion Graft plant Estimated 
affinity 

Capsicum annuum L.  var. Adige ( A) Adige (A) A/A (intraspecific) ++ 
C. annuum (A25) Pepper var. Adige (A) A/A25 (intraspecific) ++ 
C. annuum  (A5) Pepper var. Adige (A) A/A5 (intraspecific) - 
C. baccatum  (B14) Pepper var. Adige (A) A/B14 (intraspecific) + 
C. chinense  (C12) Pepper var. Adige (A) A/C12 (interspecific) + 
S. torvum (ST) Eggplant var. Cristal (EGG) EGG/ST (interspecific) ++ 
S. torvum (ST) Pepper var. Adige (A) A/ST (interspecific) -- 
S. torvum (ST) Tomato var. Gordal (TOM) TOM/ST (interspecific) - 
Tomato Beaufort (BEU) Adige (A) A/BEU (interspecific) -- 

 165 
 166 

Plants were sown on 15th January 2014 in 104-cell polystyrene trays filled with 167 

peat-based substrate and kept under a Venlo-type glasshouse. The plants were 168 

transplanted to 54-cell trays. The different graft combinations were performed on 21th 169 
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March using the tube grafting method (cutting the growing tip of the rootstock at a 45º 170 

angle above the cotyledons, and fixing the rootstock and scion with a clip) (Penella et 171 

al. 2013).  172 

Ten days after grafting, only the compatible grafted plants were fused about 75%, 173 

the number of fused in these plants increase with time, reaching 98% 20 days after 174 

grafting – DAG. In incompatible grafted plants, both graft partners were fused later on 175 

(30 DAG) and enough numbers of these plants were obtained for doing the 176 

measurements (30%) at this time. For this reason, a kinetic cannot done at earlier 177 

stages of development and all plants were measured at 30 days after grafting. 178 

 179 

Light microscopy: The graft interfaces were fixed 30 days after grafting (DAG) in 180 

3% glutaraldehyde in 50 mM Sorensen buffer (28.5% KH2PO4 50 mM and 71.5% 181 

Na2HPO4 mM.) at pH 7.2 for 2-h. After that, plant material was washed four times 182 

during 15 min in the same buffer. After infiltration in LR white resin:ethanol (1:2 v/v, 183 

1:1 v/v, 2:1 v/v) for 60 min per stage, the specimens were embedded in historesin LR 184 

white overnight (London Resin Co., Woking, Surrey, UK) at 4ºC according to Tadeo 185 

et al. (Tadeo et al. 1997), and transversally sectioned at 2 µm using glass knives in a 186 

Leica RM 2165 Rotary Microtome (Leica Instruments, Heidelberg, Germany). The 187 

sections were stained in 0.05% toluidine blue 0 (Cl 52040, Merck, Darmstad, 188 

Germany) (O’Brien and McCully 1981), desiccated and mounted in Eukitt Mounting 189 

Medium 15322 (Electron Microscopy Sciences, Hatfield, PA, USA). Representative 190 

sections of three tissue samples per plant from ten plants were viewed under a Leitz 191 

Ortholux II fluorescence microscope (Leitz, Wetzal, Germany) operating in an optical 192 

mode and the images were captured with a Leica DC300 camera.  193 

 194 
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Chlorophyll fluorescence imaging: Chlorophyll fluorescence imaging 195 

measurements of grafted plants were performed 30 DAG from 15-20 plants per 196 

combination at 2 cm above and below the graft interface and the graft interface using 197 

an imaging-PAM fluorometer (Walz, Effeltrich, Germany). All plants were placed in 198 

the dark for 20 min prior to measurement. Images and values of minimum Chl 199 

fluorescence yield in the dark-adapted state, Fo, were determined using light pulses 200 

at low frequency (1 Hz). Maximum fluorescence Fm was determined by applying a 201 

blue saturation pulse (10 Hz). The maximum quantum yield of PSII photochemistry 202 

(Fv/Fm ratio) was determined as (Fm – Fo)/Fm and images were captured. Actinic 203 

illumination (260 µmol m–2 s–1) was then switched on and saturating pulses were 204 

applied at 20 s intervals for 5 min to determine Fm` and Chl fluorescence kinetics 205 

during actinic illumination (Fs). The actual quantum efficiency of PSII photochemistry 206 

[φPSII= (Fm`– Fs)/Fm`] (Genty et al. 1989), photochemical quenching [qP = (Fm`–207 

Fs)/(Fm`– Fo`] (Schreiber et al. 1986) and the non-photochemical quenching [NPQ= 208 

Fm`– Fs/Fm`] (Bilger and Björkman 1991) were calculated. The value of Fo` was 209 

estimated using the approximation of (Oxborough and Baker 1997), [Fo` = Fo/(Fv/Fm + 210 

Fo/Fm`]. Three areas of measure were definite through PAM-software in stem of the 211 

plants (graft area, the rootstock and the scion). Fluorescence parameter values of all 212 

pixels within each area were averaged. Each value in the tables is the mean of the 213 

corresponding area of all samples (obtained from 15–20 different plants). Figure 2 214 

shows the images of only a single plant (representative plant). Further information on 215 

CFI measurements can be obtained from (Calatayud et al. 2008; Calatayud et al. 216 

2013).  217 

 218 
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Statistical analysis: One-way ANOVA was performed (Statgraphics Centurion XVI 219 

for Windows, Statistical Graphics Corp.) to compare the means of the fluorescence 220 

parameters. Mean separations were performed when significant differences were 221 

found using the least significance difference at P<0.05. 222 

 223 

Results and discussion 224 

 225 

Histological evaluation of scion/rootstock interactions: Table insert in materials 226 

and methods summarizes the plant codes used for histological and CFI studies. 227 

Pepper homografting (A/A) and the use of the intra-specific grafts (rootstock and 228 

scion belonging to the same botanical species) rootstocks B14, C12 and A25 showed 229 

a higher yield (Penella et al. 2014a; Penella et al. 2015) than the intra-specific 230 

combination ‘Adige’ grafted onto the rootstock A5 (A/A5). A/A5 combination had a 231 

lower growth than other grafted plants (A/B14, A/C12 and A/A25) and its stem 232 

diameter at the graft union was approximately three-fold greatest and provided lower 233 

fruit yields (Penella et al., 2013, Penella et al. 2014a). 234 

The cellular events that led to a successful graft union include adhesion of the two 235 

graft partners, callus cell proliferation at the graft interface and cross-bridge formation 236 

of the vascular bundles to establish a functional vascular connection (Aloni et al. 237 

2010, Goldschmidt 2014, Mudge et al. 2009, Pina and Errea 2005). Nevertheless, 238 

incomplete or nonfunctional vascular connections impede the vital upward and 239 

downward whole plant transfer routes, which might result in a dieback of the graft. By 240 

30 DAG, a well developed vascular graft union was observed in the pepper 241 

homografts (A/A) and intraspecific heterografts eggplant grafted on Solanum torvum 242 

(EGG/ST) (Fig. 1A, B) and ‘Adige’ grafted in the pepper rootstock accessions A25 243 
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and C12 (Fig. 1C, D). In these combinations, most of the necrotic layer was absorbed 244 

at this stage and group of small callus cells are clustering resembling symplastic 245 

domains which is a prerequisite to begin more vascular differentiation (Pina et al. 246 

2009). Higher levels of vascular differentiation were observed in the combination 247 

A/A25 (Fig. 1C) than in the combination A/C12 (Fig. 1D). In all combinations, cluster 248 

of callus cells were associated with the cut ends of the xylem from which them were 249 

derived and filled the graft interface. ‘Adige’ grafted on rootstock accession A/B14 250 

showed a high cellular activity at the graft interface and callus cells bridging the two 251 

graft partners (Fig. 1E). Some developing tracheid elements were observed but not 252 

completely new xylem and phloem formation was displayed across the graft union 30 253 

DAG. Similar anatomical results were obtained when grafted tomato onto Solanum 254 

torvum (TOM/ST) (more distantly taxonomic species) (Fig. 1F), indicating that the 255 

compatibility behaviour of both graft combinations (A/B14 and TOM/ST) was similar, 256 

moderately compatible, as reported by Kawaguchi et al. ( 2008) for TOM/ST. 257 

A stronger level of graft incompatibility was observed when pepper cv. ‘Adige’ was 258 

grafted onto rootstock accession A5 (A/A5). In this case, histological examination 259 

provided clear evidence of discontinuous xylem elements in the graft union as well as 260 

large areas of unbroken necrotic lines along the wounded edges of the rootstock and 261 

the scion (Fig. 1G). This result was consistent with the anatomy of the severely 262 

incompatible union tomato/pepper (A/BEU) (Fig 1H). In addition, ‘Adige’ grafted on S. 263 

torvum (A/ST) produced weak unions, characterized by limited fusion between both 264 

graft partners (Fig. 1I) and the presence of cells enriched with green material inside 265 

the vacuoles similar to phenolic compounds, that are involved in the incompatibility 266 

reaction inhibiting division, development and differentiation into new tissues during 267 

the graft union formation (Errea 1998, Pina et al. 2012, Hudina et al. 2014).  268 
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In these three combinations A/A5, A/BEU and A/ST, the rootstock and scion tissue 269 

produced new vascular elements as well, but these did not cross the scion/rootstock 270 

border and therefore no graft union was formed. In incompatible heterografts 271 

between Arabidopsis grafted on tomato rootstock, it was reported that the remaining 272 

necrotic layer that developed at the graft interface seemed to inhibit the differentiation 273 

of vascular tissue across the graft union, either directly or indirectly, and thus 274 

prevented full vascular graft union formation between the two plants, since neither 275 

vascular bridge nor full graft union was visible (Flaishman et al. 2008). Other studies 276 

also reported the presence of narrow and irregular xylem elements in incompatible 277 

tomato/pepper heterografts (Kawaguchi et al. 2008, Ives et al. 2012). 278 

 279 

Chlorophyll fluorescence imaging in grafted plants: The same grafted plants 280 

combinations used for histological evaluation were analysed by CFI. 281 

In table 1, the mean values of Fv/Fm ratio for rootstock, scion and graft area of the 282 

nine plant combinations are shown. The Fv/Fm is one of the most common 283 

fluorescence parameter, as it is an indicator of plant stress (Rolfe and Scholes 2010) 284 

and reflects the maximal efficiency of excitation capture of dark-adapted plants and is 285 

correlated with the number of functional PSII reaction centres (Oquist and Chow 286 

1992). Attending to Fv/Fm values in the rootstock area, four groups of plants can be 287 

distinguished according to ANOVA analyse: A/A, A/A25, A/B14, A/C12, TOM/ST and 288 

EGG/ST showed the higher Fv/Fm values, A/A5 with intermediate value, followed of 289 

the combination A/BEU and with lower Fv/Fm value A/ST. In compatible tomato 290 

grafted plants observations of the structure of graft union showed formation of xylem 291 

and phloem vessels through the graft union 8 DAG (Fernández-García et al. 2004b). 292 

But narrow and irregular connections were observed in graft union between 293 
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incompatible graft plants as tomato/pepper or pepper/tomato 3 weeks after grafting 294 

(Kawaguchi et al. 2008). CFI measurements were performed at 30 DAG, therefore 295 

the anatomical symptoms associated with graft (in)-compatibility has been already 296 

internally manifested. The lower Fv/Fm ratio in rootstocks areas have been measured 297 

in incompatible heterografted plants A/BEU and A/ST. As reported by the histological 298 

study, a weak graft connection occurs in these plants combinations, in such a way 299 

that it is expected that the translocation of assimilate from scion to the rootstock 300 

result in higher carbohydrate concentration in the scion part and lower concentration 301 

in the rootstocks (Kawaguchi et al. 2008). A limited assimilate supply to the 302 

rootstocks could reduce the size of root system and decreased metabolic activity 303 

increasing damage to the photosynthetic apparatus and decreasing Fv/Fm in 304 

rootstock area. Likewise, the Fv/Fm values in the graft area followed the same 305 

tendency showed by the rootstock area, but the values underwent an important 306 

decrease for the incompatible grafts A/ST and A/BEU. It is probably a consequence 307 

of the weak connection between rootstocks (S. torvum and tomato). A low or 308 

incorrect callus formation lead to a bad vascular connection at the rootstock-scion 309 

graft interface affecting water and nutrient translocation that can alter the 310 

photosynthesis behaviour in the graft zone (Martínez-Ballesta et al. 2010). For this 311 

reason, Fv/Fm values decreased to a greater extent compared with rootstocks values. 312 

These insufficient connections of vascular bundles were reflected in the scion part 313 

with lowest Fv/Fm values in ST/A and BEU/A (Table 1). Fv/Fm images of 314 

representative’s samples (Fig. 2) allowed visualize the rootstock, graft and the scion 315 

areas, indicating that the technique is able to display large areas of graft zones. The 316 

observation of color changes (ranging from black (0.000) to pink (1.000) revealed 317 

spatial changes in the Fv/Fm images. In A/A, A/A25, A/B14, A/C12, TOM/ST and 318 
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EGG/ST different intensities of blue colors were observed associated with higher 319 

values of Fv/Fm. In A/A5 a black line was observed across graft area-scion indicating 320 

a null Fv/Fm values. A dramatic change in colors from blue-green and brown of Fv/Fm 321 

in A/ST and A/BEU were observed, that correspond with lower Fv/Fm values. It should 322 

be noted that the scion area in A/ST and A/BEU showed the colors green and brown 323 

associated with lowest Fv/Fm values. 324 

When Fv/Fm values were compared at the scion from the different graft unions, the 325 

decrease in incompatible unions were more marked. Four categories could also be 326 

well definite: compatible plants (A/A, A/A25, A/B14, A/C12, TOM/ST and EGG/ST), 327 

moderate compatible A/A5 and incompatible A/TOM and strong incompatible A/ST. If 328 

a weak graft connection occurs in A/A5, A/TOM and A/ST, the probability of nutrient 329 

uptake reaching the scion decrease, leading to alteration of PSII photochemistry 330 

(Calatayud et al. 2013). In order to study the cause of this noticeable decline in Fv/Fm 331 

at the scion area, we analysed their photochemical and non-photochemical 332 

processes (Table 2). Statistical analysis of photochemical allowed differentiating four 333 

groups: A/A, A/A25 and EGG/ST with higher values of ΦPSII and qP; A/B14, A/C12 334 

and TOM/ST with moderate decrease of photochemical processes; A/A5 with 335 

considerable decrease and the last group with the plant combinations A/ST and 336 

A/BEU with the lowest photochemical values. The decrease in Fv/Fm for the graft 337 

combinations A/A5, A/BEU and A/ST (Table 1) could be the result of an increase in 338 

protective nonradiative energy dissipation, photodamage of PSII centres or both 339 

(Osmond 1994). Inasmuch as NPQ is believed to indicate the capacity for 340 

photoprotective process (Osmond 1994), the decline in Fv/Fm ratio was attributable to 341 

PSII stress, because NPQ was adversely affected in scion areas for the three plant 342 

combinations (Table 2). In severely damaged tissues resulted in a decreased in NPQ 343 
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values (Berger et al. 2007). In addition, the lower qP values (Table 2) observed in 344 

A/A5, A/BEU and A/ST indicated that their capacity for reoxidizing QA decreased, 345 

increased excitation pressure on PSII and contributed to the closure of PSII reaction 346 

centres. According with this result, the ΦPSII, correlated with the quantum yield of non-347 

cyclic electron transport (Genty et al. 1989), and was markedly reduced mainly in 348 

A/ST and A/BEU (Table 3). This reflect that a low or incorrect callus formation (Fig. 1) 349 

affected vascular connection in the rootstock/scion interface and may determine a 350 

decrease in water and nutrient translocation (Martínez-Ballesta et al. 2010) affecting 351 

photosynthesis performance limiting the availability of assimilate for plant growth.  352 

In compatible and moderate compatibility grafted plants A/A, A/A25, A/B14, A/C12, 353 

TOM/ST and EGG/ST a higher ΦPSII and qP in scion area was observed. This 354 

increase in photochemical process in the scion can feed the new connections 355 

formation at the graft interface. Associated with an electron flow stimulated (ΦPSII), 356 

NPQ increased as a protection mechanism in these plant combinations (Berger et al. 357 

2007, Guidi et al. 2007).   358 

 359 

Connecting values of CFI parameters to histological studies: Chlorophyll 360 

fluorescence imaging displayed the histological observations in our nine plant 361 

combinations. The statistical groups in ΦPSII parameter measurement in the scion 362 

area reflected better the histological observations indicating that A/A, A/A25 and 363 

EGG/ST with highest values of photochemical parameter showed well vascular graft 364 

union with necrotic layer absorbed, and group of small callus cells are clustered 365 

resembling symplastic domains which is a prerequisite to begin more vascular 366 

differentiation. The group of A/B14, A/C12 and TOM/ST with moderate decrease of 367 

photochemical processes express well developed vascular graft union, but with less 368 
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vascular differentiation than the first group. Likewise, a strong correlation was 369 

observed between a considerable decrease in ΦPSII, and the presence of 370 

discontinuous xylem elements in the graft union for the combination A/A5, as well as 371 

large areas of unbroken necrotic lines along the wounded edges of the rootstock and 372 

the scion. The remaining combinations, A/ST and A/BEU, with the lowest 373 

photochemical values produced weak unions, characterized by limited fusion 374 

between both graft partners and the presence of cells enriched with green material 375 

inside the vacuoles similar to phenolic compounds, which are involved in the 376 

incompatibility reaction inhibiting division, development and differentiation into new 377 

tissues during the graft union formation (Errea 1998). 378 

 379 

Conclusion: This study represents a satisfactory and wide calibration of the changes 380 

in CFI that may be useful as reflection and/or accompaniment of histological 381 

behaviour in grafted Solanaceae plants studies. In general terms, CFI provided 382 

information on graft stage and represents a quick, non-invasive technique that not 383 

requires sample preparation for studying union in vegetables. The main interest of 384 

CFI methods is associated with the images that permit large areas of graft zones to 385 

be viewed on the same plant overtime. However, CFI does not replace systematically 386 

classical histology in terms of understanding morphological and anatomical 387 

developments at the graft interface. CFI could represent a high-throughput 388 

phenotyping tool necessary to reduce the time invested for determining behaviour in 389 

grafted plants and could be used as a sensor in decision support systems for 390 

detection of graft compatibility 391 
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Figure Legends 561 

Fig 1. Transversal sections of different graft combinations (see codes in table insert 562 

in materials and methods) 30 days after grafting. A – A/A, B – EGG/ST, C – A/A25, D 563 

– A/C12, E – A/B14, F – TOM/ST, G – A/A5, asterisks (*) show limited fusion 564 

between both graft partners, H  – BEU/A, asterisks represent phenols stained green 565 

into the vacuoles, I – A/ST. Bars= 200 µm (A, F, G) and 400 µm (B, C, D, E, H and I). 566 

Abbreviations: AFS – air filled space; CC – cluster of callus cells; NL – necrotic layer; 567 

P – pith cells; Sc – Scion; St – stock; T – traqueid elements; VUF – vascular union 568 

formation. 569 

 570 

Fig 2. Chlorophyll fluorescence images of Fv/Fm after dark-adapted 30 days after 571 

grafting in different plant combinations (see codes in table 1): A/A, A/A25, A/B14, 572 

A/C12, A/A5, EGG/ST, TOM/ST, A/ST and A/BEU. The false colour code depicted at 573 

the bottom of each image ranges from 0.000 – black to 1.000 – pink. Images were 574 

taken from a single representative plant.  575 

 576 
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