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December 6th, 2023 

Dear Dr. De Tullio editor-in-chief of ‘Plant Physiology and Biochemistry’,  

Please find enclosed our manuscript titled ‘Rootstock vigor dictates the canopy light environment 
that regulates metabolite profile and internal fruit quality development in peach’ by Jeff Pieper, 
Brendon Anthony, Jacqueline Chaparro, Jessica Prenni, and Ioannis Minas. 

We are pleased to submit this manuscript for consideration to be published in the ‘Plant Physiology 
and Biochemistry’. In this manuscript we demonstrate: that while rootstock genotype and vigor are 
influencing peach tree productivity and yield, their effect on manipulating the light environment 
within the canopy also plays a significant role in fruit quality development.  

A study on tree vigor as a biological system to investigate the role rootstock selection, a critical preharvest 
factor, has on fruit quality development and metabolism. Care was taken to eliminate the confounding 
factors of crop load and maturity, two factors that are often ignored in fruit quality studies. The trees 
were thinned based on trunk cross sectional area to ensure the number of fruit per centimeter of trunk 
was not different across vigor profiles. Additionally, the use of Vis/NIRS technology allowed for sampling 
of equal maturity fruit for destructive fruit quality, and non-targeted GC-MS analysis. This novel approach 
enabled comparisons between rootstocks with differing vigor profiles, without the confounding influence 
of maturation. Physiologically, when fruit of equal maturity coming from dwarfing trees were compared 
to vigorous, standard, and semi-dwarfing trees, superior quality enhancements were noted, underscoring 
the direct impact of rootstock vigor on fruit internal quality and primary metabolism. 

Our results demonstrated that fruit from dwarfing rootstock canopies which also had greater light 
availability in the canopy, had higher dry matter content, soluble solid concentrations and an enhanced 
primary metabolism. Metabolite distribution was associated with rootstock vigor class, mid-canopy light 
availability and fruit quality characteristics. Fructose, glucose, sorbose, neochlorogenic and quinic acids, 
catechin and sorbitol were associated with high light environments and enhanced quality traits, while 
sucrose, butanoic and malic acids related to low light conditions and inferior fruit quality. 

Ultimately, the results of this study suggest that that optimization of preharvest factors, where quality and 
the assimilation of carbohydrates occurs, can facilitate the up-accumulation of several primary metabolites 
that prime and enhance the taste, flavor, aroma and quality of the fruit. These results yield implications 
for proper rootstock selection to ensure superior quality, as well as future molecular signatures that could 
be used to target enhanced quality fruit.  

As an original manuscript related to the fruit quality development and metabolism, we believe this technical 
research approach and the significance of findings fit the aims and scope of the ‘Plant Physiology and 
Biochemistry’. This manuscript has not been published and is not under consideration for publication 
elsewhere and all authors have read and agreed in this final version of the manuscript. 
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Abstract  13 

 14 
Five rootstock cultivars of differing vigor: vigorous (‘AtlasTM’ and ‘Bright’s Hybrid® 5’), standard 15 

(‘Krymsk® 86’ and ‘Lovell’) and dwarfing (‘Krymsk® 1’) grafted with ‘Redhaven’ as the scion 16 

were studied for their impact on productivity, mid-canopy photosynthetic active radiation 17 

transmission (i.e., light availability) and internal fruit quality. Αverage yield (kg per tree) and fruit 18 

count increased significantly with increasing vigor (trunk cross sectional area, TCSA). Α detailed 19 

peach fruit quality analysis on fruit of equal maturity (based on the index of absorbance difference, 20 

IAD) coming from trees with equal crop load (no. of fruit cm-2 of TCSA) characterized the direct 21 

impact of rootstock vigor on peach internal quality [dry matter content (DMC) and soluble solids 22 

concentration (SSC)]. DMC and SSC increased significantly with decreasing vigor and increasing 23 

light availability, potentially due to reduced intra-tree shading and better light distribution within 24 

the canopy. Physiologically characterized peach fruit mesocarp was further analyzed by non-25 

targeted metabolite profiling using gas chromatography mass spectrometry (GC-MS). Metabolite 26 

distribution was associated with rootstock vigor class, mid-canopy light availability and fruit 27 

quality characteristics. Fructose, glucose, sorbose, neochlorogenic and quinic acids, catechin and 28 

sorbitol were associated with high light environments and enhanced quality traits, while sucrose, 29 

butanoic and malic acids related to low light conditions and inferior fruit quality. These outcomes 30 

show that while rootstock genotype and vigor are influencing peach tree productivity and yield, 31 

their effect on manipulating the light environment within the canopy also plays a significant role 32 

in fruit quality development. 33 
 34 
 35 
Keywords: Prunus persica, dry matter content, index of absorbance difference, gas 36 

chromatography mass spectrometry, light availability, non-targeted metabolomics, near-infrared 37 

spectroscopy 38 

 39 
Abbreviations: FF, flesh firmness; DMC, dry matter content; SSC, soluble solids concentration 40 

IAD, index of absorbance difference; HDPs, high-density plantings; TCSA, trunk cross sectional 41 

area. 42 
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1. Introduction 43 
Proper orchard design is critical for maximizing yield and fruit quality in peach (Prunus 44 

persica Batsch L.) (Anthony and Minas, 2021). Rootstock selection is an important factor when 45 

considering orchard design and planting densities (Minas et al., 2018; Anthony and Minas, 2021). 46 

Historically, few peach rootstocks have been used in production systems, with the majority being 47 

peach seedlings. An effort to increase the number of rootstock selections available to combat biotic 48 

and abiotic stress has led to a drastic increase in peach rootstock availability. These breeding efforts 49 

have revolved around identifying traits tolerant to various soil related issues (Minas et al., 2023a). 50 

For example, rootstock breeding efforts in Europe have focused on interspecific hybrids as they 51 

possess superior traits for tolerance to high pH, drought, salinity, water logging, and fungal 52 

diseases (Reighard, 2000; Reighard and Loreti, 2008; Minas et al., 2023a). Such efforts led to the 53 

widespread adoption of the peach-almond hybrid rootstock ‘GF 677’ in peach growing areas across 54 

Europe. More recent rootstock investigations have shown plum, and plum hybrid, rootstocks to be 55 

more tolerant of replant conditions (Jimenez et al., 2011). The continued focus on peach rootstock 56 

breeding has produced a variety of potential selections, however, their adaptation to biotic and 57 

abiotic stressors as well as the physiological traits imparted to the scion remain largely unknown 58 

(Rubio-Cabetas, 2009). Interspecific hybrid rootstocks from Europe have potential to provide the 59 

US with rootstock traits that have shown a superior ability to tolerate many of the pedoclimatic 60 

and disease issues growers grapple with (Manganaris et al., 2022). The NC-140 project is a United 61 

States Department of Agriculture (USDA) multistate research effort examining the suitability of 62 

various peach rootstocks across different growing regions in the US (Reighard et al., 2020; Minas 63 

et al., 2022; 2023a). In addition to providing tolerance to biotic and abiotic stressors, rootstock 64 

selection also has the ability to impact orchard design by manipulating the scion’s physiological 65 

factors.   66 

Rootstocks influence the size of the canopy, thus dictating orchard design and planting 67 

densities (Webster, 1995). Rootstock can affect tree growth/vigor, precocity, productivity, fruit 68 

size and above ground dry matter accumulation (Caruso et al. 1997). More vigorous rootstocks 69 

can bear a higher number of flowers per tree as they generate larger fruiting areas (Fournier et al., 70 

1998). However, vigorous rootstocks have also shown delayed precocity and fruit maturation and 71 

can be more expensive for growers to manage as they require more labor for pruning, thinning, 72 

and harvesting (Webster, 2002; Iglesias et al., 2022). Vigor-limiting rootstocks are widely 73 

available for apple and cherry, and have enabled successful high-density plantings (HDPs), while 74 

the production and evaluation of suitable size-controlling rootstocks for peach have recently come 75 

into focus (Gao et al., 1994; Reighard, 2002; 2020; DeJong et al., 2004; Minas et al., 2022; 2023a).  76 

Few studies have investigated the impact of rootstock on fruit quality characteristics 77 

beyond fruit size (Albas et al., 2004). With those that have, few controlled for confounding 78 

variables that influence fruit quality such as crop load and physiological maturity (Anthony et al., 79 

2020; Anthony and Minas, 2022). Throughout on-tree ripening and maturation, fruit undergo 80 

several organoleptic and quality transitions (Minas et al., 2023b). These include sensorial and 81 

textural changes, such as flesh softening, aromatic volatilization, pigment accumulation, 82 

increasing dry matter content (DMC) and soluble solids concentration (SSC); parameters that 83 

relate well to consumer satisfaction (Crisosto and Costa, 2008). Vigor-limiting rootstocks have 84 

shown enhanced fruit quality characteristics across a range of canopy positions (Gullo et al., 2014). 85 

Vigor-limiting rootstocks have also been shown to enhance DMC and SSC compared to other 86 

rootstocks in Mediterranean and Western USA climates (Fonti i Forcada et al., 2012; Reig et al., 87 

2020; Minas et al., 2023c). Overall, previous rootstock studies demonstrated that reduced vigor 88 
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increases fruit quality characteristics (e.g., DMC, SSC, and overcolor), but have been limited in 89 

their ability to characterize the direct impact these genotypic differences have on fruit quality due 90 

to their lack of maturity control in their experimental approaches (Anthony et al., 2020; 2021; 91 

Anthony and Minas, 2022). In other words, it is difficult to understand whether the observed 92 

impact of these vigor-limiting rootstocks on fruit quality can be attributed to the canopy 93 

environment resulting from the rootstock and/or the maturity status of the sampled fruit (Anthony 94 

and Minas, 2022).  95 

Another important aspect for investigation is how rootstock selection (i.e., vigor control) 96 

manipulates the light environment within the canopy and how those microclimates influence fruit 97 

quality development (Gullo et al., 2014). Carbon partitioning differences between various 98 

rootstocks show reduced shoot extension in dwarfing genotypes (Basile et al., 2003; Solari and 99 

DeJong., 2006). In apple, dwarfing rootstocks have also been shown to alter structural tree 100 

development by growing fewer and shorter, axillary shoots, which subsequently grow shorter 101 

shoots with increased levels of return bloom (Seleznyova et al., 2008). The reductions in canopy 102 

development (i.e., shoot extension) alter light environments by reducing intra-canopy shade for 103 

the developing fruit and lead to enhanced and homogenous fruit quality (Gullo et al., 2014). This 104 

is critical as fruit quality appears to be directly linked to the light environment, rather than just the 105 

position in the canopy or rootstock genotype alone (Lewallen and Marini, 2003; Anthony et al., 106 

2021). Therefore, optimal selection and adoption of vigor-limiting, dwarfing or semi-dwarfing 107 

rootstocks in peach, can increase canopy zone light availability and light distribution uniformity 108 

(Anthony and Minas, 2021). Maintaining uniform light distribution throughout the canopy can 109 

lead to more homogenous fruit maturation and quality across the tree (Anthony et al., 2021), which 110 

yields fruit that can be harvested with enhanced quality characteristics and with a reduced number 111 

of picks.  112 

As mentioned, the maturity status of the fruit influences quality parameters, but it also 113 

affects the fruit’s biology. This is because fruit ripening and maturation is a highly regulated 114 

process at the molecular level (Giovannoni et al., 2017). Without selecting for fruit of uniform 115 

maturity, biological investigations on preharvest factor manipulation (e.g., rootstock selection) are 116 

limited (Anthony et al., 2020). With the development of non-destructive technologies that can 117 

accurately and reliably predict physiological maturity and quality in a single scan (Minas et al., 118 

2021; 2023c), across different cultivars (Anthony et al., 2023a) maturity control and biological 119 

investigations into the role preharvest factors have on fruit metabolism are enabled (Anthony et 120 

al., 2020; Anthony and Minas, 2022).  121 

Previous studies investigating the role of rootstock on metabolomic characteristics in peach 122 

fruit are limited (Albás et al., 2002; Tavarini et al., 2011; Gullo et al., 2014) and none controlled 123 

for fruit maturity. Precise metabolomic investigations across rootstock genotypes may provide 124 

insight into how quality is developed and influenced by this critical preharvest factor. Previous -125 

omics studies in peach have identified critical pathways that may be involved with quality 126 

development, such as the phenylpropanoid, shikimic and glycolytic pathways, which synthesize 127 

primary and secondary metabolites that relate to quality, including catechin, shikimic acid, 128 

sucrose, and sorbitol (Anthony et al., 2020; 2021; 2023b). The present study seeks to identify 129 

biological targets and metabolic processes that correspond to peach fruit quality development that 130 

may be affected as a result of the canopy environment generated by rootstocks of variable vigor. 131 

In this study, fruit of equal maturity and from uniform canopy position, from trees with equal crop 132 

loads, across five rootstock genotypes, were analyzed for their internal quality and primary 133 

metabolome as analyzed by gas-chromatography-mass spectrometry (GC-MS). This study 134 
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examines the relationship between preharvest factors and their impact on fruit quality parameters. 135 

In this case, detailing how rootstock vigor affects the internal quality and metabolic profiles of 136 

fruit harvested at equal maturity.  137 

 

2. Materials and Methods:  138 

2.1. Plant material and experimental approach 139 

Research was conducted during the 2019 season at Colorado State University’s 140 

experimental orchard at the Western Colorado Research Center-Orchard Mesa, Grand Junction, 141 

CO (39°02'31.3"N, 108°27'56.8"W). The semi-arid site is located at roughly 1430 m in elevation 142 

and consists primarily of Turley clay loam, featuring 30 % clay, 1.3 % organic matter and a pH of 143 

8.3. The block used for the study was planted in 2009 as part of a United States Department of 144 

Agriculture (USDA) North Central (NC) 140 (NC-140) Regional Project’s peach [Prunus persica 145 

(L.) Batsch] rootstock evaluation trial using ‘Redhaven’ as the scion cultivar (Reighard et al., 146 

2020). Trees were planted in a randomized complete block design (RCBD) at a spacing of 4 x 5 m 147 

(509 trees ha-1) and trained to an open-vase system. Standard local commercial practices for 148 

irrigation, fertilization and pest management were used to manage the trees. Within this plot, five 149 

rootstocks in three distinct classes of vigor (vigorous, standard, dwarfing) were identified for 150 

further investigation. These rootstock genotypes included: ‘Bright’s Hybrid® 5’ (BH5) and 151 

‘AtlasTM’ (ATL) (vigorous), ‘Krymsk® 86’ (K86) and ‘Lovell’ (LOV) (standard), and ‘Krymsk® 152 

1’ (K1) (dwarfing). Five healthy trees of uniform vigor were selected from each rootstock genotype 153 

for a total of 25 trees for the entire experiment.  154 

Trunk cross sectional area (TCSA, cm2) was used to distinguish differences in rootstock 155 

vigor. TCSA was calculated after measuring the trunk circumference at 15 cm above the graft 156 

union. Crop load (fruit cm-2 TCSA) was standardized for all rootstock genotypes by hand thinning 157 

trees to 1.4 fruit cm-2 of TCSA, on average. An effort to balance fruit distribution throughout the 158 

canopy was made while thinning. Canopy volume was also determined by measuring the canopy 159 

height, width, and length (m3).  160 

One day post-harvest (13 August 2019; 125 DAFB), photosynthetic active radiation (PAR) 161 

was measured to determine canopy zone light availability for each tree at 0.5 and 1.5 m, using a 162 

line quantum sensor (LI-191, LI-COR Biosciences, Lincoln, NE, USA). Measurements were taken 163 

± 1 hr of solar noon in each cardinal direction, according to the methods laid out in Anthony et al. 164 

(2021). An incident PAR measurement was taken at the beginning of each row, prior to measuring 165 

light at each tree, using the Li-Cor 190R Quantum Sensor (Li-Cor Biotechnology, Lincoln, NE, 166 

USA). All data was logged with the Li-Cor LI-1500 Light Sensor Logger (Li-Cor Biotechnology, 167 

Lincoln, NE, USA). Light availability (LA, %) was calculated as 100 x (average PAR at each 168 

position / average total PAR). 169 

 

2.2. Fruit quality analyses  170 

To characterize the direct impact of rootstock genotype on peach fruit quality canopy 171 

height measurements across all rootstocks were used to establish an average optimal fruiting zone 172 

at a canopy height of 1.5 m. At harvest, five fruit at 1.5 m from each tree were selected for equal 173 

optimal maturity using a pre-calibrated non-destructive Vis-NIRS sensor (DA meter T.R. Turoni, 174 

Sinteleia, Bologna, Italy). This tool assesses peach physiological maturity based on the chlorophyll 175 

levels (index of absorbance difference, IAD) of the background color underneath the skin (Costa et 176 

al., 2009; Ziosi et al., 2008). In this trial, fruit were selected within a range of 0.40 – 0.60 IAD. 177 
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Destructive fruit quality analyses were conducted on fruit from each rootstock genotype (five reps 178 

 five fruit; n=25). 179 

Fruit of equal maturity were analyzed to understand the direct impact of rootstock vigor on 180 

internal fruit quality. Each fruit was evaluated for size (mm), fresh weight (FW) and overcolor 181 

blush percent coverage (%). Fruit exocarp color measurements were conducted with a portable 182 

colorimeter (Minolta CR-20, Minolta, Osaka, Japan), on the sun exposed, blushed and the shaded 183 

portions of each fruit. Lightness coefficient (L*), which ranges from black = 0 to white = 100, and 184 

hue angle (ho), which describes color that is closest to human perception numerically, were used 185 

to determine differences in fruit overcolor (Minas et al., 2015). Additional destructive analyses 186 

were conducted to evaluate fruit flesh firmness (FF, N), dry matter content (DMC), soluble solids 187 

concentration (SSC) and titratable acidity (% malic acid) according to Minas et al. (2021).  188 

 

2.3. Non-targeted metabolite profiling using gas chromatography mass spectrometry (GC-MS) 189 

Following quality analysis, five biological replicates (i.e., tree) consisting of five 190 

homogenized fruit mesocarp samples coming from the selected equally mature fruit from each 191 

rootstock were sampled, flash frozen with liquid nitrogen (i.e., quenched) and stored at -80 oC until 192 

analysis. Prior to -omics analyses, peach mesocarp was freeze-dried (Freezone 4.5, Labconco, 193 

Kansas City, MO, USA) at -40 oC for 12 h. Lyophilized peach mesocarp samples (n=25) of equal 194 

maturity were homogenized with a bead beater (Bullet Blender Storm, Next Advance, Troy, NY, 195 

USA) for five minutes. Mesocarp extraction and derivatization were performed according to 196 

Anthony et al. (2020), by suspending 25 ± 1 mg of each sample tissue in a two mL autosampler 197 

glass vial (VWR, Radnor, PA, USA) with one mL of 80 % methanol (MeOH) in LC-MS grade 198 

water solution. After centrifuging samples, 800 µL of each sample’s supernatant was transferred 199 

into a new vial. A pooled quality control (QC) was created by transferring 10 µL of each sample 200 

into a separate glass vial. A total of 11 QCs were created by transferring 5 µL of the pooled QC 201 

into 11 new vials. Five µL of each of the samples’ supernatant were also transferred into new vials 202 

for derivatization. All 25 samples and 11 QCs were then centrifuged and dried down with nitrogen 203 

gas prior to derivatization.  204 

Immediately prior to running the samples, derivatization (methoximation and silylation) 205 

occurred according to Anthony et al. (2020), by suspending dried down samples in 50 µL pyridine 206 

containing 15mg mL-1 of methoxyamine hydrochloride (prewarmed to 60 oC) and 50 µL of N-207 

Methyl-M (trimethylsilyl) trifluoroacetamide (MSTFA) + 1 % trimethylchlorosilane (TMCS) 208 

(ThermoFisher Scientific, Waltham, MA, USA) (Chaparro et al., 2018). Samples were loaded (~90 209 

µL) into glass inserts within glass autosampler vials and centrifuged prior to GC-MS analysis 210 

(Anthony et al., 2020).  211 

GC-MS was performed on a Clarus 690 GC coupled to a Clarus SQ 8S Mass Spectrometer 212 

(PerkinElmer, Waltham, MA, USA).  A 30 m TG-5MS column (Thermo Scientific, 0.25 mm i.d. 213 

0.25 μm film thickness) was used to separate metabolites. The GC program scanned masses 214 

between 50-620 m/z at four scans s-1 after electron impact ionization following protocols from 215 

Anthony et al. (2020). A slit control of 12 mL min-1 was used. QC samples were run after every 216 

6th sample to account for analytical variation.  217 

Processing for metabolomic data followed procedures detailed in Chaparro et al. (2018) 218 

and Anthony et al. (2020). GC-MS files were converted to .cdf format and processed by XCMS in 219 

R (Smith et al., 2006; Mahieu et al., 2016; R Core Team, 2015). Total ion current (TIC) was used 220 

to normalize all samples. Peak deconvolution into spectral clusters occurred in RAMClust to 221 

facilitate metabolite annotation (Broeckling et al., 2014). Metabolites were annotated in 222 
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RAMSearch (Broeckling et al., 2016) using retention time, retention index and spectral matching 223 

against external spectral databases including Golm Metabolome Database (Hummel et al., 2007; 224 

Hummel et al., 2013) and NIST (http://nist.gov). 225 

 

2.4. Statistical analyses  226 

Mean comparisons across rootstock genotypes for tree physiological and agronomical 227 

characteristics, fruit quality, light availability, and metabolite abundances were performed in JMP 228 

(SAS Inc., Cary, NC, USA) using Tukey’s HSD. Different lettering groups were assigned where 229 

the model was significant (P<0.05). Figures were created using Prism 9 for Windows OS 230 

(GraphPad Inc., San Diego, CA, USA). Principal component analyses (PCA) were run on tree 231 

physiology, fruit quality and mesocarp metabolomics data using SIMCA (Umetrics, Umea, 232 

Sweden). Heat maps were developed using the z-score of mesocarp metabolite profiles across 233 

rootstocks. Prism 9 for Windows OS (Graph Pad Inc., San Diego, CA, USA) was used to create 234 

figures and heat maps.  235 

 

3. Results 236 
3.1. Influence of rootstock vigor on tree physiology, yield, light availability, and internal fruit 237 

quality.  238 

 The TCSA of the vigorous (ATL and BH5) and standard (K86 and LOV) rootstocks were 239 

3.1-fold and 2.3-fold greater, on average, than the dwarfing rootstock (K1) (Fig. 2B). Canopy 240 

volume (m3) as a secondary measurement of vigor followed the same trend as TCSA, with the 241 

vigorous and standard rootstocks being 3.9 and 2.4-fold larger than the dwarfing rootstock, 242 

respectively (Fig. 2A). These differences of tree vigor were reflected in canopy zone light 243 

availability (LA) that exhibited a trend of increase with decreasing tree vigor (Fig. 2C). The 244 

dwarfing rootstock, K1, had the highest LA (85 %) at 1.5 m (Fig 2C). The standard rootstocks K86 245 

and LOV had light availability levels of 49 and 38 %, respectively, which was a 2-fold decrease 246 

from K1, on average (Fig. 2C). The vigorous rootstocks BH5 and ATL had a 3.5-fold decrease in 247 

LA compared to K1, each had 24 % LA at 1.5 m (Fig. 2C). 248 

Vigorous rootstocks maintained the highest yields (kg tree-1), on a five-year average, which 249 

were followed by the standard and dwarfing rootstocks (Fig. 2E). This resulted in a significant 250 

positive relationship (R2=0.99) between cumulative yield (MT ha-1) and tree vigor, as expressed 251 

as TCSA (Fig. 2I). The 5-year cumulative yield for ATL (vigorous) was 84 MT ha-1, which was a 252 

3-fold increase in yield when compared to the dwarfing K1 rootstock (27.9 MT ha-1) (Fig. 2E). 253 

Both standard rootstocks also produced significantly greater than K1, with 60.3 (K86) and 58.7 254 

MT ha-1 (LOV), respectively (Fig. 2E). While yield was significantly different by vigor 255 

classification, crop loads were controlled by adjusting the number of fruits per cm2 of TCSA (Fig. 256 

2G). To minimize these differences in source-sink relationships, the crop load for each rootstock 257 

was adjusted to an average of 1.4 fruit cm-2 of TCSA (Fig. 2G). As a result, with equal crop loads 258 

adjusted per rootstock, fruit weight (g) was not significantly different across rootstocks on a five-259 

year average basis (Fig. 2H). Overall, average fruit weight over the 5-year period, across all 260 

rootstocks was 178 g.  261 

Detailed fruit quality analyses were conducted on 5 fruits per tree rep (25 in total per 262 

rootstock) on 9 August 2019, 121 days after full bloom. (Fig. 3). Average maturity (IAD) across 263 

rootstock genotypes was 0.5 IAD and was not significantly different across rootstocks (Fig. 3A). 264 

Quality analyses on fruit of equal maturity revealed the impact of rootstock vigor on internal 265 

quality of peach fruit. In respect to flesh firmness, LOV was the firmest (39 N) and was firmer 266 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



than K86, which had the lowest firmness (31 N) (Fig. 3B). Flesh firmness for ATL, BH5, and K1 267 

(37, 35, and 36, respectively) were not statistically different from either LOV or K86 (Fig. 3B).  268 

Titratable acidity (TA) demonstrated minimal differences between rootstocks at harvest 269 

(Fig. 3E). Only the two most vigorous rootstocks demonstrated a significant difference, with ATL 270 

having higher levels than BH5 (Fig. 3E). In addition to internal quality, overcolor blush evaluations 271 

and colorimetric scans for skin (i.e., exocarp) lightness (L*) and hue angle (ho) were conducted 272 

(Figs. 3F-H). Fruit overcolor blush (%) was highest in LOV (62 %) and least in ATL (49 %) (Fig 273 

3F). Lightness (L*) values followed a similar trend to vigor, with lightness decreasing with 274 

decreased rootstock vigor and increased light availability (Fig. 3G). Hue angle (ho) values across 275 

rootstocks were not significantly different from one another (Fig. 3H).  276 

With respect to important consumer acceptance related parameters, the vigorous rootstocks 277 

had the lowest DMC and SSC levels of all rootstocks (Figs. 3C-D). Vigorous rootstocks BH5 and 278 

ATL demonstrated the poorest internal quality, in respect to exhibiting the lowest DMC (14.1 and 279 

14.9 %, respectively) and SSC values (13.6 and 14.0 %, respectively). Standard rootstocks (K86 280 

and LOV) demonstrated increased levels of internal quality (DMC: 15.6 and 16.1 %; SSC: 15.6 281 

and 16.2 %, respectively). However, these values were still significantly less than K1. The 282 

dwarfing rootstock K1 had the highest DMC (17.3 %) and SSC levels (16.8 %), which were 283 

significantly higher than all other rootstocks. Characteristics of tree vigor (TCSA and canopy 284 

volume) as well as light availability (LA) at 1.5 m were highly correlated with internal quality 285 

parameters such as DMC and SSC (Figs. 3I-L).  286 

To fully encapsulate the global physiological impacts of rootstock vigor on fruit quality 287 

parameters, a principal component analysis (PCA) was conducted with all the tree physiology, 288 

yield, and destructive fruit quality data (Fig. 4). Crop load and fruit maturity were excluded from 289 

the PCA given they were not significantly different across rootstocks as a result of the experimental 290 

design.  The PCA shows a strong separation between rootstock vigor classes, primarily along PC1, 291 

which explains ~72 % of the total variation. Minimal separation was also noted along PC2 (~17 292 

%), noting genotypic variation within each vigor class. A total of 89 % of the model’s variability 293 

was explained by these two components (Fig. 4). Overall, fruit quality and light availability was 294 

strongly related with the dwarfing rootstock (K1), while yield and tree size relate to the most 295 

vigorous rootstocks (ATL and BH5) (Fig. 4). 296 

3.2 Global metabolic changes of peach fruit mesocarp primary metabolome in response to 297 

rootstock vigor.  298 

 Analysis of peach mesocarp by GC-MS resulted in a total of 358 detected metabolites of 299 

which 29 were confidently annotated. The 29 metabolites, organized by chemical class in a 300 

heatmap, show notable metabolic shifts between vigorous and dwarfing rootstock classes (Fig. 5). 301 

Positive shifts towards the dwarfing rootstock, K1, are observed in soluble sugars (SS), sucrose 302 

withstanding, flavonoids (FL), chlorogenic acids (CHL), and cyclitols (CYC). While positive 303 

shifts towards BH5, a vigorous rootstock, are seen in amino acids (AA), fatty acids (FA), and 304 

classified unknown chemical classes (Fig 5). Of the five organic acids (OA) annotated, two (citric 305 

acid and tartronic acid) showed positive shifts towards size-controlling rootstocks, while three 306 

(malic acid, threonic acid and 2-imidezolidone-4-carboxylic acid (ICA)) shifted positively towards 307 

the vigorous BH5 (Fig. 5).  308 

 Principal component analysis (PCA) was conducted to evaluate the global variation of 309 

these annotated metabolites across the five rootstocks. In total, the PCA explained (38 %) of the 310 

total variation in the data (Fig. 6). Along PC1, the separation was related to differing levels of 311 

rootstock vigor (Fig. 6). Additional variation was noted along PC2, which accounted for 17 % of 312 
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the variation and appears to be related to separations within the standard vigor rootstock class. 313 

Along PC1, wide separation was observed between the dwarfing (K1) and most vigorous genotype 314 

(BH5). Several monosaccharides and metabolites from the shikimate pathway (e.g., quinic acid, 315 

catechin and neochlorogenic acid) associated with the dwarfing rootstock K1 separating it from 316 

the other rootstock classes. Amino acids, fatty acids, and the organic acids: malic, threonic and 317 

ICA, drive the separation of BH5 (vigorous) from the other rootstocks (Fig. 6). Increased sugar 318 

alcohols (e.g., sorbitol, and myo-inositol) were associated with the LOV rootstock, which appeared 319 

to be responsible for the vertical separation found in PC2 (Fig. 6). 320 

3.3 Unique metabolites influenced by vigor and light reveal fruit quality related trends.  321 

Of the 29 peach mesocarp metabolites annotated from the GC-MS spectral analysis, 10 322 

showed significant differences between the rootstock classes. The most notable significant 323 

differences in metabolite abundances were observed between the most vigorous (BH5) and 324 

dwarfing (K1) rootstocks. Saccharide composition varied by rootstock vigor with 325 

monosaccharides [glucose (Glu), fructose (Fru) and sorbose (Sor)] exhibiting the highest 326 

abundances in K1 (Figs. 7B-D) and lowest abundances in the most vigorous rootstock, BH5. 327 

Glucose, fructose, and sorbose levels in K1 were significantly greater (29, 30, and 26 %, 328 

respectively) than BH5 (Figs. 7B-D). Conversely, sucrose, a disaccharide, demonstrated the 329 

greatest abundance in the most vigorous rootstock, BH5. K1 had 23 and 17 % less sucrose than 330 

BH5 and ATL, respectively (Fig. 7A). 331 

Four additional metabolites quinic acid, catechin, neochlorogenic acid and butanoic acid, 332 

appeared to be influenced by light availability, as an artefact of vigor classification (Figs. 7E-H). 333 

Much like the monosaccharides, these metabolites showed significant differences between BH5 334 

and K1. Quinic acid, catechin, and neochlorogenic acid all showed up accumulation with 335 

decreasing vigor, while butanoic acid increased with increasing vigor. Quinic acid in BH5, ATL 336 

and K86 was 26 % less than K1 levels, on average, while LOV did not demonstrate significant 337 

difference from K1 (Fig. 7F). Catechin, a flavonoid, followed a similar trend with abundances 338 

peaking in K1, which was significantly higher than LOV, K86, and BH5 (by 48, 43, and 44 %, 339 

respectively). However, catechin abundance was not statistically different between K1 and ATL 340 

(Fig. 7G). Neochlorogenic acid abundance was highest in K1 significantly more than BH5 and 341 

ATL (148 and 78 %, respectively), but was not significantly different from K86 or LOV (Fig. 7H). 342 

The fatty acid, butanoic acid, demonstrated an inverse trend, showcasing decreased abundance 343 

with decreasing vigor. Butanoic acid was 81 % greater in BH5 when compared to the lowest 344 

abundance found in K1 (Fig. 7E). 345 

3.4. Sorbitol and malic acid represent inverse relationships with fruit quality parameters across 346 

rootstocks of variable vigor.  347 

 At harvest, two metabolites demonstrated significant trends with two critical fruit quality 348 

parameters, SSC, and DMC, across rootstock genotypes characterized by variable vigor. In 349 

general, sorbitol abundance increased with decreasing vigor and increasing light availability (Fig. 350 

8A). Sorbitol abundance peaked in LOV, with statistically similar levels in K86 and K1 (Fig. 8A). 351 

The vigorous genotypes (ATL and BH5) demonstrated the lowest levels of sorbitol (Fig. 8A). 352 

When assessing the relationship between sorbitol abundance and DMC and SSC, moderate 353 

relationships were identified with R2 values of 0.61 and 0.71, respectively (Figs. 8B-C). Apart 354 

from LOV, sorbitol abundance and fruit quality trends appear to follow the gradient of vigor and 355 

light availability (Figs. 8A-C). Inversely, malic acid demonstrated the opposite trend, with 356 

decreasing abundance of this organic acid in association with reduced rootstock vigor and 357 

enhanced light availability (Fig. 8D). Malic acid abundance was 41 % higher in BH5, the most 358 
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vigorous rootstock, when compared to K1, the most dwarfing rootstock (Fig. 8D). As a result, 359 

negative relationships were noted between malic acid abundance and DMC and SSC, with R2 360 

values of -0.85 and -0.77, respectively (Figs. 8E-F). In short, malic acid abundance appears to 361 

increase with elevated rootstock vigor and reduced light availability in the canopy, underscoring 362 

inferior fruit quality (i.e., reduced DMC and SSC) at harvest (Figs. 8D-F).  363 

 

4. Discussion 364 
4.1 Rootstock vigor influences yield, light availability, and fruit quality. 365 

Rootstock selection poses economic tradeoffs for growers. Increased rootstock vigor has 366 

been shown to increase yields (Reighard et al., 2020; Font i Forcada et al., 2012), however, 367 

maintenance of more vigorous trees may also coincide with additional labor costs such as pruning, 368 

thinning, and harvesting (Webster, 2002; Iglesias and Echeverria, 2022). Conversely, dwarfing 369 

rootstocks have higher light availability and invest a greater percentage of photosynthates towards 370 

fruit development (Chalmers et al., 1981), which contributes to increased fruit quality profiles 371 

(Marini and Sowers 1990; Anthony et al., 2020). Fruit from reduced-vigor rootstocks with higher 372 

light availability in the canopy have enhanced sugar and phenolic profiles (Chalmers et al 1981; 373 

Gullo et al., 2014; Anthony et al., 2020). However, reduced vigor rootstocks used in peach 374 

production have previously been associated with small fruit size (Reighard et al., 2020). 375 

Additionally, many rootstock studies failed to control confounding factors such as crop load or 376 

fruit maturity status. The conflicting results have made it difficult for peach growers to discern the 377 

most economically sound option. To gain further insight on the effect of rootstock vigor on peach 378 

production and fruit quality, we evaluated five rootstocks in three distinct classes of vigor from 379 

11-year-old trees that used ‘Redhaven’ as the scion.  380 

A nine-year NC-140 rootstock trial consisting of a broad range of rootstock vigor profiles 381 

conducted across 16 North American sites found seedling rootstocks like ‘Lovell’, ‘KV010127’, 382 

‘Guardian®’ and vigorous hybrid rootstocks ‘AtlasTM’ and ‘Bright’s Hybrid® 5’ had the highest 383 

cumulative yields (Reighard et al., 2020). Our results with five years (2015 - 2019) of data concur 384 

that vigor is positively correlated with increases in yield and fruit count (Figs. 2E-F and I), as 385 

larger trees can support larger numbers of fruit (Reighard et al., 2020; Minas et al., 2023). Giorgi 386 

et al. (2005) concluded that while total yield related to vigor, fruit weight was more closely tied to 387 

genotype than vigor. While crop load was cited as a potential factor in determining fruit size, more 388 

vigorous rootstocks (‘AtlasTM’, ‘Bright’s Hybrid® 5’, ‘Guardian®’) have been associated with 389 

larger fruit (Reighard et al., 2020). Contrarily, Gullo et al., (2014) found that ‘Penta’, a vigor-390 

limiting rootstock, produced larger fruit than the more vigorous rootstock ‘GF-677.’ The five years 391 

of agronomic data used for this experiment show no significant differences in fruit weight between 392 

the selected rootstocks (Fig. 2H).  393 

Caruso (1996) reported that rootstock did not affect SSC levels in a high-density planting.  394 

In contrast, our results from a low-density planting demonstrate TCSA, and canopy volume did 395 

affect SSC, which increased with decreased vigor (Figs. 3D and L). Contradictory findings such 396 

as these may be due to a failure to account for additional physiological factors that affect fruit 397 

quality, such as crop load and fruit maturity status. In fact, Anthony et al. (2020) demonstrated that 398 

crop load greatly impacted fruit quality characteristics, even on fruit of equal maturity. Therefore, 399 

in this study, fruit numbers were adjusted according to tree TCSA, to eliminate crop load (fruit per 400 

cm2 of TCSA) as a confounding variable (Anthony et al., 2020; Minas et al., 2018; Fig. 2G). In 401 

addition to the crop load, rootstock vigor also influences the light environment within the canopy. 402 

Increased levels of light availability for developing fruit may hasten maturity and result in more 403 
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advanced physiological maturity at harvest (e.g., reduced firmness, more yellow background color, 404 

lower IAD values) (Marini et al., 1991; Anthony et al., 2021; Minas et al., 2021). Therefore, to 405 

accurately understand how vigor and the light environment are affecting fruit quality, fruit of equal 406 

maturity were evaluated (Anthony et al., 2021; Anthony and Minas, 2022).  407 

To ensure fruit were in similar states of maturity, a handheld Vis-NIRS sensor that was 408 

pre-calibrated to accurately assess physiological maturity (IAD) (Costa et al., 2009) was used to 409 

select fruit for destructive internal quality comparisons as well as for further metabolomic 410 

investigations (Fig. 3A). The results presented herein demonstrate that a decrease in vigor 411 

significantly increased light availability throughout the canopy, thus improving illumination of 412 

developing fruit in the canopy and resulting in enhanced quality attributes at harvest (Figs. 2C and 413 

3C-D). Increased light availability better exposes canopy, which increases leaf nitrogen content 414 

and photosynthetic efficiency, thus generating a higher amount of photosynthates for fruit located 415 

in close proximity to these sources (Rosati et al., 1999; Myers, 1993; Marini and Sowers, 1990). 416 

Similar to Marini et al. (1991) who found that canopies with higher light availability produce fruit 417 

with increased DMC and SSC levels, the dwarfing rootstock in this trial had significantly higher 418 

light availability, and fruit with higher DMC and SSC than the standard and vigorous rootstock 419 

classes (Figs. 2C and 3C-D).  420 

There have been differing reports on the relationship between light availability and fruit 421 

color development. Marini et al. (1991) determined that fruit exposed to more light on the exterior 422 

of the canopy had redder overcolor blush than shaded interior fruit. Others have reported that poor 423 

light distribution across the canopy resulted in lower portions of the canopy not receiving enough 424 

light for optimal fruit quality development (e.g., skin overcolor, SSC) (Bible and Singha, 1993). 425 

However, Corelli-Grappadelli and Coston (1991) found that low light levels did not reduce red 426 

pigment development. Here, we observed that skin overcolor blush was highest in LOV and lowest 427 

in ATL (Fig. 3F). Exocarp hue angle (Fig. 3H) and chroma (data not shown) did not show 428 

significant differences across rootstocks. Although BH5, with the lowest light availability, 429 

demonstrated significantly higher exocarp lightness values (L*), when compared to K1 (Fig. 3G). 430 

These results suggest that rootstock genotype may play a role in pigment development, although 431 

this may be more related to scion characteristics than the fruit’s growing environment. 432 

Overall, the three distinct classes of vigor manifested physiological differences in three 433 

distinct ways. The first, as expected, is that the vigorous rootstock class had the largest TCSA and 434 

canopy volumes (Figs. 2A-B), resulting in increased yields (Figs. 2E and I). Secondly, different 435 

levels of vigor created distinct light environments for the developing fruit (Fig. 2C) impacting 436 

internal fruit quality characteristics (Figs. 3C-D and 3I-L). Lastly, by controlling for equal crop 437 

loads and fruit physiological maturity, our results showcase the direct impact of rootstock vigor 438 

on internal fruit quality. The district vigor/light environments generated variable levels of fruit 439 

quality across trees of the same age and scion cultivar providing an excellent opportunity to study 440 

the biological mechanisms involved in peach fruit quality development. 441 

 

4.2 Peach mesocarp primary metabolome at harvest relates to rootstock vigor and light 442 

availability. 443 

A recent metabolomic study investigated the role of carbon supply (i.e., crop load) on peach 444 

quality development and found minimal difference at harvest in primary metabolism of fruit in 445 

two distinct carbon supply treatments (Anthony et al., 2020). In the present study, fruit of equal 446 

maturity displayed global metabolic shifts and associations (Figs. 5-6), revealing the influence of 447 

rootstock vigor and light availability on the peach mesocarp metabolome at harvest. The most 448 
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vigorous rootstock, BH5, had the lowest light availability in the canopy and generated positive 449 

shifts (i.e., up-accumulation) in AA and FA (Fig. 5). The inferior quality observed in the vigorous 450 

rootstock is likely correlated with increased shading (Marini et al., 1991), which leads to a cooler 451 

micro-climate for fruit in this canopy zone. Reduced canopy temperatures can inhibit protein 452 

synthesis, contributing to increased abundances of amino acids, which has been shown to 453 

correlated with inferior quality in both apple and peach (Feng et al., 2014; Wang and Feng, 2011; 454 

Anthony et al., 2021). Excess shading also reduces net photosynthesis (Marini and Sowers, 1990) 455 

which supports our results demonstrating a negative shift (i.e., down-accumulation) of SS in BH5 456 

(Fig. 5).  457 

Contrarily, the increased canopy light availability in K1, the dwarfing rootstock, showed 458 

an up accumulation in soluble sugars (SS), cyclitol (CYC), flavonoid (FL) and chlorogenic acid 459 

(CHL) (Fig. 5). Increased SS have been associated with lower vigor rootstocks in previous studies 460 

(Kubota et al., 1992; Giorgi et al., 2004), and are commonly associated with enhanced fruit quality 461 

(Anthony et al., 2020; 2021). This is perhaps due to the increased light availability, contributing 462 

to increased photosynthetic activity and carbon exportation to nearby developing fruits (Anthony 463 

et al., 2021; Marini and Sowers, 1990; Marini et al., 1991). Monosaccharides (primarily Fru and 464 

Glu) are intermediate compounds that can be used in the biosynthesis of metabolites in the CYC, 465 

FL and CHL chemical classes, as part of the phenylpropanoid pathway (Lara et al., 2020). Thus, 466 

the authors hypothesize that the increased light availability in K1, which led to the up accumulation 467 

of monosaccharides via enhanced photosynthesis, contributed to the up accumulation of 468 

phenylpropanoid compounds (intermediates and products) such as quinic acid, catechin and 469 

chlorogenic acid (i.e., CYC, FL, CHL; Figs. 5-7).  470 

The annotated metabolites found in this study demonstrated separation in the heat map and 471 

PCA based on rootstock vigor class and the light environment they create for the developing fruit 472 

(Figs. 5-6). Thus, the canopy light availability dictated by the rootstock vigor appears to be 473 

fundamental in determining the fate of metabolite profiles and fruit quality at harvest (Fig. 9; 474 

Anthony et al., 2021).  475 

 

4.3 Rootstock vigor influences the light environment and metabolite upregulation. 476 

In the present study, levels of monosaccharides (Glu, Fru, Sor) increased with decreasing 477 

vigor, while levels of Suc, a disaccharide, increased with increasing vigor (Fig. 7). Sorbitol, a sugar 478 

alcohol, is one of the main sugars translocated via the peach phloem from sources (leaves) to sinks 479 

(developing fruit) and is readily converted to Fru and Glu (Cirilli et al., 2016). Glucose and Fru 480 

can be phosphorylated to glucose-6-phosphate (G6P) and fructose-6-phosphate (F6P) via enzymes 481 

such as hexokinase and fructokinase (Cirilli et al., 2016). After G6P has been converted to UDP-482 

glucose (UDPG), it can be synthesized to form sucrose with F6P by sucrose phosphate synthase 483 

(SPS) (Cirilli et al., 2016). In short, SPS generates sucrose from Glu and Fru, and has been shown 484 

to be heavily inhibited by drought stress conditions and extreme transpirational losses, leading to 485 

increased hexose concentrations in apple and peach (Yang et al., 2019; Escobar-Gutierrez et al., 486 

1998). In this study, Suc was lowest in the most dwarfing, and most illuminated canopy, K1 (Fig. 487 

7A), which may have been experiencing water stress conditions (i.e., increased transpirational 488 

losses). This could have been a result of excessive light availability in the canopy (Anthony et al., 489 

2021) and/or a primary dwarfing mechanism in peach rootstocks: xylem anatomy restriction and 490 

reduced stem water conductance (Tombessi et al., 2009). Therefore, with increased light and 491 

potentially reduced stem water conductance, SPS activity could have been inhibited resulting in 492 

increased monosaccharide composition and reduced sucrose abundance in the dwarfing rootstock 493 
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(Figs. 7 and 9). Further, increased light has been shown to also increase soluble solids 494 

concentration in peach fruit (Marini et al., 1991). Thus, with increased light availability associated 495 

with decreased rootstock vigor (Fig. 2C), increased photosynthate creation and transport to sink 496 

tissues is possible, as evidenced by increased SSC, DMC, and monosaccharides with decreasing 497 

rootstock vigor (Figs. 3 and 7). 498 

Alternatively, upon reaching sink tissues, Suc, can also be rapidly cleaved to Glu and Fru, 499 

which can then be utilized in the synthesis of other compounds, such as secondary metabolites 500 

(Morandi et al., 2008). These metabolites can be further utilized in the formation of secondary 501 

metabolites, such as phenolic compounds, terpenoids, and sulfur or nitrogen containing 502 

compounds, contributing a fundamental role in the plant’s defensive and quality enhancing 503 

mechanisms (Anthony et al., 2023). One fundamental pathway that connects the primary 504 

metabolism with the secondary metabolism is the shikimate pathway.  505 

Two metabolites in our study associated with the shikimate pathway, quinic acid and 506 

neochlorogenic acid, increased with decreasing rootstock vigor (Figs. 7F-H). These organic acids 507 

can be synthesized using monosaccharides, especially Glu (Lara et al., 2020). Our results agree 508 

with previous work by Anthony et al. (2020), which reported increased quinic acid levels in fruit 509 

developing in a carbon sufficient environment. Levels of quinic acid have also been suggested to 510 

be an indicator of peach maturity as they were found to negatively correlate with fruit maturity 511 

(Chapman et al., 1991). Quinic acid combines with caffeic acid to form caffeoylquinic acids 512 

(CQA). Neochlorogenic acid, an isomer of chlorogenic acid is formed by bonding 513 

hydroxycinnamic acid to quinic acid (Infante et al., 2011). Part of the hydoxycinnamic acid 514 

pathway, they are two of the most abundant secondary metabolites found in peach flesh that 515 

contribute to plant defense mechanisms and the organoleptic profiles of ripe fruit (Teixeira et al., 516 

2013; Lara et al., 2020). The increased levels of light in the canopy associated with vigor-limiting 517 

rootstocks may contribute to enhanced synthesis of both primary and secondary metabolites that 518 

are associated with alleviating plant stress and contributing to higher fruit quality (Anthony et al., 519 

2021; Fig. 9).  520 

Another phenolic compound class, anthocyanins, are responsible for fruit color 521 

differentiation in Prunus species. Anthocyanins are members of the flavonoid group formed in the 522 

cytosol and stored in vacuoles (Lara et al., 2020). A member of a subgroup of flavonoids, catechins 523 

are condensed tannins found in many fruits (Lara et al., 2020). Catechin readily oxidizes to other 524 

phenolic compounds such as chlorogenic and neochlorogenic acid (Lara et al., 2020). It was 525 

reported that both carbon sufficient fruit and fruit exposed to increased light showed increased 526 

levels of catechin and CQAs (Anthony et al., 2020; 2021). In this study, fruit on dwarfing 527 

rootstocks were exposed to more light and demonstrated elevated levels of catechin, further 528 

supporting the hypothesis that these flavonoids, along with other phenylpropanoid pathway 529 

products, are up-regulated under optimal growth conditions (e.g., enhanced carbon supply and 530 

canopy zone light availability) (Anthony et al., 2020; 2021; 2023b).  531 

As previously discussed, increased light availability in low vigor canopies is likely to result 532 

in increased transpiration and heat, thus reducing SPS activity and maintaining higher levels of 533 

monosaccharides (Figs. 7B-D and 9). The excess monosaccharides can then be used in phenol 534 

synthesis as a stress response to the increased light and/or heat in the canopy. Further support for 535 

this hypothesized relationship is observed in the phenolic compound abundance across rootstock 536 

genotypes in this study, as K1 phenolic compounds are in greater abundance than those of BH5 537 

(Figs. 7F-H). Tavarini et al., (2011) found total phenolic compounds and hydroxycinnamic acids 538 

were significantly higher in dwarfing rootstocks. However, when these same rootstocks were 539 
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exposed to drought stress, an inverse relationship was shown, suggesting that the dwarfing 540 

rootstocks may already be concentrating both primary and secondary metabolites in the fruits, as 541 

a stress response, due to higher transpirational loss, than their more vigorous counterparts.  542 

 Peach fruit is comprised of many volatile ester compounds, including acetic acid butyl 543 

esters (Sanchez et al., 2012), contributing to the aroma profile in peach (Ortiz et al., 2009). The 544 

fatty acid butanoic acid is one of these known esters and has previously been associated with 545 

inferior quality (Anthony et al., 2020). It has been suggested that butanoic acid may be volatized 546 

in high light environments (Anthony et al., 2020; Campbell et al., 2020). This would reflect our 547 

findings as butanoic acid levels decreased with decreasing rootstock vigor and increased light 548 

availability (Fig. 7E). 549 

4.4. Sorbitol and malic acid serve as metabolic signatures of rootstock dictated vigor and canopy 550 

environment for superior or inferior peach fruit quality at harvest.  551 

 As mentioned, sorbitol, along with sucrose, are primary sugars translocated throughout the 552 

phloem of peach trees and have consistently served as a metabolic indicators of optimal fruit 553 

growth conditions in previous experiments (i.e., sufficient carbon supply, elevated available light, 554 

enhanced photosynthetic conditions) (Anthony et al., 2020; 2021; Morandi et al., 2008). 555 

Rootstocks that create less vigorous canopies facilitate increased light availability in the canopy, 556 

contributing to enhanced photosynthesis and fruit quality/nutritional characteristics (Gullo et al., 557 

2014). When available light is reduced dramatically in the interior of vigorous canopies, 558 

photosynthetic rates diminish, restricting the translocation of photosynthates (e.g., sorbitol) to 559 

nearby carbon sinks (e.g., developing fruits) (Marini and Sowers, 1990). Therefore, as light 560 

availability increases within less vigorous canopies, like LOV, K86 and K1 (Fig. 2C), sorbitol 561 

levels, along with monosaccharide composition, may increase (Fig. 7). This may contribute to 562 

elevated levels of DMC and SSC (Figs. 3, 8), which are parameters characterized by the saccharide 563 

content in the fruit and are critical to consumer preference. This relationship is further supported 564 

with the elevated levels of monosaccharides like Fru and Glu in the less vigorous genotypes (Figs. 565 

7B, C), as sorbitol is readily converted to Fru and Glu via sorbitol dehydrogenase (SDH) and 566 

sorbitol oxidase (SOX) in the fruit, respectively (Morandi et al., 2008). In this study, the less 567 

vigorous rootstocks appear to generate these optimal canopy conditions for fruit quality 568 

development and facilitate the up-accumulation of sorbitol, a metabolic signature for optimal light 569 

conditions and high fruit quality (Anthony et al., 2021).  570 

 In contrast, malic acid was observed to be up-accumulated with increased vigor and 571 

reduced canopy zone light availability and was related to inferior fruit quality at harvest (Fig. 8). 572 

Malic acid is a fundamental organic acid in peach fruit development (Walker and Faminai, 2018), 573 

although its behavior in fruit development appears to be cultivar-specific (Lobit et al., 2006). In a 574 

previous peach study, malic acid demonstrated a strong inverse relationship (r2=-0.95) with 575 

sorbitol throughout peach fruit development (Anthony et al., 2020). Similarly, malic acid and 576 

quinic acid have demonstrated negative relationships in peach (Bae et al., 2014). These reports are 577 

supported with the results herein, with malic acid increasing in abundance in the reverse trend (up-578 

accumulation with increased vigor) as sorbitol and quinic acid (up-accumulation with decreasing 579 

vigor) (Figs. 7-8). Elevated malic acid levels were also associated with peach fruits developing on 580 

canopies with high total leaf area (i.e., elevated canopy vigor) and minimal light exposure in the 581 

morning (Génard and Bruchou, 1992). Further, low malic acid levels were also associated with 582 

increased sun exposure and reduced sucrose content (Génard and Bruchou, 1992), similar to K1 583 

canopy conditions and fruit quality attributes (Figs. 2, 7). This is again perhaps due to elevated 584 

temperatures, as a result of increased light availability within the canopy, inhibiting enzymatic 585 
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activity of SPS forming Suc (Génard and Bruchou, 1992; Anthony et al., 2021; Cirilli et al., 2016). 586 

Malic acid, and its derivative malate, are also affected by temperature, with reduced accumulations 587 

under increased temperatures, especially at the beginning of ripening (Lobit et al., 2006). In sum, 588 

reduced rootstock vigor promotes the generation of canopies that enhance light relations within 589 

the canopy, which have the potential to increase canopy temperatures, thus decreasing SPS 590 

activity, reducing Suc and malic acid abundance and increasing Glu, Fru abundance. These 591 

biological dynamics underscore the role environmental conditions play in the regulation of 592 

metabolite accumulations, and not just the vigor of the tree alone (Anthony et al., 2021). After all, 593 

metabolites are the biological response to physiological stimuli in the tree or fruit. Ultimately, it is 594 

these environmental conditions within the canopy that heavily influence and contribute to peach 595 

fruit quality development and metabolic shifts.  596 

 

5. Conclusion  597 
Rootstock selection is a critical choice in orchard design. By controlling confounding 598 

factors in rootstock studies, such as crop load, fruit physiological maturity and fruit position in the 599 

canopy, the impact of rootstock vigor on internal fruit quality and the mesocarp metabolome is 600 

better determined. This approach showed that increasing rootstock vigor increased yield, but 601 

decreased canopy light availability. This genetic modification impacts the environment where fruit 602 

development occurs. As rootstock vigor decreased, light availability increased, resulting in fruit 603 

from the dwarfing rootstock exhibiting superior fruit quality (DMC and SSC) compared to the 604 

other vigor classes at harvest. Primary metabolites demonstrated differences based on vigor class 605 

and canopy light availability, which in turn, mirrored fruit quality distinctions. Metabolic 606 

signatures of the dwarfing rootstock, Krymsk®1, related to increased light availability and 607 

enhanced fruit quality included monosaccharides (glucose, fructose, sorbose), catechin, 608 

neochlorogenic acid and quinic acid. Conversely, amino acids, malic acid and butanoic acid were 609 

associated with inferior quality, and were metabolic signatures of the more vigorous rootstock, 610 

‘Bright’s Hybrid® 5’. To maximize fruit quality, growers should select rootstocks with a vigor 611 

classification that suits their orchard design, with special consideration being paid to inter- and 612 

intra-tree spacing and training system. Selecting a combination that optimizes land efficiency 613 

while allowing for adequate light penetration through the canopy is of upmost importance to 614 

capitalize on high yield and fruit quality. 615 
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Tables 910 

 

Table 1. Rootstock cultivars and their country and genetic origin and vigor classification. 911 
Vigor classification is bracketed as follows: vigorous rootstocks are >110% the size of ‘Lovell’ 912 

with the size estimated by trunk cross-sectional area (TCSA); standard size rootstocks are 110-913 

90% of Lovell size; semi-dwarfing rootstocks are 60-90% of Lovell and dwarfing rootstocks are 914 

<60% the size of Lovell (Minas et al., 2023c). 915 

 

Rootstock  Abbreviation 

 Breeder, 

Country 

of Origin 

 Species and 

interspecific 

hybrids 

 
Vigor 

Classification 

Atlas  ATL 

 Zaiger 

Genetics, 

USA 

 complex interspecific hybrid of peach, 

almond, plum, apricot (Prunus persica, 

P. amygdalus, P. cerasifera, P. mume) 

 

Vigorous 

Bright’s 

Hybrid®#5 

(BH-5) 

 BH5 

 Bright’s 

Nursery, 

Inc., USA 

 
almond × peach interspecific hybrid 

(P. amygdalus  ×  P. persica) 

 

Vigorous 

Krymsk®86 

(Kuban 86) 
 K86 

 KEBS*, 

Russian 

Federation 

 
plum x peach interspecific hybrid 

P. cerasifera  ×  P. persica 

 

Standard 

Lovell  LOV 

 G.W. 

Thissell, 

USA 

 

peach seedling (P. persica) 

 

Standard 

Krymsk®1 

(VVA-1) 
 K1 

 KEBS*, 

Russian 

Federation 

 
cherry x plum interspecific hybrid 

(P. tomentosa  ×  P. cerasifera) 

 

Dwarfing 

 

*Krymsk Experimental Breeding Station, Krasnodar Region 916 
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Figure Captions 917 

Fig. 1. Determining how rootstock vigor impacts fruit quality profiles. Five distinct rootstock 918 

cultivars were selected to determine the impact of differing vigor profiles on fruit internal quality 919 

and metabolite profiles. Based on trunk cross sectional area (TCSA) and canopy volume, the five 920 

rootstocks segregated into three vigor profiles. Light availability was determined at 1.5 m for each 921 

rootstock. Crops loads were standardized for each rootstock genotype based on (TCSA). Fruit of 922 

equal maturity were selected based on the index of absorbance difference (IAD). Each fruit was 923 

assessed for weight, color, blush, flesh firmness, dry matter content and soluble solid concentration 924 

shortly after harvest. Mesocarp tissue from each fruit was quenched using liquid nitrogen directly 925 

after internal quality parameters were obtained. Frozen tissues were freeze dried and derivatized 926 

for non-targeted metabolite analysis using gas chromatography mass spectrometry (GC-MS).  927 

   

Fig. 2. The impact of rootstock on vigor, yield, and light availability. The influence of rootstock 928 

on vigor canopy volume (A), and trunk cross sectional area (TCSA, B); mid-canopy light 929 

availability (C); light interception (D); cumulative 5-year yield (E); five year (2015 – 2019) 930 

average yield (F) and fruit weight (H). In 2019, crop load was standardized across rootstocks by 931 

hand thinning according to TCSA (G). Colored bars indicate rootstock and are displayed by 932 

decreasing vigor; BH5 (Bright’s Hybrid® 5), ATL (AtlasTM), K86 (Krymsk®86), LOV (Lovell), 933 

and K1 (Krymsk®1). Mean values ± S.E. are displayed. Means followed by the same letter are not 934 

statistically different according to Tukey’s HSD test (P < 0.05). Regression analyses of trunk 935 

cross-sectional area (TCSA, cm2) in 2019 and cumulative yield (MT ha-1) (I); of TCSA in 2019 936 

and mid-canopy light availability (J); of canopy volume (m3) and mid-canopy light availability (K) 937 

and of cumulative yield (MT ha-1) and mid-canopy light availability (L) with five replicated 938 

samples from each rootstock treatments are plotted. R2 values are displayed to demonstrate the 939 

linearity of the relationships. 940 

 

Fig. 3. The impact of rootstock on internal fruit quality characteristics and exocarp pigment 941 
development. Fruit harvested from a canopy height of 1.5 m ± 30 cm in 2019 were segregated for 942 

equal maturity (IAD, A) and assessed by internal fruit quality characteristics: flesh firmness (B), 943 

dry matter content (DMC, C), soluble solids concentration (SSC, D), titratable acidity (TA, E); as 944 

well as exocarp color development: skin over color blush (F), skin lightness (L*, G), and hue angle 945 

(ho, H). Colored bars indicate rootstock and are displayed by decreasing vigor; BH5 (Bright’s 946 

Hybrid® 5), ATL (AtlasTM), K86 (Krymsk®86), LOV (Lovell), and K1 (Krymsk®1). Mean values 947 

± S.E. are displayed. Means followed by the same letter are not statistically different according to 948 

Tukey’s HSD test (P < 0.05). Regression analyses of parameters characterizing or affected by tree 949 

vigor like canopy volume (m3, I), trunk cross-sectional area (TCSA, cm2, J) or mid-canopy light 950 

availability (K) and internal fruit quality parameters like DMC (I, J and K) or SSC (L) with five 951 

replicated samples from each rootstock treatments are plotted. R2 values are displayed to 952 

demonstrate the linearity of the relationships.  953 

 

Fig. 4. Principal component analysis biplot of rootstock on vigor, light availability, and 954 
internal fruit quality characteristics. Large symbols indicate the scores for the rootstock 955 

treatments [colored by rootstock; and are pareto scaled (-1.0 – 1.0)] with vigor (TCSA), light 956 

availability (LA %), internal fruit quality (DMC, SSC), yield (loadings, grey diamonds). Principal 957 

component analysis (PCA) of the five reps per rootstock were averaged in the biplot. The PC1 958 

(85.2 %) demonstrates that rootstock vigor class [dwarfing (K1), standard (K86 and LOV), and 959 
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vigorous (BH5 and ATL)] is driving the separation between internal fruit quality, light availability, 960 

yield and exocarp color.   961 

 

Fig. 5. Heat map of metabolite profiles across rootstocks of variable vigor. Profiles of 962 

metabolism changes at harvest in ‘Redhaven’ peach fruit mesocarp. Figure shows comparisons of 963 

the metabolite abundance by rootstock vigor, displayed with vigor decreasing from left (most 964 

vigorous) to right (dwarfing). Each of the 29 annotated metabolites were transformed z-scores and 965 

shown with the following color scale (green to red) according to Lombardo et al. (2011). Fruits 966 

were harvested from a canopy height of 1.5 m ± 30 cm and were of equal maturity according to 967 

the IAD measured by the DA meter. Annotated metabolites are organized by chemical class: sugar 968 

alcohols (SA), soluble sugars (SS), organic acids (OA), cyclitols (CYC), flavonoids (FL), fatty 969 

acids (FA), amino acids (AA), other (O) and classified un-knowns (UK).  970 

 

Fig. 6. Principal component analysis biplot of rootstock vigor on peach fruit mesocarp 971 
metabolism. Metabolite profiles across five rootstocks at harvest in peach fruit mesocarp in 972 

‘Redhaven’ fruit. Figure shows comparisons of mesocarp metabolite profiles across five 973 

rootstocks. The rootstocks are as follows: BH5 (Bright’s Hybrid® 5), ATL (AtlasTM), K86 974 

(Krymsk®86), LOV (Lovell), and K1 (Krymsk®1). Large symbols indicate the scores for the 975 

rootstock treatments [colored by rootstock; and are pareto scaled (-1.0 – 1.0)] with the 29 annotated 976 

metabolites detected in the peach mesocarp (loadings, grey diamonds). Principal component 977 

analysis (PCA) of the five reps per rootstock were averaged in the biplot. The PCA demonstrates 978 

that rootstock vigor (PC1 20.5 %) was a contributor to metabolome variation with rootstock 979 

separation occurring by vigor class.   980 

 

Fig. 7. Accumulation trends of metabolite abundances by rootstock vigor in peach mesocarp. 981 
Mean peak area (AU) of selected metabolites that are influenced by vigor, soluble sugars: sucrose 982 

(A), glucose (B), fructose (C), sorbose (D); phenylpropanoid pathway: butanoic acid (E), quinic 983 

acid (F), catechin (G), neochlorogenic acid (H) in the peach mesocarp of ‘Redhaven’ fruit at 984 

harvest. Colored bars indicate rootstock and are displayed by decreasing vigor; BH5 (Bright’s 985 

Hybrid® 5), ATL (AtlasTM), K86 (Krymsk®86), LOV (Lovell), and K1 (Krymsk®1). Samples were 986 

controlled for equal maturity (IAD) at harvest and harvested from similar canopy heights (1.5 m ± 987 

30 cm). Mean values ± S.E. are displayed with the low vigor presented on the left of each graph, 988 

while the high vigor is displayed on the right. Means with the same letter displayed above the bar 989 

are not statistically different according to Tukey’s HSD test (P ≤ 0.05).  990 

 

Fig. 8. Abundance of two metabolites and their relationship with peach internal quality 991 
parameters at harvest. Mean peak area (AU) of sorbitol (A) and malic acid (D), respectively, at 992 

harvest by rootstock vigor, BH5 (Bright’s Hybrid® 5), ATL (AtlasTM), K86 (Krymsk®86), LOV 993 

(Lovell), and K1 (Krymsk®1). Mean values ± S.E. are displayed. Means followed by the same 994 

letter are not statistically different according to Tukey’s HSD test (P < 0.05). The relationships 995 

between the mean peak area of sorbitol and malic acid with dry matter content (DMC, %; B and 996 

E, respectively) and soluble solids concentration (SSC, %; C and F, respectively) at harvest with 997 

five replicated samples from each rootstock treatments are plotted. R2 values are displayed to 998 

demonstrate the linearity of the relationships. 999 
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Fig. 9. The impact of rootstock vigor on light availability and metabolite abundance in peach 1000 
mesocarp. Up- and down-accumulation trends are presented for chemical classes and specific 1001 

metabolites in peach mesocarp as a result of various canopy volumes and thus differing light 1002 

availability profiles. Metabolites related to development and maturity are also displayed. A 1003 

gradient of advanced maturity from the bottom of the canopy to the top is displayed, although 1004 

quality analysis and metabolite profiling was conducted on fruit of equal maturity. Light 1005 

availability generally increases as well, from the bottom of the canopy towards the top, especially 1006 

in the canopy of higher vigor rootstocks.    1007 

 

 

Supplementary Materials 1008 

Table. S1. Relative abundances of 29 annotated metabolites by class in peach mesocarp by 1009 
rootstock. Statistical analysis presented as one-way ANOVA by rootstock assessed for 1010 

significance at P < 0.05. Mean values are displayed. Means followed by the same letter are not 1011 

statistically different according to Tukey’s HSD test (P<0.05). 1012 
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