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Abstract 9 

We measured mineral nutrient concentrations in leaves, fruit flesh and fruit peel from field grown apple trees 10 

grown on a genetically diverse group of rootstocks from the fifth leaf through the eigth leaf (2014-2017) and 11 

identified relationships between nutrients in leaves and fruit of ‘Honeycrisp’ apple.  We also evaluated the 12 

constancy of rootstock influence on scion nutrient profiles over the four years. Boron concentration was consistent 13 

in different seasons, with rootstocks M.9 (several clones), B.9, M.26EMLA, PiAu51-11 and B.71-7-22 resulting 14 

in consistently low boron levels, while G.935, CG.2034, CG.4004, G.222 and CG.5087 provided consistently 15 

high boron levels. Unlike boron, calcium concentration in scion tissues was somewhat variable in different 16 

seasons suggesting a role for climate and perhaps management factors in the rootstock induced absorption and 17 

translocation of calcium. We identified a group of rootstocks that yielded high calcium levels in scion tissues 18 

(G.214, B.10, G.41, B.9, G.935, G.11, CG.4003) while another group yielded low calcium levels (M.26, M.9-19 

T337, G.202, CG.4004, G.814). We also identified a group of rootstocks that induced low potassium values in 20 

scion tissues (CG.4003, G.935, G.222, and G.202), whereas B.70-20-21, B.67-5-32, B.70-20-20 yielded 21 

consistently higher values.  Rootstock B.10 and CG.2034 induced consistently higher potassium values in fruit 22 

tissues. The ratio of K/Ca in leaves and fruit was the best predictor of bitter pit in ‘Honeycrisp’ apples, suggesting 23 

that rootstock induced levels for both nutrients play a role in this disorder and that the addition of potassium 24 

fertilizers on potassium-efficient rootstocks might increase the susceptibility to bitter pit. Rootstocks CG.4003, 25 

B.10, G.41N, and G.214 seemed to produce fruit with lower levels of bitter pit. Our data indicates that some 26 

rootstocks are more efficient at absorbing nutrients than others, which implies that fertilizer recommendations 27 

developed using one rootstock, such as M.26 or M.9, might be too high for other rootstocks which are more 28 

efficient and could thus be causing tree and fruit physiological disorders. Newer rootstocks might be already 29 

supplying the needed amounts of minerals to scion tissues.  30 

Keywords: calcium, potassium, magnesium, boron, nitrogen, K/Ca ratio, bitter pit 31 

1. Introduction 32 

One of the most critical functions of a root system is to gather nutrients from a soil substrate and shuttle them to 33 

different sinks in the plant where they will be used for varied cellular functions.  Nutrient deficiencies detected in 34 

orchard soils by either soil or foliar analyses are normally addressed by the addition of fertilizer formulations 35 

designed to compensate for the deficiencies and can be delivered by multiple means (ferti-irrigation, foliar, soil 36 

pellets, mulches, etc.) (Chun et al., 2002; Fallahi et al., 1984a; Fallahi et al., 1984b; Milosevic and Milosevic, 37 

2015).  These amendments to the orchard ecosystem have been designed based mostly on the performance of a 38 

few, genetically restricted, traditional rootstocks, which have been shown to absorb more or less of a particular 39 

nutrient contained in the rhizosphere.  Rootstocks are embedded in a complex environment were interactions with 40 

pH, soil particles, fungi, bacteria, insects, soil water status (Kang et al., 2011), scion cultivar, and cover crops 41 
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(and their competing roots) all play into their performance as foragers of nutrients. However, most fertilizer 42 

recommendations have not been tailored to a specific rootstock-scion-soil interaction.  This raises the possibility 43 

that such applications will be less than optimum (more or less than specifically needed by the rootstock-scion-44 

soil combination) and potentially wasteful.  Genotypic differences in the ability to absorb and shuttle nutrients to 45 

the scion have been observed in apple rootstocks (Fallahi et al., 2014; Fallahi et al., 1984a; Neilsen and Hampson, 46 

2014; Rom and Rom, 1991; Rom et al., 1991; Tukey et al., 1962), peach rootstocks (Reighard et al., 2013), citrus 47 

(Dubey and Sharma, 2016; Hippler et al., 2016; Kumar et al., 2018; Toplu et al., 2012), cherry (Hrotko et al., 48 

2014), and watermelon (Nawaz et al., 2017).  While most research on nutrient uptake by apple rootstocks has 49 

focused on developing the best management practices for nutrient application on a genetically restricted set of 50 

rootstocks, efforts to include a large set of genetically diverse rootstocks in different soils and pH treatments 51 

allowed the physiological diversity of apple roots to be revealed (Fazio et al., 2012). In that study, varying soil 52 

pH caused different genotype dependent responses of the absorption and translocation of nutrients, while soil 53 

affected by replant disease was associated with differences in nutrient absorption. The ability to uncouple root 54 

(rootstock) functions from scion functions by grafting the same scion cultivar on a diverse panel of apple 55 

rootstocks and breeding populations used for genetic mapping produced the first set of data aimed at breeding for 56 

improved nutrient efficiency in apple rootstocks (Fazio, 2014; Fazio et al., 2015a; Fazio et al., 2013; Fazio et al., 57 

2015b).  Several quantitative trait loci were identified for scion leaf mineral concentrations of potassium (K), 58 

sodium (Na), phosphorus (P), calcium (Ca), zinc (Zn), magnesium (Mg) and molybdenum (Mo), with the most 59 

significant ones on chromosome 5 for potassium, chromosome 17 for sodium and lower significance QTLs for 60 

calcium, copper, zinc, and phosphorus.  The influence of rootstocks on various sinks in the scion, including fruit, 61 

has the potential to modify organoleptic, post-harvest qualities and disease resistance (Chun and Chun, 2004; Kim 62 

et al., 2004; Lockard, 1976; West and Young, 1988; Westwood and Bjornstad, 1980).  The analysis of scion 63 

nutrient concentration in leaves and fruit in several rootstock comparison trials in New York State have indicated 64 

the possibility that specific rootstocks may affect fruit quality of ‘Honeycrisp’ apples showing that certain 65 

rootstocks are able to transfer higher calcium levels to the fruit and that the calcium-linked disorders typical of 66 

‘Honeycrisp’ are a result of intrinsic scion challenges in the movement of calcium into the fruit (Fazio et al., 67 

2015a). In these studies, concentrations of some nutrients were highly correlated (K and P, S and P), possibly 68 

indicating commonalities in the pathway that take these nutrients from the soil through the rootstocks to diverse 69 

sinks in the scion.  Similar findings were observed in young trees grafted on a series of diverse rootstocks which 70 

were part of an NC-140 coordinated rootstock trial in Canada (Neilsen and Hampson, 2014). The very different 71 

mechanisms (interaction with soil biota, active and passive transport, vessel composition and size, etc.) that 72 

impact absorption and transport of nutrients and the fact that crop load and irrigation can also influence mineral 73 

concentrations (Labidi et al., 2012; Mazzola and Manici, 2012; Neilsen et al., 2015; Zhu et al., 2017; Zribi et al., 74 

2012) makes these traits difficult to improve through breeding without the aid of a robust understanding of 75 

molecular genetic factors involved. Modeling those factors to achieve a particular balance of nutrients in selected 76 

scions is therefore very complicated. 77 

The objective of this study was to identify relationships between nutrients in leaves and fruit of mature 78 

‘Honeycrisp’ trees and to investigate the constancy of rootstock influence on scion nutrient profiles over four 79 

years. 80 

2. Materials and Methods 81 

2.1. Trees and design 82 

A rootstock field trial was planted in 2010 at the New York State Agricultural Experiment Station (Geneva, NY, 83 

USA), using ‘Honeycrisp’ as the scion cultivar (Autio et al., 2017). Trees were planted in a randomized complete 84 

block design, with 4 replications and with each block containing 2-3 trees of each rootstock. Blocking was done 85 

by initial tree diameter. Tree spacing was 1.2 m  3.5 m. Rootstocks included three from the Malling series: M.26 86 
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EMLA, M.9T337, and M.9 Pajam2; nine from the Budagovsky series: B.10 (B.62-396), B.64-194, B.67-5-32, 87 

B.7-20-21, B.7-3-150, B.70-20-20, B.70-6-8, B.71-7-22 and B.9 (Kazlouskaya and Samus, 2011); six Cornell 88 

Geneva® released rootstocks: G.11, G.41N, G.41TC, G.935N, G.935TC, G.202N, G.202TC, G.214, G.222 and 89 

G.814 where the “N” and “TC” distinctions refer to normal propagation and tissue culture propagation 90 

respectively; six experimental Geneva rootstocks: CG.2034, CG.3001, CG.4003, CG.4004, CG.4013, CG.5087; 91 

and three rootstocks from the Pillnitz series: Piau51-11, Piau9-90, Supporter 3 (Supp. 3) See the companion paper 92 

(Lordan et al., 2018) for a description of the origin, parentage and vigor class of each rootstock. 93 

2.2 Nutrient analysis 94 

For the 2014 and 2015 growing seasons, ten mid position leaves on new extension growth and ten fruit randomly 95 

distributed throughout the tree canopy were harvested 80-90 days after bloom on all tree replicates of each 96 

rootstock.  Fruit was cored and processed retaining a fruit tissue sample composed only of a 0.5 cm thick 97 

horizontal doughnut shaped section obtained two cm from the calyx end of fruit.  The ten doughnut shaped 98 

sections obtained from ten fruit harvested from one tree were bulked into one sample for mineral nutrient analysis.  99 

Leaves and fruit were oven dried, ground into powder and shipped to the USDA-ARS Children's Nutrition 100 

Research Center in Houston, TX for mineral analysis of several macro- and micro-mineral nutrients via 101 

inductively coupled plasma optical emission spectrometry.  For the 2016 and 2017 seasons fifteen mid position 102 

leaves on new extension growth randomly distributed throughout the tree canopy were harvested 90 days after 103 

bloom on all tree replicates of each rootstock. At harvest, a 20-fruit sample for each rep was collected. From that 104 

sample, a 10-fruit sample for each rep was processed for nutrient analysis. Each fruit was cut longitudinally twice 105 

to produce two opposite, seedless, stemless, wedge-shaped segments which constituted the fruit sample and 106 

amounted to approximately 1/16th of the whole fruit mass. Each wedge-shaped segments were separated in flesh 107 

and peel samples, cutting the inner part below the skin. The segments from each sample were combined and 108 

immediately weighed prior to drying. Leaves and fruit were oven dried, ground into powder and shipped to the 109 

A&L Great Lakes laboratories in Fort Wayne, IN for mineral analysis of several macro- and micro-mineral 110 

nutrients via inductively coupled plasma optical emission spectrometry.  For ease of distinguishing the nutrient 111 

data, labels include element, year collected, abbreviated tissue (Fr= Fruit, Fl =Flesh, Pe = Peel, Lf = Leaf), and 112 

concentration in µg/g DW (Dry Weight), mg/g DW, percent (%) or parts per million (PPM). 113 

2.3 Data analysis 114 

Statistical analyses of the data were performed with a one-way ANOVA with rootstock genotype as the main 115 

effect and replicate as a random effect in a complete block analysis. Mean separation was determined using least 116 

significant difference test (LSD) with a P value of 0.05. Pearson correlation was carried out to study correlations 117 

among all the traits evaluated. Rootstock genotype means were used in multivariate analysis to generate two-way 118 

similarity cluster diagrams based on genotype similarity and variable similarity. The Ward’s minimum variance 119 

criterion was used.  Data were analyzed using the JMP statistical software package (Version 12; SAS Institute 120 

Inc., Cary, North Carolina) for the calculation of genotypic means, multivariate cluster analysis and correlation. 121 

3. Results 122 

3.1 Rootstock modulated nutrient analysis by element 123 

3.1.1 Boron 124 

Boron concentration in leaves and fruit appeared highly rootstock dependent as genotypic mean pairwise 125 

correlation between years was as high as 0.78 in leaf samples (2014 and 2015) and 0.7 in fruit samples (2014 and 126 

2017) (Figure 1).  Correlation was also very high between the same tissues collected in the same season, as fruit 127 

flesh and fruit peel values were 0.93 and 0.94 for the 2016 and 2017 season respectively.  Correlation between 128 

leaf and fruit tissues was as high as 0.87 in the 2017 season.  Two-way clustering of the same data revealed four 129 
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main groups of rootstocks  enabling low, medium-low, medium and high levels of boron in shoot tissue.  In the 130 

low boron transmitter group we found B.9, two M.9 clones, a very dwarf B series rootstock (B.71-7-22) and 131 

PiAu51-11.  In the high group we found the two versions of G.935, CG.2034, CG.4004, G.222 and CG.5087.  132 

G.214, G.41, G.11 and B.10 appeared in the medium cluster. 133 

3.1.2 Calcium 134 

Calcium concentration in leaves and fruit were mildly correlated and varied season to season, as samples collected 135 

during the same season were better correlated than between seasons with some exceptions where leaf calcium 136 

pairwise correlation was 0.73 between seasons 2015 and 2017 (Figure 2).  While the within season correlation 137 

between fruit and leaf tissues was on average close to 0.5 for seasons 2014, 2015 and 2016, year 2017 showed a 138 

deviation from this trend where correlation between leaf and fruit tissues averaged 0.06, possibly due to the 139 

influence of some outlier genotypic means for G.11, CG.2034, and B.71-7-22 in flesh and peel samples.  Two 140 

way clustering analysis revealed that rootstock influence on calcium concentration was mildly dependent on 141 

genotype: two main groups (medium-high and medium-low) were discerned.  The medium-high featured G.214, 142 

B.10, G.41, B.9, G.935, G.11, CG.4003 and others.  The medium-low group featured M.26, M.9-T337, G.202, 143 

CG.4004, G.814 and others. 144 

3.1.3 Copper 145 

Copper seemed substantially regulated by rootstock genotype as season to season correlation between genotypic 146 

means was generally higher than 0.45 (Figure 3).  Correlation was similar between leaves and fruit sample means.  147 

Two way clustering revealed three groups (low, medium and high) of rootstocks with similar transfer capabilities 148 

of copper to leaves and fruit.  Among the high copper rootstocks were B.10, M.9T337, G.814, G.222, Supp.3 and 149 

CG.234.  Rootstocks CG.4003, CG.4004, M.26 and G.214 conferred some of the lowest concentrations of copper 150 

in ‘Honeycrisp’ fruit and leaves.  M.9-Pajam2, G.41, G.935, G.11 and G.202 were among the rootstocks that 151 

conferred medium values for copper. 152 

3.1.4 Iron 153 

Rootstock influenced iron levels in leaves and fruit tissues of ‘Honeycrisp’ were not consistently correlated across 154 

years (Figure 4).  Strong correlations between same season fruit and leaf tissues in the 2014 season (r=0.69) and 155 

between leaf concentration values measured in 2014 and 2017 (r=0.68) were detected.  The two way clustering 156 

analysis identified two main equal size clusters that contained rootstocks that conferred medium-high and 157 

medium-low values.  Rootstocks CG.4013, G.214, B.9, G.202, and M.9T337 appeared in the medium-low cluster 158 

and G.935, B.10, CG.5087, M.26 and CG.4004 were in the medium-high cluster. 159 

3.1.5 Potassium 160 

Rootstock influenced leaf potassium concentration was tightly correlated between years (Figure 5).  However, 161 

fruit concentrations displayed different behavior where fruit samples clustered together and were more dissimilar 162 

than leaf measurements from the same season.  Notably fruit potassium concentration of samples in the 2014 163 

season were very similar to peel (r=0.75), and flesh (r=0.59) concentrations in 2016 and flesh (r=0.66) 164 

concentrations in 2017.  Two way clustering revealed two major groups of high and low potassium rootstocks.  165 

In the low group were, CG.4003, G.935, G.222, and G.202 which had consistently lower values, whereas B.70-166 

20-21, B.67-5-32, B.70-20-20 had consistently higher values.  Rootstock B.10 and CG.2034 induced consistently 167 

higher values in fruit tissues. 168 

3.1.6 Magnesium 169 

Leaf magnesium values across years were highly positively correlated, while leaf magnesium values were 170 

somewhat negatively correlated with fruit tissue values (Figure 6).  Fruit tissue magnesium values across years 171 
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as a group displayed correlation coefficients as high as 0.64 (between seasons 2014 and 2017).  Leaf values 172 

between the 2015 and 2017 seasons had a correlation coefficient of 0.71.  Two way clustering analysis revealed 173 

two major clusters (high and medium-low magnesium rootstocks) where the medium-low cluster featured a 174 

subgroup with very low values.  The high Mg cluster contained the rootstocks G.11, CG.3001, B.10 and M.9-175 

Pajam2, whereas the low Mg cluster contained rootstocks that had consistently relatively low values in both fruit 176 

and leaves (B.9, G.202, G.214, M.9-T337 and CG.4003).  Rootstocks G.41, CG.2034, G.814 displayed relative 177 

higher values in fruit than leaves. 178 

3.1.7 Manganese 179 

Rootstock influenced levels of manganese seemed to be variably correlated across years and tissue types (Figure 180 

7).  High correlation was detected between leaf levels in seasons 2014 and 2015 (r=0.61) and between fruit tissues 181 

collected in 2015 and leaf tissues in 2017.  Negative correlation coeffiecients were found between fruit flesh 182 

measurements in 2017 and leaf 2015 (r=-0.42) and peel measurements for the same year; 2017 fruit flesh data 183 

seemed to perform differently than the rest of the tissue/years.  Two way clustering analysis revealed two major 184 

manganese groups, one that displayed more consistently high values of manganese in most tissues and years and 185 

the other that contained rootstocks that seemed to have variable values in the medium to low range.  The first 186 

group displaying high values contained B.9, B.10, B.71-7-22.  The group with consistently low values contained 187 

G.935, G.202, and G.214.  All other roostocks seemed to confer variable manganese levels across years and 188 

tissues. 189 

3.1.8 Sodium 190 

Sodium was measured only in leaves and fruit collected in 2014 and 2015 (Figure 8).  Sodium levels in 191 

‘Honeycrisp’ leaves were significantly correlated between 2014 and 2015 (r=0.52) and the levels in leaves for 192 

both years were positively correlated with fruit collected in 2015.  Fruit sodium levels examined in 2014 were 193 

negatively correlated with the rest of the data.  Two-way clustering analysis revealed three sodium clusters which 194 

were influenced by the inconsistent 2014 fruit data.  The first cluster containing G.935 and CG.5087 possessed 195 

somewhat higher levels of sodium.  The second cluster containing M.9 clones, G.202 and CG.4004 displayed 196 

medium levels of sodium.  The third cluster with B.9, G.222, G.214 and G.11 displayed very variable levels 197 

ranging from medium-low to high. 198 

3.1.9 Phosphorus 199 

Of all the mineral nutrients measured, rootstock influenced phosphorus levels were highly consistent across years 200 

and tissues (Figure 9).  The highest correlation value (r=0.93) was detected between leaf measurements made in 201 

2015 and 2017.  Other correlation coefficients between leaf and fruit tissues across years were for the most part 202 

higher than 0.6.  Two-way cluster analysis revealed three phosphorus groups.  One group with consistently high 203 

phosphorus values contained mostly B series of rootstocks (B.70-20-20, B.7-20-21, B.70-6-8, B.7-3-150, B.67-204 

5-32 and B.64-194) and one CG series (CG.4013).  The second cluster was consistently low in phosphorus levels 205 

and contained both M.9 clones, G.214, B.9, G.222, CG.4003 and M.26EMLA.  The third cluster contained 206 

rootstocks that conferred variable medium levels of phosphorus and featured rootstocks G.41, G.11, B.10, and 207 

G.935. 208 

3.1.10 Sulfur 209 

Levels of sulfur influenced by rootstock on ‘Honeycrisp fruit were more consistently similar in fruit tissues than 210 

leaves (Figure 10).  Correlation coefficients between fruit tissues across years were in the range of r=0.4 to r=0.6 211 

while low negative correlation coefficients were detected between fruit and leaves across years (r=-0.25 to r=-212 

0.31).  Two-way clustering displayed two groups (medium-high and medium-low) and an outlier (CG.2034).  The 213 
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medium-high group included G.814, B.10, G.41 and G.11.  The medium-low group featured M.26, M.9Pajam2, 214 

G.202 and G.214. 215 

3.1.11 Zinc 216 

Rootstock influenced zinc levels seemed to be more closely associated within seasons than between seasons, 217 

where correlation coefficients of leaf and fruit tissues were more similar for the same year than across years 218 

(Figure 11).  Data from the 2017 season was negatively correlated with data from the 2014-2016 seasons.  Because 219 

of the seasonal variation, the two-way cluster analysis discerned three clusters of unequal size.  One cluster, 220 

featuring mostly high levels of zinc, contained rootstocks B.71-7-22, B.9 and G.814.  Another cluster, featuring 221 

medium-low values for seasons 2014-2016 and higher values for 2017, contained G.11, G.41N and CG.4013.  A 222 

third cluster featuring higher levels in 2014-2016 and lower levels in 2017 included rootstocks B.10, G.222, 223 

G.214, Supp.3 and CG.4004. 224 

3.1.12 Nitrogen 225 

Nitrogen levels were measured only in data collected in 2016 and 2017 on selected rootstocks (Figure 12).  Leaf 226 

nitrogen concentration was measured only in 2017 and was not correlated to fruit tissue measurements of 2016 227 

and 2017.  Fruit peel 2017 levels of nitrogen were highly correlated (r=0.80) to fruit flesh 2017 levels and peel 228 

levels in 2016 (r=0.63).  Two way clustering revealed an outlier rootstock (CG.2034) with very high concentration 229 

of nitrogen in fruit tissues and low in leaves.  The other two groups included medium-low rootstocks (G.214, 230 

CG.5087, CG.4004, and G.222) and a medium-high group (G.11, G.41, B.10 and M.9-Pajam2). 231 

3.2 Nutrient relationships in leaf tissues. 232 

The relationships between rootstock modulated nutrient concentrations in leaf tissues are summarized in Figure 233 

13.  Warm colors (reds) represent positive correlation coefficients, cold colors (blues) represent negative 234 

correlation coefficients and light colors (white or gray) represent coefficients closer to zero (no relationship). Leaf 235 

boron displayed consistent negative relationships with leaf calcium, magnesium, manganese and zinc and 236 

consistent positive relationships with potassium and somewhat phosphorus.  Leaf calcium displayed consistent 237 

negative relationships with leaf potassium and boron.  Leaf copper displayed mostly minor and variable 238 

correlation coefficients with other nutrients.  Leaf iron values were consistently negatively correlated with leaf 239 

magnesium and loosely positively correlated with boron and phosphorus.  Leaf potassium was consistently 240 

positively correlated with leaf boron and consistently negatively correlated with leaf calcium and leaf magnesium.  241 

All other potassium relationships were variable across years.  Leaf magnesium was consistently negatively 242 

correlated with leaf boron, iron, and potassium.  Leaf manganese was consistently negatively correlated with leaf 243 

boron.  All other relationships were variable across years.  Leaf phosphorus was inconsistently associated with 244 

boron and potassium where strong associations were detected only between the 2014 and 2015 seasons.  All other 245 

relationships were variable across years.  Leaf sulfur exhibited variable and opposite relationships with other leaf 246 

nutrients.  Leaf zinc featured consistent negative relationships with leaf boron and potassium.  All other 247 

relationships were variable across years. 248 

3.3 Nutrient relationships in fruit tissues 249 

The relationships between rootstock modulated nutrient concentrations in fruit tissues are summarized in Figure 250 

14.  Rootstock influenced fruit tissue levels of boron were consistently negatively associated with copper and 251 

zinc.  Fruit boron was also mostly negatively associated with fruit iron, potassium, manganese, and phosphorus.  252 

Fruit boron was mostly positively associated with fruit sulfur.  The relationship between fruit boron and calcium 253 

was very variable with mixed polarities.  Rootstock induced levels of calcium were mostly negatively associated 254 

with potassium, manganese, and phosphorus.  Fruit calcium was mostly positively associated with fruit sulfur.  255 

All other calcium relationships were somewhat minor and displayed different polarities across years.  Fruit copper 256 
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was positively associated with fruit potassium, magnesium, phosphorus and sulfur.  Fruit copper was negatively 257 

associated with fruit boron.  Fruit copper relationships with fruit iron, manganese and zinc were variable across 258 

years and displayed different polarities.  Fruit iron exhibited minor relationships with other nutrients and displayed 259 

different polarities across years.  Fruit potassium showed consistently positive associations with fruit copper, 260 

magnesium, phosphorus and sulfur.  All other relationships with fruit potassium were minor, variable and 261 

displayed opposite polarities across years.  Fruit magnesium featured consistent positive associations with fruit 262 

potassium, phosphorus and sulfur.  Fruit magnesium showed mostly negative relationships with calcium and zinc 263 

and variable associations with iron and manganese.  Fruit manganese displayed mostly negative relationships 264 

with boron and calcium.  All other fruit manganese relationships were variable across years and displayed 265 

different polarities.  Fruit phosphorus showed consistently positive associations with copper, potassium, and 266 

magnesium.  Fruit phosphorus had mostly negative associations with boron and calcium.  All other fruit calcium 267 

relationships were variable across years and displayed different polarities.  Fruit sulfur displayed consistently 268 

positive associations with copper and potassium.  It also displayed mostly positive associations with fruit calcium, 269 

boron, magnesium and manganese.  All other fruit sulfur relationships were variable across years and displayed 270 

different polarities.  Fruit zinc displayed mostly negative associations with fruit boron.  All other fruit zinc 271 

relationships were minor, variable across years and displayed different polarities. 272 

3.3 Nutrient relationships between fruit and leaf tissues 273 

We present only a few of 8,000+ pairwise correlation coefficients between all fruit and leaf nutrient data collected. 274 

More pairwise comparisons can be found in the clustered coefficients graphic in supplementary Figure 15.  A 275 

tightly correlated group of variables containing leaf boron, potassium, phosphorus showed consistent negative 276 

associations with flesh, peel and whole fruit calcium, iron, copper, magnesium and zinc.  Another tightly 277 

correlated group of variables containing flesh, peel and whole fruit boron was negatively correlated with whole 278 

fruit, peel iron, manganese, calcium and zinc. 279 

3.4 Nutrient concentration and horticultural traits 280 

Our companion paper (Lordan et al., 2018) reported the horticultural performance of the trees we used in the 281 

present study to evaluate mineral nutrient relationships.  The data from the companion paper and this paper 282 

revealed some important relationships between mineral nutrient concentrations and horticultural traits. First is the 283 

relationship of nutrient concentrations and leaf zonal chlorosis. Leaf zonal chlorosis in 2015 was slightly 284 

negatively associated with leaf concentration of boron and sulfur, and positively associated with the concentration 285 

of sodium (Figure 16) and that although there was some seasonal variation some of the same apple rootstocks 286 

(CG.2034, G.814) displayed higher values consistently.  Interestingly levels of sodium and sulfur were also 287 

influenced by seasonal climate. 288 

Rootstock induced concentration of fruit and leaf phosphorus, leaf potassium and leaf boron were all significantly 289 

positively correlated with higher incidence of bitter-pit and fruit size (Figure 17). Concentration of fruit zinc in 290 

the previous year (2014) seemed to be negatively correlated with incidence of bitter-pit (2015).  When comparing 291 

bitter pit and nutrient levels the best predictor of the level of rootstock induced bitter pit in fruit was the ratio of 292 

fruit potassium to calcium (K/Ca) as evidenced in Figure 18 where the confidence intervals (95%) boundaries 293 

were much closer in K/Ca regression lines than K or Ca individually.  294 

Rootstock induced soluble solids (brix) values were positively correlated with leaf phosphorus, potassium and 295 

tree size and negatively correlated with leaf-fruit calcium levels, crop load and yield efficiency (Figure 19). 296 

4. Discussion 297 

The connection between yield components and nutrient concentration as modulated by apple rootstocks is 298 

becoming clearer as more data is collected from replicated field trials.  In this case, the trial used in this study was 299 
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part of a larger set of trials organized by the NC-140 group  and for the most part the tree growth and yield data 300 

after 8 years at the Geneva, NY location (Lordan, et al., 2018) coincided with the assessments published after 5 301 

years of multi-site data collection (Autio et al., 2017).  In addition to yield components, tree size potential, fruit 302 

size and physiological disorders measured at all locations of this multi-location trial, the site in British Columbia 303 

(BC) collected three years of mineral nutrient concentration data that coincided with the orchard establishment 304 

and first year of fruit production (Neilsen and Hampson, 2014) where some correlations and tendencies were 305 

reported between nutrients and rootstock performance attributes.  That data with our data will allow us to begin 306 

to unravel the interaction of soil x rootstock x scion x climate with regards to nutrient uptake and orchard 307 

performance. 308 

Our mineral nutrient data collected from the 4th through 7th leaf allowed us to assess the steady state rootstock 309 

performance at the site rather than experiencing changes from the nutrient status observed during establishment 310 

experienced at the BC site, where leaf nutrient concentration values were generally higher in the first year and 311 

decreased overall in subsequent years.  An example is the steady state of boron concentration experienced in NY 312 

where the data was consistent in different seasons, identifying the M.9 clones, B.9, M.26 EMLA, PiAu51-11 and 313 

B.71-7-22 as low boron rootstocks, while the BC data showed the same rootstocks having lower values only in 314 

the third season. This indicates that there is a transition phase from the vegetative growth phase started in the 315 

nursery and continued for the first few years in the orchard where nutrients are maximized for maximum growth 316 

to a more stable phase fruiting phase when some nutrients are lower.  Remarkably, high boron rootstocks were 317 

similarly consistent in all years and included G.222, G.935TC, G.935N, CG.4004, G.41N, G.41TC and CG.4003. 318 

This would suggest that rootstock genotypic control of boron concentration seems to be consistent at least with 319 

the scion ‘Honeycrisp’ and that fertilizer recommendations made using antiquated low boron rootstocks like M.26 320 

and M.9 (Smith et al., 1987; Wojcik, 2000; Wojcik et al., 1999; Wojcik et al., 1997; Wojcik et al., 2003) might 321 

be causing tree and fruit physiological disorders (Wojcik et al., 2000) where newer rootstocks might be already 322 

supplying the needed amounts (Fazio et al., 2015a; Reig et al., 2018).  Boron concentration was correlated with 323 

phosphorus and potassium and negatively correlated with calcium, furthering the possibility that excess boron 324 

might exacerbate calcium deficiency related fruit disorders like bitter pit.   325 

Unlike boron, calcium concentration was somewhat variable in different seasons suggesting the role of climate 326 

and perhaps management factors in the rootstock induced absorption and translocation of calcium.  Calcium 327 

concentration in apple tree tissues is tied to very important processes that affect apple tree and fruit physiology 328 

and disease resistance (Fallahi et al., 1997b; Freitas et al., 2012; Raese, 2000; Raese and Drake, 2000; Solhjoo et 329 

al., 2017).  Similar to our findings, correlation data by Neilsen and Hampson (2014) showed that rootstock 330 

induced fruit calcium was negatively correlated with tree size, yield per tree and fruit size suggesting that the 331 

availability of calcium ions might be a limiting factor to productivity and that efforts to improve calcium uptake 332 

and distribution might result in higher yields and quality improvements.  Scion varieties seem to vary significantly 333 

in their calcium uptake and transport physiology (Korban and Swiader, 1983, 1984; Volz et al., 2006) and 334 

‘Honeycrisp’ seems to be a good example of calcium absorption and transport inefficiency when compared to 335 

other varieties as it is especially susceptible to bitter pit (Biggs and Peck, 2015; Jarolmasjed et al., 2016).  The 336 

relationship between fruit size, crop load, calcium concentration and incidence of bitter pit has been well 337 

characterized (Drazeta et al., 2001; Fallahi et al., 2010; Hopfinger and Poovaiah, 1979; Perring and Jackson, 338 

1975; Perring and Pearson, 1986; Robinson and Lopez, 2012; Rosenberger et al., 2004). Our data emphasized the 339 

role of potassium concentration and the ratio of K/Ca in leaves and fruit as one of the best predictors of bitter pit 340 

in ‘Honeycrisp’ apples, suggesting that rootstock induced levels for both nutrients play a role in this disorder and 341 

that the addition of potassium fertilizers on potassium-efficient rootstocks might increase the susceptibility to 342 

bitter pit.  Small apples and low potassium levels with B.9 and other similar rootstocks are probably the reason 343 

for the low bitter pit witnessed with this rootstock where the distance from petiole to the calyx end of the fruit 344 

may be a factor in calcium movement (Kalcsits et al., 2017; Serra et al., 2016).   345 
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Rootstock induced levels of phosphorus were highly consistent throughout the seasons and were significantly 346 

positively correlated to potassium and boron.  In Prunus rootstocks, increasing phosphorus applications increased 347 

the concentration of K, Ca, Mg, N and Mn concentrations (Balal et al., 2011) suggesting some similarities in the 348 

transport mechanisms in the phloem for those nutrients, which might occur with apple rootstocks as well.  A 349 

major quantitative trait locus (QTL) for potassium was co-located with a QTL for magnesium concentration on 350 

chromosome 5 of apple (Fazio et al., 2013). Interestingly this QTL was in the same region of one of the dwarfing 351 

loci (Dw1) where plants that inherited the vigorous allele displayed higher levels of both magnesium and 352 

potassium (Fazio et al., 2017).  Two major rootstock clusters were discerned in the potassium concentration data 353 

where the high potassium cluster displayed mostly vigorous rootstocks with the exception of sub-dwarfing 354 

rootstock B.71-7-22 and CG.2034 which had the most consistent higher fruit potassium concentration of all 355 

rootstocks tested but low to medium levels in leaves.  The tendency of more vigorous rootstocks to display higher 356 

potassium levels in leaves and fruit is congruent with findings by Neilsen and Hampson (2016) where a larger 357 

portion of potassium might travel through passive components similar to sodium (Kronzucker and Britto, 2011) 358 

where evapotranspiration is the main driver of movement.  Rootstock induced leaf sodium levels were similar in 359 

different seasons but not consistent with fruit sodium levels, with G.935 and CG.5087 displaying some of the 360 

highest leaf levels which were not realized in fruit tissues.  G.935 was also one of the higher leaf sodium rootstocks 361 

with ‘Fuji’ scion (Reig et al., 2018).  Similarly to Neilsen and Hampson (2017), rootstock B.10 displayed higher 362 

levels of magnesium along with G.11 and M.9-Pajam2, but B.9 and CG.4003 consistently displayed the lowest 363 

levels.  Interestingly, seasonal leaf magnesium levels were positively correlated but very different (opposite) to 364 

fruit magnesium concentration.  These opposite leaf-fruit nutrient trends were similar to sulfur where all fruit 365 

tissues over seasons displayed similarities.  There is paucity of literature relating the role of sulfur in apple tree 366 

growth and physiology, however in peach it was recognized as a limiting factor in sandy soils and certain 367 

rootstocks (Finch et al., 1997; Reighard et al., 2013).  A positive correlation between fruit sulfur and fruit calcium 368 

was reported in a similar replicated rootstock field trial grown in a higher soil pH in the Champlain valley in New 369 

York (Fazio et al., 2015a). That relationship was not observed in the current experiment. Perhaps the sulfur 370 

amendments in the Champlain valley experiment were making calcium more available to some rootstocks.  More 371 

positive associations were displayed between fruit sulfur, fruit magnesium, and fruit copper levels.   372 

Rootstock induced copper levels were positively associated across seasons and tissues where rootstocks CG.4003 373 

and CG.4004 consistently displayed the lowest levels and Supporter 3 displayed consistently higher levels.  374 

Perhaps rootstocks with low copper uptake might be useful in soil conditions where copper toxicity is an issue 375 

(Liu et al., 2011).  Similar to observations made by Neilsen and Hampson (2014) and regardless of vigor potential, 376 

all Budagovsky rootstocks with the exception of B.9, B.10 and B.71-7-22 displayed the highest levels of 377 

phosphorus in leaf and fruit tissues over all seasons indicating a selection pressure for more efficient phosphorus 378 

uptake in that germplasm.  The most dwarfing rootstock (B.7-20-21) and the most vigorous (B.70-20-20) 379 

consistently displayed the highest concentration of phosphorus and a related rootstock B.9 (dwarfing) was one of 380 

the lowest, suggesting a mechanism for phosphorus uptake efficiency that is uncoupled from dwarfing properties.  381 

This is consistent with the observation that the genetic components for phosphorus were on different 382 

chromosomes than the dwarfing loci Dw1 and Dw2 (Fazio et al., 2013; Fazio et al., 2014).  Rootstock induced 383 

phosphorus levels were highly correlated across years and tissues and associated with potassium levels.  The 384 

significant relationship between leaf P and leaf K was also reported by Neilsen and Hampson (2014), suggesting 385 

a robust physiological tie between the two nutrients that transcends climatic and soil conditions.   386 

Rootstock induced levels of zinc were more related within seasons than across tissues, suggesting that the seasons’ 387 

climate plays a bigger role in the uptake and transport of this nutrient in ‘Honeycrisp’.  This is exemplified by the 388 

levels displayed by rootstocks G.11 and G.935 which were in the lowest category in 2014 and 2016 and were 389 

among the highest in 2015 and 2017.  The trends observed in fruit zinc were unique and did not correlate 390 
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significantly with other nutrients, however there was a significant negative correlation between fruit and leaf zinc 391 

concentration in year 2014 and the mean fruit size of next season (2015).   392 

Nitrogen data was collected only in the 2016 and 2017 seasons on a subset of rootstocks.  Nitrogen levels were 393 

more similar in fruit tissues than leaf.  Rootstocks G.41N, B.10 and G.11 displayed the highest levels, whereas 394 

G.214 conferred low values on ‘Honeycrisp’.  Nitrogen is essential for vegetative growth and is a nutrient that 395 

needs to be present in a balanced way where too little will inhibit growth, fruit set and too much will induce 396 

problems with fruit quality, excessive vegetative growth and diseases (Fallahi et al., 1997a; Fallahi and Mohan, 397 

2000; Raese and Drake, 1997). Knowing the nitrogen uptake potential of rootstocks will allow for more precise 398 

application and utilization when combined with modern recommendations that include methods, timing and 399 

amounts (Neilsen and Neilsen, 2002). 400 

Fertilizer recommendations based on leaf nutrient level among rootstocks are not always consistent with fruit 401 

trends.  For example, it is clear that while potassium and magnesium were negatively correlated in leaf samples 402 

(Figure 13-14) fruit samples showed a positive trend suggesting a rootstock  sink interaction that should be 403 

monitored for certain nutrients.  This seems to also be true for the relationship between calcium and potassium 404 

(Figure 15) where there is a clear negative association in leaves, but when fruit calcium is compared to leaf and 405 

fruit potassium the negative relationship is somewhat lost suggesting the influence of other variables, like crop 406 

load and fruit size may play a role. 407 

‘Honeycrisp’ trees are sensitive to a leaf physiological disorder caused by over-loading of carbohydrates in leaves 408 

that causes damage to the photosynthesis systems (Chen et al., 2010; Fleck et al., 2011; Snyder-Leiby and Wang, 409 

2008) and often referred to as leaf zonal chlorosis.  Its impact on tree performance is unknown. Rootstocks have 410 

also been shown to have an influence on this physiological disorder, with the degree of influence affected by 411 

season and perhaps management practices (Autio et al., 2017).  Our data showed this disorder was slightly 412 

negatively associated with leaf concentration of boron and sulfur, and positively associated with the concentration 413 

of sodium while some rootstocks (CG.2034, G.814) displayed higher values consistently. 414 

Bitter-pit incidence has a large impact on marketable yield (Lordan et al., 2018).  When comparing bitter pit and 415 

nutrient levels the best predictor of the level of rootstock induced bitter pit in fruit was the ratio of fruit potassium 416 

to calcium (K/Ca) and was better than either K or Ca individually. Often Ca concentration is not related to bitter 417 

pit incidence (Robinson and Lopez, 2012).  They have shown that often nitrogen concentration and fruit 418 

phosphorus and fruit boron concentration are better related than calcium concentration. 419 

5. Conclusion 420 

Our data indicates that some rootstocks are more efficient at absorbing nutrients than others which implies that 421 

fertilizer recommendations developed using older rootstocks like M.9 and M.26 might be too high for other newer 422 

rootstocks which are more efficient and could thus be causing tree and fruit physiological disorders. Newer 423 

rootstocks might be already supplying the needed amounts. With boron, current rootstocks like M.9 (several 424 

clones), B.9, M.26EMLA, appear to be low absorbing genotypes while some of the newer Geneva stocks like 425 

G.935, CG.2034, CG.4004, G.222 and CG.5087 had consistently high boron. Adding boron fertilizer to these 426 

stocks likely would create fruit quality problems.  Likewise a group of rootstocks had high calcium values (G.214, 427 

B.10, G.41, B.9, G.935, G.11, CG.4003) while another group had low calcium values (M.26, M.9-T337, G.202, 428 

CG.4004, G.814). Also some rootstocks are low potassium absorbers like CG.4003, G.935, G.222, and G.202 429 

whereas  B.70-20-21, B.67-5-32, B.70-20-20 had consistently higher values. The ratio of K/Ca in leaves and fruit 430 

was the best predictor of bitter pit in ‘Honeycrisp’ apples, suggesting that rootstock induced levels for both 431 

nutrients might play a role in this disorder and that the addition of potassium fertilizers on potassium-efficient 432 

rootstocks might increase the susceptibility to bitter pit. Rootstocks CG.4003, B.10, G.41N, and G.214 seemed to 433 

produce fruit with lower levels of bitter pit. Given the strong involvement of nutrient levels on tree performance 434 
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and fruit quality, future research should focus on developing “Designer rootstocks” which are high yielding but 435 

have low levels of bitter pit incidence for ‘Honeycrisp’t. 436 

Acknowledgments 437 

This research was supported by USDA-NIFA under the SCRI grant “Accelerating the development, evaluation, 438 

and adoption of new apple rootstock technologies to improve apple grower’s profitability and sustainability”.  439 

The New York Apple Research Development Program also supported this project. We thank Leo Dominguez and 440 

Peter Herzeelle for field and laboratory support. 441 

  442 



 12 

 443 

References 444 

Autio, W., Robinson, T., Black, B., Blatt, S., Cochran, D., Cowgill, W., Hampson, C., Hoover, E., Lang, G., 445 
Miller, D., Minas, I., Quezada, R.P., Stasiak, M. 2017. Budagovsky, Geneva, Pillnitz, and Malling apple 446 
rootstocks affect 'Honeycrisp' performance over the first five years of the 2010 NC-140 'Honeycrisp' apple 447 
rootstock trial. Journal American Pomological Society 71, 149-166. 448 

Balal, R.M., Gimeno, V., Shahid, M.A., Lidon, V., Garcia, A.L., Abbas, T., Garcia-Sanchez, F., Ghazanfer, U. 449 
2011. Effects of phosphorus fertilization on growth, leaf mineral concentration and xylem-phloem nutrient 450 
mobility in two rootstocks of prunus ( Prunus persica * Prunus amygdalus) and ( Prunus insititia) in the 451 
Mediterranean area. Australian Journal of Crop Science 5, 1542-1549. 452 

Biggs, A.R., Peck, G.M. 2015. Managing bitter pit in 'Honeycrisp' apples grown in the mid-Atlantic United States 453 

with foliar-applied calcium chloride and some alternatives. HortTechnology 25, 385-391. 454 
Chen, L., Cheng, L.L., Chen, L.S. 2010. The acceptor side of photosystem II is damaged more severely than the 455 

donor side of photosystem II in 'Honeycrisp' apple leaves with zonal chlorosis. Acta Physiologiae Plantarum 456 
32, 253-261. 457 

Chun, I., Chun, I.J. 2004. Influence of nutrient level and rootstock on fruit quality of 'Fuji' apple trees. Journal of 458 
the Korean Society for Horticultural Science 45, 252-255. 459 

Chun, I.J., Fallahi, E., Tripepi, R.R., Colt, W.M., Shafii, B. 2002. Vegetative growth and mixed-bud development 460 
of 'Fuji' apple trees as influenced by rootstocks and microsprinkler fertigation. Journal of American 461 
Pomological Society 56, 14-22. 462 

Drazeta, L., Lang, A., Morgan, L., Volz, R., Jameson, P.E. 2001. Bitter pit and vascular function in apples. 463 
Proceedings of the Fourth International Symposium on Mineral Nutrition of Deciduous Fruit Crops, 387-392. 464 

Dubey, A.K., Sharma, R.M. 2016. Effect of rootstocks on tree growth, yield, quality and leaf mineral composition 465 
of lemon (Citrus limon (L.) Burm.). Scientia Horticulturae 200, 131-136. 466 

Fallahi, E., Colt, W.M., Seyedbagheri, M.M. 1997a. Influence of foliar application of nitrogen on tree growth, 467 

precocity, fruit quality, and leaf mineral nutrients in young 'Fuji' apple trees on three rootstocks. Journal of 468 

Tree Fruit Production 2, 1-12. 469 
Fallahi, E., Conway, W.S., Hickey, K.D., Sams, C.E. 1997b. The role of calcium and nitrogen in postharvest 470 

quality and disease resistance of apples. HortScience 32, 831-835. 471 

Fallahi, E., Fallahi, B., Amiri, M.E. 2014. Rootstock and ET-based irrigation effects on mineral nutrition, yield 472 
and harvest quality over different seasons in 'Pacific Gala' apple. Acta Hortic., 477-483. 473 

Fallahi, E., Fallahi, B., Neilsen, G.H., Neilsen, D., Peryea F.J., 2010. Effects of mineral nutrition on fruit quality 474 
and nutritional disorders in apples. Acta Hortic. 868, 49-59. 475 

Fallahi, E., Mohan, S.K. 2000. Influence of nitrogen and rootstock on tree growth, precocity, fruit quality, leaf 476 
mineral nutrients, and fire blight in 'Scarlet Gala' apple. HortTechnology 10, 589-592. 477 

Fallahi, E., Westwood, M.N., Chaplin, M.H., Richardson, D.G. 1984a. Influence of apple rootstocks and K and 478 
N fertilizers on leaf mineral composition and yield in a high density orchard. Journal of Plant Nutrition 7, 479 
1161-1177. 480 

Fallahi, E., Westwood, M.N., Richardson, D.G., Chaplin, M.H. 1984b. Effects of rootstocks and K and N 481 
fertilizers on seasonal apple fruit mineral composition in a high density orchard. Journal of Plant Nutrition 7, 482 
1179-1201. 483 

Fazio, G. 2014. Breeding apple rootstocks in the 21st century – what can we expect them to do to increase 484 

productivity in the orchard? Acta Hortic. 1058, 421-428. 485 
Fazio, G., Cheng, L., Grusak, M.A., Robinson, T.L. 2015a. Apple rootstocks influence mineral nutrient 486 

concentration of leaves and fruit. New York Fruit Quarterly 25, 11-15. 487 
Fazio, G., Grusak, M., Robinson, T.L. 2017. Apple rootstocks' dwarfing loci relationships with mineral nutrient 488 

concentration in scion leaves and fruit. Acta Hortic. 1177, 93-102. 489 
Fazio, G., Kviklys, A., Grusak, M.A., Robinson T.L., 2013. Phenotypic diversity and QTL mapping of absorption 490 

and translocation of nutrients by apple rootstocks. Aspects of Applied Biology 119, 37-50. 491 



 13 

Fazio, G., Kviklys, D., Grusak, M.A., Robinson, T.L. 2012. Soil pH, soil type and replant disease affect growth 492 
and nutrient absorption in apple rootstocks. New York Fruit Quarterly 20, 22-28. 493 

Fazio, G., Robinson, T.L., Aldwinckle, H.S. 2015b. The Geneva apple rootstock breeding program. Plant 494 
Breeding Reviews 39, 379-424. 495 

Fazio, G., Wan, Y., Kviklys, D., Romero, L., Adams, R.R., Strickland, D., Robinson, T.L. 2014. Dw2, a new 496 
dwarfing locus in apple rootstocks and its relationship to induction of early bearing in apple scions. J Amer. 497 

Soc. Hort. Sci. 139, 87-98. 498 
Finch, C.R., Byrne, D.H., Lyons, C.G., Pennington, H.D. 1997. Sulfur nutrition requirements of peach trees. 499 

Journal of Plant Nutrition 20, 1711-1721. 500 
Fleck, S., Embree, C.G., Nichols, D.S. 2011. The influence of crop load, shoot type, canopy structure, and leaf 501 

zonal chlorosis on leaf photosynthesis of 'Honeycrisp' apple trees. Acta Hortic. 903, 767-774. 502 

Freitas, S.T.D., Mitcham, E.J., de Freitas, S.T. 2012. Factors involved in fruit calcium deficiency disorders. 503 
Horticultural Reviews 40, 107-146. 504 

Guitton, B., Kelner, J.J., Velasco, R., Gardiner, S.E., Chagne, D., Costes, E. 2012. Genetic control of biennial 505 

bearing in apple. Journal of Experimental Botany 63, 131-149. 506 
Hippler, F.W.R., Cipriano, D.O., Boaretto, R.M., Quaggio, J.A., Gaziola, S.A., Azevedo, R.A., Mattos, D. 2016. 507 

Citrus rootstocks regulate the nutritional status and antioxidant system of trees under copper stress. 508 
Environmental and Experimental Botany 130, 42-52. 509 

Hopfinger, J.A., Poovaiah, B.W. 1979. Calcium and magnesium gradients in apples with bitter pit. 510 
Communications in Soil Science and Plant Analysis 10, 57-65. 511 

Hrotko, K., Magyar, L., Borsos, G., Gyeviki, M. 2014. Rootstock effect on nutrient concentration of sweet cherry 512 
leaves. Journal of Plant Nutrition 37, 1395-1409. 513 

Jarolmasjed, S., Espinoza, C.Z., Sankaran, S., Khot, L.R. 2016. Postharvest bitter pit detection and progression 514 

evaluation in 'Honeycrisp' apples using computed tomography images. Postharvest Biology and Technology 515 
118, 35-42. 516 

Kalcsits, L., van der Heijden, G., Reid, M., Mullin, K. 2017. Calcium absorption during fruit development in 517 
'Honeycrisp' apple measured using Ca-44 as a stable isotope tracer. Hortscience 52, 1804-1809. 518 

Kang, Y., Park, J., Kim, S., Kang, N., Park, K., Lee, S., Jeong, B., Kang, Y.I., Park, J.M., Kim, S.H., Kang, N.J., 519 
Park, K.S., Lee, S.Y., Jeong, B.R. 2011. Effects of root zone pH and nutrient concentration on the growth and 520 

nutrient uptake of tomato seedlings. Journal of Plant Nutrition 34, 640-652. 521 
Kazlouskaya, Z.A., Samus, V.A. 2011. Evaluation and selection of fruit rootstocks in Belarus. Acta Hortic. 903, 522 

371-377. 523 

Kim, M., Ko, K., Kim, M.S., Ko, K.C. 2004. Relation of bitter pit development with mineral nutrients, cultivars, 524 
and rootstocks in apples (Malus domestica Borkh). Korean Journal of Horticultural Science & Technology 525 
22, 43-49. 526 

Korban, S.S., Swiader, J.M. 1983. Inheritance of resistance to bitter pit disorder in crosses of apple selections. 527 
HortScience 18, 588-588. 528 

Kronzucker, H.J., Britto, D.T. 2011. Sodium transport in plants: a critical review. New Phytologist 189, 54-81. 529 
Kumar, S., Awasthi, O.P., Dubey, A.K., Pandey, R., Sharma, V.K., Mishra, A.K., Sharma, R.M. 2018. Root 530 

morphology and the effect of rootstocks on leaf nutrient acquisition of Kinnow mandarin (Citrus nobilis 531 

Loureiro x Citrus reticulata Blanco). Journal of Horticultural Science & Biotechnology 93, 100-106. 532 
Labidi, S., Ben Jeddi, F., Tisserant, B., Debiane, D., Rezgui, S., Grandmougin-Ferjani, A., Sahraoui, A.L.H. 2012. 533 

Role of arbuscular mycorrhizal symbiosis in root mineral uptake under CaCO3 stress. Mycorrhiza 22, 337-534 
345. 535 

Liu, C., Sun, B., Kan, S., Zhang, Y., Deng, S., Yang, G., Liu, C.S., Sun, B.Y., Kan, S.H., Zhang, Y.Z., Deng, 536 
S.H., Yang, G. 2011. Copper toxicity and accumulation in potted seedlings of three apple rootstock species: 537 
implications for safe fruit production on copper-polluted soils. Journal of Plant Nutrition 34, 1268-1277. 538 

Lockard, R.G., 1976. Effect of apple rootstocks and length and type of interstock on leaf nutrient levels. Journal 539 
of Horticultural Science 51, 289-296. 540 



 14 

Lordan, J., Fazio, G., Francescatto, P. and Robinson, T.L. 2018. Horticultural performance of ‘Honeycrisp’ 541 
grown on a genetically diverse set of rootstocks under New York climatic conditions. Scientia Horticulturae 542 

(in review) 543 
Mazzola, M., Manici, L.M. 2012. Apple replant disease: Role of microbial ecology in cause and control. Annual 544 

Review of Phytopathology 50, 45-65. 545 
Milosevic, T., Milosevic, N. 2015. Apple fruit quality, yield and leaf macronutrients content as affected by 546 

fertilizer treatment. Journal of Soil Science and Plant Nutrition 15, 76-83. 547 
Nawaz, M.A., Wang, L.M., Jiao, Y.Y., Chen, C., Zhao, L., Mei, M.J., Yu, Y.L., Bie, Z.L., Huang, Y. 2017. 548 

Pumpkin rootstock improves nitrogen use efficiency of watermelon scion by enhancing nutrient uptake, 549 
cytokinin content, and expression of nitrate reductase genes. Plant Growth Regulation 82, 233-246. 550 

Neilsen, D., Neilsen, G.H. 2002. Efficient use of nitrogen and water in high-density apple orchards. 551 

HortTechnology 12, 19-25. 552 
Neilsen, G., Hampson, C. 2014. 'Honeycrisp' apple leaf and fruit nutrient concentration is affected by rootstock 553 

during establishment. Journal of the American Pomological Society 68, 178-189. 554 

Neilsen, G.H., Neilsen, D., Guak, S.H., Forge, T. 2015. The effect of deficit irrigation and crop load on leaf and 555 
fruit nutrition of fertigated 'Ambrosia'/'M.9' apple. Hortscience 50, 1387-1393. 556 

Perring, M.A., Jackson, C.H. 1975. Mineral-composition of apples - Calcium concentration and bitter pit in 557 
relation to mean mass per apple. Journal of the Science of Food and Agriculture 26, 1493-1502. 558 

Perring, M.A., Pearson, K. 1986. Incidence of bitter pit in relation to the calcium content of apples - Calcium 559 
distribution in the fruit. Journal of the Science of Food and Agriculture 37, 709-718. 560 

Raese, J.T. 2000. Calcium can improve apple color and firmness. Good Fruit Grower 51, 32-35. 561 
Raese, J.T., Drake, S.R. 1997. Nitrogen fertilization and elemental composition affects fruit quality of 'Fuji' 562 

apples. Journal of Plant Nutrition 20, 1797-1809. 563 

Raese, J.T., Drake, S.R. 2000. Effect of calcium spray materials, rate, time of spray application, and rootstocks 564 
on fruit quality of 'Red' and 'Golden Delicious' apples. Journal of Plant Nutrition 23, 1435-1447. 565 

Reig, G., Lordan, J., Fazio, G., Grusak, M.A., Hoying, S., Cheng, L.L., Francescatto, P., Robinson, T. 2018. 566 
Horticultural performance and elemental nutrient concentrations on 'Fuji' grafted on apple rootstocks under 567 

New York State climatic conditions. Scientia Horticulturae 227, 22-37. 568 
Reighard, G.L., Bridges, W., Rauh, B., Mayer, N.A. 2013. Prunus rootstocks influence peach leaf and fruit 569 

nutrient content. Acta Hortic. 984, 117-124. 570 
Robinson, T., Lopez, S. 2012. Crop load affects 'Honeycrisp' fruit quality more than nitrogen, potassium, or 571 

irrigation. Acta Hortic. 940, 529-537. 572 

Rom, C.R., Rom, R.C. 1991. Rootstock effects on foliar nutrient content of 'Starkspur Supreme' in the NC-140 573 
rootstock trials. Compact Fruit Tree 24, Grand Rapids, Michigan, USA, 24-27 Feb. 1991. 574 

Rom, C.R., Rom, R.C., Autio, W.R., Elfving, D.C., Cline, R.A. 1991. Foliar nutrient content of 'Starkspur 575 

Supreme Delicious' on nine clonal apple rootstocks. Fruit Varieties Journal 45, 252-263. 576 
Rosenberger, D.A., Schupp, J.R., Hoying, S.A., Cheng, L., Watkins, C.B. 2004. Controlling bitter pit in 577 

'Honeycrisp' apples. HortTechnology 14, 342-349. 578 
Serra, S., Leisso, R., Giordani, L., Kalcsits, L., Musacchi, S. 2016. Crop load influences fruit quality, nutritional 579 

balance, and return bloom in 'Honeycrisp' apple. Hortscience 51, 236-244. 580 

Smith, C.B., Morrow, C.T., Greene, G.M. 1987. Corking of 'Delicious' apples (Malus domestica Borkh.) on four 581 
rootstocks as affected by calcium and boron supplied through trickle irrigation. Journal of Plant Nutrition 10, 582 

1917-1924. 583 
Snyder-Leiby, T.E., Wang, S.X. 2008. Role of crop load in chloroplast ultra-structure and zonal chlorosis, a 584 

physiological disorder in 'Honeycrisp' apple trees. Hortscience 43, 1819-1822. 585 
Solhjoo, S., Gharaghani, A., Fallahi, E. 2017. Calcium and potassium foliar sprays affect fruit skin color, quality 586 

attributes, and mineral nutrient concentrations of 'Red Delicious' apples. International Journal of Fruit Science 587 
17, 358-373. 588 

Toplu, C., Uygur, V., Kaplankiran, M., Demirkeser, T.H., Yildiz, E. 2012. Effect of citrus rootstocks on leaf 589 
mineral composition of 'Okitsu', 'Clausellina', and 'Silverhill' mandarin cultivars. Journal of Plant Nutrition 590 
35, 1329-1340. 591 



 15 

Tukey, R.B., Langston, R., Cline, R.A. 1962. Influence of rootstock, bodystock and interstock on the nutrient 592 
content of apple foliage. Proceedings. American Society for Horticultural Science 80, 73-78. 593 

Volz, R.K., Alspach, P.A., Fletcher, D.J., Ferguson, I.B. 2006. Genetic variation in bitter pit and fruit calcium 594 
concentrations within a diverse apple germplasm collection. Euphytica 149, 1-10. 595 

West, S., Young, E. 1988. Effects of rootstock and interstock on seasonal changes in foliar nutrient (N, P, K, Ca) 596 
composition of 'Delicious' and 'Golden Delicious' apple. Fruit Varieties Journal 42, 9-13. 597 

Westwood, M.N., Bjornstad, H.O. 1980. Mineral nutrient content of leaves of several apple (Malus) species. 598 
Compact Fruit Tree 13, 67-71. 599 

Wojcik, P. 2000. Behavior of soil boron and boron uptake by M.26 apple rootstock as affected by application of 600 
different forms and nitrogen rates. Journal of Plant Nutrition 23, 1227-1239. 601 

Wojcik, P., Cieslinski, G., Mika, A. 1999. Apple yield and fruit quality as influenced by boron applications. 602 

Journal of Plant Nutrition 22, 1365-1377. 603 
Wojcik, P., Mika, A., Cieslinski, G. 1997. Effect of boron fertilization of apple trees (Malus domestica Borth.) 604 

on yield and fruit quality. Acta Agrobotanica 50, 111-124. 605 

Wojcik, P., Wojcik, M., Treder, W. 2003. Boron absorption and translocation in apple rootstocks under conditions 606 
of low medium boron. Journal of Plant Nutrition 26, 961-968. 607 

Wojcik, P.P., Cieslinski, G., Possingham, J.V., Neilsen, G.H. 2000. Effect of boron fertilization on yield and fruit 608 
quality of 'Elstar' and 'Sampion' apple cultivars. Acta Hortic. 189-197. 609 

Zhu, Y., Mazzola, M., Fazio, G., Shao, J., Davis, R.E., Zhao, J., Zhou, Z. 2017. Phenotypic characterization and 610 
transcriptomic analysis of apple root defense responses to apple replant soilborne pathogen Pythium ultimum. 611 

Phytopathology 107, 119. 612 
Zribi, O.T., Labidi, N., Slama, I., Debez, A., Ksouri, R., Rabhi, M., Smaoui, A., Abdelly, C. 2012. Alleviation of 613 

phosphorus deficiency stress by moderate salinity in the halophyte Hordeum maritimum L. Plant Growth 614 

Regulation 66, 75-85. 615 

  616 



 16 

Figures 617 

 618 

 619 

Figure 1.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 620 

leaf and fruit boron concentration of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks and year-621 

tissue are grouped by similarities in mineral boron concentration mean values (gradient from low (blue), medium 622 

(gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red represents 623 

positive values, gray neutral values and red negative values.  Genotypic means for these data are available in 624 

Supplementary Table 1. 625 
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 626 

Figure 2.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 627 

leaf and fruit calcium concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks and 628 

year-tissue are grouped by similarities in mineral calcium concentration mean values (gradient from low (blue), 629 

medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 630 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 631 

available in Supplementary Table 1. 632 
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 633 

Figure 3.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 634 

leaf and fruit copper concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks and 635 

year-tissue are grouped by similarities in mineral Copper concentration mean values (gradient from low (blue), 636 

medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 637 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 638 

available in Supplementary Table 1. 639 



 19 

 640 

Figure 4.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 641 

leaf and fruit iron concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks and 642 

year-tissue are grouped by similarities in mineral iron concentration mean values (gradient from low (blue), 643 

medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 644 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 645 

available in Supplementary Table 1. 646 



 20 

 647 

Figure 5.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 648 

leaf and fruit potassium concentration data.  Rootstocks and year-tissue are grouped by similarities in mineral 649 

potassium concentration mean values (gradient from low (blue), medium (gray), and high (red)).  Pearson’s 650 

correlation coefficients r are clustered by similarity where red represents positive values, gray neutral values and 651 

red negative values.  Genotypic means for these data are available in Supplementary Table 1. 652 
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 653 

Figure 6.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 654 

leaf and fruit magnesium concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks 655 

and year-tissue are grouped by similarities in mineral magnesium concentration mean values (gradient from low 656 

(blue), medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 657 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 658 

available in Supplementary Table 1. 659 
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 660 

Figure 7.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 661 

leaf and fruit manganese concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks 662 

and year-tissue are grouped by similarities in mineral manganese concentration mean values (gradient from low 663 

(blue), medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 664 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 665 

available in Supplementary Table 1. 666 
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 667 

Figure 8.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 668 

leaf and fruit sodium concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks and 669 

year-tissue are grouped by similarities in mineral sodium concentration mean values (Gradient from low (blue), 670 

medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 671 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 672 

available in Supplementary Table 1. 673 
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 674 

Figure 9.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 675 

leaf and fruit phosphorus concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks 676 

and year-tissue are grouped by similarities in mineral phosphorus concentration mean values (Gradient from low 677 

(blue), medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 678 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 679 

available in Supplementary Table 1. 680 
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 681 

Figure 10.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 682 

leaf and fruit sulfur concentration data of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Rootstocks and 683 

year-tissue are grouped by similarities in mineral sulfur concentration mean values (Gradient from low (blue), 684 

medium (gray), and high (red)).  Pearson’s correlation coefficients r are clustered by similarity where red 685 

represents positive values, gray neutral values and red negative values.  Genotypic means for these data are 686 

available in Supplementary Table 1. 687 
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 688 

Figure 11.  Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 689 

leaf and fruit zinc concentration data.  Rootstocks and year-tissue are grouped by similarities in mineral zinc 690 

concentration mean values (Gradient from low (blue), medium (gray), and high (red)).  Pearson’s correlation 691 

coefficients r are clustered by similarity where red represents positive values, gray neutral values and red negative 692 

values.  Genotypic means for these data are available in Supplementary Table 1. 693 
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 694 

Figure 12 Two-Way similarity cluster analysis (Left) and Clustered Pearson’s correlation coefficient (Right) for 695 

leaf and fruit nitrogen concentration data.  Rootstocks and year-tissue are grouped by similarities in mineral 696 

nitrogen concentration mean values (Gradient from low (blue), medium (gray), and high (red)).  Pearson’s 697 

correlation coefficients r are clustered by similarity where red represents positive values, gray neutral values and 698 

red negative values.  Genotypic means for these data are available in Supplementary Table 1. 699 
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 700 

Figure 13.  Pairwise correlation coefficients for rootstock induced mineral nutrient concentration in leaf tissues 701 

of Honeycrisp collected in August 2014, 2015, 2016, and 2017 of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, 702 

NY.  The color gradient for the correlation coefficients changes from r=-1 (blue) to r=0 (white) to r=1 (red).  703 

Different seasons for the same nutrient are grouped together in the same rectangle.  Notable relationships are the 704 

consistently negative coefficients between calcium and potassium, potassium and magnesium, and calcium and 705 

boron. 706 
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 707 

Figure 14.  Pairwise correlation coefficients for rootstock induced mineral nutrient concentration in fruit tissues 708 

of Honeycrisp collected in August 2014, 2015, 2016, and 2017 of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, 709 

NY.  The color gradient for the correlation coefficients changes from r=-1 (blue) to r=0 (white) to r=1 (red).  710 

Different seasons for the same nutrient are grouped together in the same rectangle.  Notable relationships are the 711 

generally positive correlation coefficients between fruit sulfur and calcium, copper, potassium and magnesium.  712 

The fruit calcium-sulfur relationship may hint at a possible role of sulfur in calcium metabolism that has not been 713 

highlighted in the past and may provide some possible avenue of treatment for low calcium fruit disorders. 714 

 715 
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 716 

Figure 15.  Scatterplot of genotypic means of rootstock induced Fruit (Fl), Leaf (Lf), and Peel (Pe) concentration 717 

of calcium and potassium for samples collected in the 2017 season of ‘Honeycrisp’ grown on 31 rootstocks at 718 

Geneva, NY.  While there is clearly a very tight negative relationship between leaf calcium and leaf potassium, 719 

the relationship is somewhat lost when fruit is compared.  This might indicate that other variables like crop load, 720 

and other factors are influencing the relationship at the fruit level. 721 

 722 
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 723 

Figure 16.  Clustered Pearson’s correlation coefficients of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY 724 

indicating a strong positive correlation between genotypic means for zonal chlorosis and the concentration of 725 

sodium and negative correlations with the concentration of boron and sulfur. 726 

  727 
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 728 

 729 

Figure 17.  Relationship between rootstock induced mean fruit size (2015), percent bitter pit (2015) and several 730 

correlated elemental concentration in leaves and fruit of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  731 

Rootstocks that induced larger fruit tended to show more bitter-pit.  Rootstock induced concentration of fruit and 732 

leaf phosphorus, leaf potassium and leaf boron were all significantly positively correlated with higher incidence 733 

of bitter-pit and fruit size. Concentration of fruit zinc in previous year (2014) seemed to be negatively correlated 734 

with incidence of bitter-pit (2015). 735 
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 736 

Figure 18.  Relationship between leaf and fruit calcium and potassium and their ratios (LfK/LfCa and FrK/FrCa) 737 

of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY with 95% confidence intervals for the regression lines.  738 
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 739 

Figure 19.  Clustered correlation coefficients for 2015 data on crop load, brix, TCSA, yield efficiency and several 740 

nutrient concentrations of ‘Honeycrisp’ grown on 31 rootstocks at Geneva, NY.  Higher brix was positively 741 

associated with leaf phosphorus and potassium and with tree vigor and negatively associated with leaf and fruit 742 

calcium, crop load (number of fruit/TCSA) and yield efficiency (kg of fruit/TCSA). 743 




