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Abstract. 
Despite increased consumer interest in organic produce, little is known about how different organic production methods affect both the traditional measures of quality and the naturally occurring health promoting (bioactive) compounds of food. In this study, “Obsidian” and “Triple Crown” blackberries (both Rubus hybrids) were cultivated organically and fertilized with either soy meal, fish emulsion/hydrolysate blend, or processed poultry litter fertilizers at a fixed rate. Fruits were hand-harvested three times during their peak production period and stored at 4°C and 85% RH for up to 12 d. Fertilizer effects on the physicochemical properties were minor, while harvest period had a stronger effect, though that trend varied by year. Antioxidant and sugar profile data revealed an interesting pattern: “Obsidian” had ORAC and lower sugar than “Triple Crown” at harvest and also had greater differentiation due to fertilizer treatments. Fertilizer effects differed based on harvest date and cultivar, with late harvest fruit fertilized with fish emulsion fertilizer showing higher TPC and ORAC than other fertilizer treatments, while the early and middle harvest fruit showed similar or greater responses to soy meal-based fertilizer. Time of harvest and length of storage also affected the antioxidant properties and sugar profiles in different ways depending on fruit cultivar, again with the “Obsidian” fruit showing greater variability in general. This study demonstrated that the two cultivars of organically grown blackberry fruit have different physicochemical and antioxidant properties, thus potentially different shelf lives in the fresh market.

1. Introduction
Consumer interest in organic produce has resulted in the rapid growth of organic agriculture in the US, with total acreage of organic crops increasing 253% between 2000 and 2011, and the previous year data are available from USDA [1]. One of the major reasons for consumer choosing organic produce is the belief that the products are “healthier for me and my children” [2]. Meanwhile, public health experts are recommending increased consumption of fruits because they are rich in natural antioxidants that have been linked to reduced risk of various health maladies, including cancer, coronary heart disease, metabolic disorders, and inflammatory responses [3–8].
Conventional farming has been able to keep up with increased demand for blackberries through new cultivars and improved agricultural practices, and by 2005, 4,818 ha of land were able to produce 31,840 metric tons of blackberries [9]. Though many of the improved practices should translate well into organic production systems, there are some limitations. For example, one of the most important factors that can affect plant productivity is the fertilizer regimen used, and while many studies have been undertaken to determine the ideal amounts and application times of conventional fertilizer in order to optimize blackberry production [10], the published guidelines and recommendations tend to focus solely on the rates of nitrogen application, making little or no distinction in the nitrogen source, aside from the general caveat that nitrate forms are better than amide forms [10–12].
This lack of focus on the type of nitrogen source is problematic for organic growers; while conventional/synthetic fertilizers are composed of a handful of industrial chemical compounds, organic fertilizers are derived from plant/animal wastes and as such are much more complex. Even if it were possible to extrapolate the guidelines for conventional fertilizers to organic ones, it is entirely possible that the plants will respond differently as studies which have compared conventional and organic production methods in various crops have shown marked differences in performance and fruit/vegetable quality [10, 13–17]. Even among different types of organic fertilizer, great variability was found in horticultural measures of performance, such as yield and nitrogen uptake [18, 19]. Further, it is unknown how the different organic fertilizer sources can affect the overall fruit quality, thus a question that needs to be answered, particularly given that Bulluck et al. [20] showed that different organic fertilizer sources not only affect crop yield but also modify the physical, chemical, and microbial properties of the soil itself and in turn the quality of fruit [21–24].
Being living systems, fruiting plants also show variability during the course of the growing season, and this variability can greatly affect the quality and health properties of the fruit, as has been shown in several studies. Basiouny [25] found that anthocyanin content and shelf life decreased in later harvest blackberries, and Thompson et al. [26] noted a decline in total soluble solids, total phenolic content, anthocyanin content, and pH as harvest season progressed. While these studies dealt with conventionally grown (CG) berries, more recent studies involving organically produced blackberries have shown that harvest time has a marked effect on total yield, average berry weight, and total soluble solids [24, 27].
Given the focus on perceived health benefits of organically grown produce, it is essential to quantify the bioactive compounds and antioxidant potential of organic blackberry fruit. The former allows the characterization of known compounds which may have been linked to particular health benefits, while the latter attempts to give an overall measure of how well all of the compounds scavenge specific types of free radicals compared with a set standard. Further measurements of antioxidant potential will vary based on the free radical and comparative standard used in the assay, making comparison between different methods difficult. These benefits and drawbacks lead most researchers to perform one or more assays of each type in an attempt to get a better overall grasp of the antioxidant properties, as well as allow for more avenues of comparison with previous studies. Most antioxidant studies involving blackberries have focused on total phenolic compounds and anthocyanins, as blackberries are well known to be high in both, and also often included one or two measures of antioxidant activity [3, 4, 28–30]. Despite the potential effect of fertilizer source on the antioxidant properties of blackberries, there have been no published studies on the subject.
This study aimed to examine the effect of differing organic nitrogen sources and harvest periods on the physicochemical and antioxidant properties of two different organically grown blackberry cultivars at the time of harvest and during refrigerated storage. Specifically, the rates of decay and leakage, berry firmness, sugar profile, total phenolic content, total monomeric anthocyanins, and the overall antioxidant potential were measured and compared using three different methods were measured and compared. It is important to note that this study did not compare organically and conventionally produced fruit, primarily based on the consideration that in order to properly compare organic and conventional fruit, the plants must be grown in the same planting area with replicated treatments. This is extremely difficult if not impossible, as the “organic” could never be certified organic due to the close proximity of the conventional plots and the size of the required buffer zones.
2. Materials and Methods
2.1. Materials
All chemical reagents were analytical grade, except for the ultrapure (<18.2 MΩ cm) water used as a mobile phase in HPLC analysis of sugar profile, which was prepared in situ using a Millipore filtration system (Millipore Corp., Bedford, MA USA).
Two blackberry cultivars, “Obsidian” and “Triple Crown,” were evaluated in this study, chosen for their suitability for the Pacific Northwest fresh market. Specifically, “Obsidian” berries have an early harvest season (mid-June to mid-July), while “Triple Crown” has a later harvest season (mid-August to early September). All berries used in this study were grown on a certified organic farm (Riverbend Organic Farms, Jefferson, OR, USA) in eighteen separate plots (9 plots for each cultivar). Complete details of the growing conditions were described in the recent publication of Fernandez-Salvador et al. [27]. Briefly, all plots were grown using the same management system (e.g., irrigation, pest control scheme, and weed management technique) and were fertilized with one of the three commercial organic fertilizers: processed poultry litter (PPL-“Nutri Rich 4-3-3 Ca 7%,” Stutzman Farms, Canby, OR USA), soy meal (SM-“Phyta-grow leafy green special,” California Organic Fertilizers Inc., Fresno, CA USA), or a blend of fish emulsion and fish hydrolysate (FE-“True 402,” True Organic Products Inc., Helm, CA USA). All fertilizers were applied at the recommended nitrogen rate (56 kg N/he), and distribution of fertilizer treatments was randomized within blocks of three plots.
Berries were hand-harvested three times during the 2012 and 2013 growing seasons (July 6–17 and June 24 to July 9, for “Obsidian” in 2012 and 2013, respectively; August 10–24 and August 1–15 for “Triple Crown” in 2012 and 2013, respectively) for a given cultivar at approximately one week interval and named as “Early Harvest,” “Middle Harvest,” and “Late Harvest,” respectively. Note that depending on the weather conditions (temperature and UV index), the exact harvest date varied year by year. Approximately 16 berries were placed into each hinged polyethylene terephthalate (PETE) clamshell container (Pactiv, LLC, Lake Forest, IL, USA). Individual containers were placed into open-topped cardboard boxes, stored at 4 ± 1°C and 85% RH and sampled at days 0, 2, 4, and 6 and 0, 2, 5, 8, and 10 for “Obsidian” in 2012 and 2013, respectively, and at days 0, 4, 10, and 12 (±1) and 0, 4, 8, 10, and 12 for “Triple Crown” in 2012 and 2013, respectively, with sampling discontinued when more than half of the berries in a given container were found to be decayed. On each sampling day, one randomly determined container from each of the 9 plots was removed from storage.
2.2. Fruit Decay and Leakage
Decay and leakage of fruit were evaluated following the procedures described by Civello et al. [31] with some modifications. Briefly, individual fruits were gently taken out of the clamshell containers and inspected visually for mold growth and/or extensive damage (defined as having <3 ruptured/crushed contiguous drupelets or <5 ruptured/crushed drupelets overall), either of which rendered a berry “decayed.” Nondecayed fruits were tested for leakage by transferring them to a standard “letter size” (215.9 mm × 279.4 mm) sheet of white printer paper and gently rolled, so that all berry surfaces had been exposed to the paper. Juice stains on the paper rendered a fruit “leaking.” Decay rate was calculated as the percentage of berries in a container which were decayed, while leakage was calculated as the percentage of nondecayed berries in a container which were leaking.
2.3. pH and Titratable Acidity
pH and titratable acidity (TA) were determined using the methods from Fisk et al. [32]. Two individual fruits from each clamshell container were used for describing measurements. The fruit was mixed with 9 times of fruit weight of distill water and blended for 1 min using a 12-speed homogenizer (Osterizer, Jarden Corp., Mexico). The mixture was filtered through qualitative filter paper to remove insoluble material. The filtrate was assayed for pH using a pH meter (Corning 125, Corning Science Products, Medfield, MA, USA), TA was determined by titration to an endpoint of pH 8.2 with a standardized 0.1 N aqueous NaOH solution, and values were calculated based on the assumption of malic acid as the predominant acid.
2.4. Fruit Firmness
Five nondecayed berries from each clamshell container were individually measured on each sampling date for firmness using methodology originally developed by Joo et al. [33] with modification to better approximate the conditions of the nondestructive subjective manual test commonly used by growers [34]. Briefly, berries were placed on their side, and the force (in N) required to compress the berry 5% of its total thickness was measured using a texture analyzer (Model TA-XT2, Texture Technologies Corp. Scarsdale, NY, USA) fitted with a 25 kg load cell and a 50 mm cylindrical probe.
2.5. Fruit Extraction for Antioxidant Assays
Four berries were taken from each clamshell container and combined according to treatment group, giving 12 berry samples from each, and rapidly frozen by immersion in liquid nitrogen. Frozen samples were then pulverized under liquid nitrogen using a one-liter blender (Waring Laboratory Science, Torrington, CT, USA) which had been fitted with a specialized lid to allow for pressure release while preventing sample loss.
Samples of pulverized berry powder (15 g) were subjected to a modified ultrasound assisted sequential extraction procedure developed in our laboratory [35]. Briefly, a given sample was extracted first using acidified acetone (0.1 mL/L HCl), then twice with a 3 : 7 of water : acidified acetone solution, with each extraction involving a fixed time ultrasound treatment (90, 300, and 300 s, respectively). After centrifuging, supernatants were decanted and pooled together for partitioning with 150 mL of chloroform, vortexing thoroughly, and centrifuging to separate the two phases for removing any lipophilic components. The aqueous phase was then decanted and evaporated to remove residual organic solvents using a rotary evaporator (Rotovap, Brinkmann Instruments, Westbury, NY, USA). Extract volume was standardized to 150 mL using deionized (DI) water, and 1.5 mL aliquots of the standardized solutions were stored at −80°C until the time of assay.
2.6. Juice Extraction for Sugar Profiling
A modified procedure from Qian [36] was used to prepare aqueous berry extracts. Briefly, ∼35 g of the pulverized berry powder not used for the antioxidant assays were mixed with DI water equal to 1/2 the mass of the sample in a glass jar. Jars were fitted with lids and immersed in a boiling water bath (100°C) for 20 min to inactivate enzymes. The resultant juice/slurry was centrifuged to remove solids and decanted into clean polypropylene bottles for storage at −25°C until the time of assay. Extracts were prepared from berries harvested during the 2012 season only in order to avoid the variation inherent to the first fruiting of blackberries.
2.7. Analysis of Total Phenolic Content (TPC)
TPC was determined using the Folin–Ciocalteu colorimetric method, as described by Singleton et al. [37]. Briefly, aqueous extracts were diluted until their absorbance value was less than 1.2, and 0.5 mL aliquots of this diluted sample were added to tubes containing 7.5 mL of DI water and 0.5 mL of Folin–Ciocalteu reagent. After vortexing to mix, solutions were allowed to react for 10 min before the addition of 3 mL of 20% sodium carbonate solution. The resultant mixture was vortexed and then placed into a 40°C water bath for 20 min. Following the heat treatment, samples were plunged into a 0°C ice/water bath until they were at or below room temperature. Absorbance of the samples at 765 nm was measured using a spectrophotometer (Model UV160U, Shimadzu Corporation, Kyoto, Japan). These values were used to calculate gallic acid equivalents based upon the equation of a standard curve prepared the same day using solutions of gallic acid (0, 150, 200, and 250 ppm). Assays were performed in triplicate, and values were reported as mg gallic acid equivalents (GAE)/g fresh weight (FW).
2.8. Analysis of Radical Scavenging Activity (RSA)
The refined colorimetric assay method relying on the reduction of the stable free radical 2,2-diphenyl-1-picryhydrazyl (DPPH) [38] was used to determine RSA. Briefly, 1.5 mL of freshly prepared DPPH solution in methanol (0.09 mg/mL) was added to disposable cuvettes containing 0.75 mL of diluted fruit extract, mixed, and allowed to react at room temperature for 5 min. Absorbance at 517 nm was measured and used to calculate ascorbic acid equivalents (AAE) based upon the equation of a standard curve prepared the same day using ascorbic acid solutions (0, 100, 200, 300, and 400 ppm). Assays were performed in triplicate, and values were reported as mg AAE/g FW.
2.9. Analysis of Total Monomeric Anthocyanins (TMA)
The spectrophotometric method based upon pH-induced changes in absorbance (Giusti and Wrolstad [39]) was used to assay TMA. Briefly, for each sample, aliquots of extract were placed into two disposable cuvettes, diluted with either a standardized sodium acetate buffer (pH 4.5) or a standardized potassium chloride buffer (pH 1.0), and allowed to equilibrate for at least 15 min at room temperature. Optical absorbance was measured at both 510 nm and 700 nm, with the former value being selected based upon the predominant anthocyanin in blackberries, cyanidin-3-glucoside [28, 29]. Absorbance values were then used to calculate concentration of monomeric anthocyanins (expressed as mg TMA/g FW) in the fruit using the Beer–Lambert–Bouguer law according to the following equation:where DF is the dilution factor and each extract was assayed three times.
2.10. Oxygen Radical Absorbance Capacity (ORAC)
ORAC was measured using the fluorescent method described by Cao et al. [40] which had been adapted for use in a 96-well microplate fluorometer (SpectraMax Gemini XS, Molecular Devices, Foster City, CA, USA). Briefly, three 30 μL aliquots of each extract (diluted as necessary) were dispensed into the wells of a prewarmed microtiter plate along with 200 μL of a prewarmed β-phycoerythrin solution (6.65 μg/ml in phosphate-buffered saline, pH 7.4). Microtiter plates were incubated at 37°C for 1 h, after which 70 μL of 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH) was added to initiate the reaction. Fluorescence of β-phycoerythrin was induced by excitation at 485 nm and was measured at 585 nm every 2 min for 2 h. Proprietary software (SoftMax Pro 5.4.5, Molecular Devices, LLC, USA) was used to calculate the antioxidant capacity based upon positive changes to the area under the curve as compared to curves generated using a series of standardized Trolox solutions (0, 10, 20, or 40 μmol/L). Results were expressed as μmol Trolox equivalent (TE)/g FW.
2.11. Ferric Reducing Antioxidant Power (FRAP)
FRAP was assayed using the automated colorimetric method developed by Benzie and Strain [41]. Duplicate aliquots of 40 μL were taken from each extract and dispensed into the wells of a prewarmed microtiter plate along with 300 μL of prewarmed FRAP reagent (a mixture of 83% 300 mmol/L acetate buffer, 3.5% 10 mmol/L tri(2-pyridyl)-s-triazine, and 3.5% 20 mmol/L iron (III) chloride). Plates were incubated at 37°C for 15 min and then measured for absorbance at 550 nm using a microplate absorbance reader (SpectraMax 190, Molecular Devices, Foster City, CA). Proprietary software (SoftMax Pro 5.4.5, Molecular Devices, LLC, USA) was used to calculate antioxidant power from the measured absorbance values based upon a standard curve generated from a series of standardized Trolox solutions (0, 62.5, 125, 250, or 500 mmol/L Trolox). Values were reported as μmol Trolox equivalent (TE)/g FW.
2.12. Analysis of Sugar Profile
A high-pressure liquid chromatography (HPLC) system, consisting of a quaternary pump, solvent degasser, autosampler, column heater, and refractive index detector (Series 1200, Agilent Technologies, Santa Clara, CA, USA), was fitted with a 300 mm × 7 mm ligand exchange column (particle size 8 μm), and an appropriate guard column (Hi-PLex pB, Varian, Inc., Palo Alto, CA, USA) was used to determine the sugar profile of the fruit according to the method of Cavender et al. [42]. All samples were assayed in triplicate, and the concentrations of the three major sugars (fructose, sucrose, and glucose) were calculated based upon standard curves constructed using a series of pure sugar solutions (0.9375, 1.875, 3.75, and 7.5 g/100 mL of each).
2.13. Experimental Design and Statistical Analysis
A completely randomized design was employed in this study with the principle effects being fertilizer treatment and harvest date. Data were analyzed for statistical significance via multiway analysis of variance (ANOVA) with least significant difference (LSD) post hoc testing as appropriate, using statistical software (SAS v9.2, the SAS Institute, Cary, NC, USA). Results were considered to be different if  value < 0.05.
3. Results and Discussion
3.1. Fruit Decay and Leakage
For both decay and leakage, fertilizer types had no significant influence on the measures, but harvest date did. Figures 1 and 2 present the mean measures across all three fertilizer treatments for the 2012 and 2013 harvest, respectively. Decay rates for the two cultivars ranged 5.56–54.86% in 2012 and 0.74–46.89% in 2013, with “Triple Crown” having higher decay rate in 2012 and “Obsidian” having higher decay rate in 2013; though in the former case, it should be noted that the “Triple Crown” storage time was twice as long as the “Obsidian.” Examining the effect of storage time on decay showed decay rates tending to increase with prolonged storage, which was fairly predictable, given that the decay of blackberries is usually caused by fungal growth, and Botrytis cinerea, the primary fungal disease of ripe blackberry fruit, can continuously grow at low temperatures [33, 43].
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(b)
Figure 1: Effects of harvest date and refrigerated storage on the decay and leakage rate of two blackberry cultivars: “Obsidian” (a) and “Triple Crown” (b), 2012 harvest.
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(b)
Figure 2: Effects of harvest date and refrigerated storage on the decay and leakage rate of two blackberry cultivars: “Obsidian” (a) and “Triple Crown” (b), 2013 harvest.


Leakage rates remained more flat, ranging 27.08–72.34% in 2012, and 40.77–89.63% in 2013, with the data for a given storage time/harvest date showing great variability, and “Triple Crown” tending to have slightly higher leakage rates in both years. Harvest date also contributed to the differences in the two measures, though its effect varied greatly between cultivars and harvest years. This variability can be explained by differences in weather conditions at the time of fruit harvest which can directly impact fruit ripeness, mold growth, and some other physicochemical properties. In particular, rain during or immediately prior to harvest can result in significant fruit decay due to favorable mold growth conditions, and high temperature and high UV index may result in advanced ripening which leads to loss of firmness and greater fruit leakage [44, 45].
“Obsidian” and “Triple Crown” have about one month harvest period in June-July and August-September, respectively [46]. In order to maintain the uniform quality of fruit for fresh market, the growers usually picked up fruit at 2∼3 different times during the harvest season [32]. Based on the results obtained in this study, according to USDA standards of grades on blackberries (United States Department of Agriculture (1928)), organically grown “Obsidian” berries are marketable for roughly 2 d, while “Triple Crown” berries remain so for about 4 d. These values are reasonable compared with other commercial varieties, as Perkins-Veazie et al. [45] reported decay rate exceeded 35% after 7 days in the “Cheyenne” and “Shawnee” cultivars. However, later work by the same group highlights the natural year-to-year variability of such measures, showing decay rates less than 12% decay after 7 d of refrigerated storage for “Shawnee” [47].
3.2. pH and Titratable Acidity of Fruit
Overall, the pH values of both cultivars were within the range reported for eleven conventionally grown blackberry cultivars [48]. Still, within these values, there was variability based on harvest year, cultivar, harvest time, and storage. In 2012, while no significant difference in pH between the two cultivars was observed and no significant change was seen due to storage, TA values showed more variation. Specifically, in the initial (day 0) TA values, “Obsidian” had higher levels than “Triple Crown,” and the TA values of early and late harvest fruit of both cultivars decreased during storage. Further, for “Obsidian,” harvest date affected both TA and pH in 2012, with early harvest fruits showing significantly lower pH and higher TA than middle harvest fruits. “Triple Crown” showed higher initial pH in the late harvest fruits compared with the early harvest, but these differences vanished during storage, while the pH of early and middle harvest fruits increased 5.72% and 6.85%, respectively, during the 12 d of storage. Similar trends were seen in the TA values for “Triple Crown” for that year.
The fruit from the 2013 harvest followed a different pattern of trends, with “Obsidian” having higher initial (day 0) pH and TA than “Triple Crown.” Unlike the 2012 harvest year, in 2013, “Obsidian” berries from the three harvests showed no significant difference in either initial pH or TA, but after 10 d of storage, TA of early harvest “Obsidian” fruits was slightly higher than those of the late harvest (1.30% vs. 1.06%). Within a given harvest, storage time had a limited effect as well, with pH of early harvest fruit decreasing and TA increasing after 10 d of storage, and the late harvest fruit undergoing a slight (∼2.97%) increase in TA during the first 5 d of storage, but not thereafter. TA of the middle harvest fruit also decreased significantly at 10 d of storage, going from 0.96 to 0.67%. For the “Triple Crown” fruit, the initial pH of the middle harvest was significantly higher than that early and late harvest one at the harvest, but the late harvest fruit showed significantly higher initial TA than the fruit from other two harvest dates. Storage also had some effects, with the late and middle harvest fruit undergoing significant increases (16% and 17.1%, respectively) over the 12 d of storage, which was also accompanied by a more profound decrease in TA (29.38% and 23.02%, respectively).
As it is well known that fruit metabolism consumes starch and acid during postharvest storage, leading to increases in pH and decreases in TA [49, 50], our results are hardly surprising. Both “Obsidian” and “Triple Crown” cultivars showed decrease in TA during storage, which was also reported in other conventionally grown blackberry cultivars [33, 47]. Perkins-Veazie et al. [45] reported that TA decreases 60% between mottled and shiny black stage and decreases 40% between shiny and dull black stage. We might conclude that the high TA value in our study for the early harvest fruit is due to the less ripe of the fruit that the acids inside the fruit have not been converted to sugar compounds yet. Woods et al. [51] reported pH increase of conventionally grown “Triple Crown” and other cultivars during storage, probably owning to the binding of pectin from the fruit cell wall to polyphenols [52].
3.3. Fruit Firmness
No significant differences in firmness were seen between berries grown with different fertilizer types, but differences were seen among the different harvest dates in both years. Figure 3 presents the mean values across all three fertilizer types. In general, “Obsidian” fruits were firmer than “Triple crown” during both harvest years, with initial values of the former ranging 1.28–2.23 N in 2012 and 0.84–0.99 N in 2013, while the initial values of the latter ranged 1.06–1.90 N and 0.65–0.87 N in the same years. In general, these values were consistent with those reported in previous works on conventional berries [33, 53, 54]. Further, the differences between the two were not surprising, given that trailing cultivars like “Obsidian” typically produce firmer fruit than semierect cultivars like “Triple Crown” [46].
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(b)
Figure 3: Effect of different harvest date and refrigerated storage on the firmness of two blackberry cultivars: “Obsidian” and “Triple Crown” at 2012 and 2013 harvest.


Comparing harvest years, in both cultivars, the fruits from the 2012 harvest were firmer than those harvested in 2013, and the effect of storage showed variation among the two cultivars and harvest years, with most experiencing the expected stability or decline during storage, but some, specifically early and middle harvest “Obsidian,” seeing increases in firmness by 4 d of storage. While this effect was present in both harvest years, it was more pronounced (but also had greater variation) in 2012. These variations in firmness were likely due to the variance of ripeness between individual berries, as the less ripe fruit is typically firmer than that of the ripe or overripe fruit [45].
Fruit softening, one of the more important factors of postharvest deterioration, involves a series of physiological and biochemical changes resulting in cell wall hydrolysis and pectin degradation [49, 5556]. While these changes tend to result in softer fruit, it is possible that enzymatic transformations of cell wall pectin and the bonding of calcium to pectic acid polymers could potentially lead to some amount of fruit hardening during storage [53]. While this might explain the increase in hardness observed in the 2012 early and middle harvests of the “Obsidian” fruit, which increased reached peak firmness after 2–4 d of storage, it also may have a simpler explanation, namely, that berries become more fragile as they ripen, increasing their risk of microbial spoilage. Thus, the berries which were the softest at harvest may have become decayed by day 2 or day 4, excluding them from firmness testing.
The variations are seen in the 2012 “Triple Crown” harvest, specifically the lack of significant change in firmness for the middle harvest fruit and greater firmness in the late harvest fruit compared with the early and middle harvest is likely the result of environmental/weather concerns, as the fruits developed during a period of elevated temperature and UV index. These conditions likely lead to physical damage to the fruits. The effects of the environment appear again during the 2013 harvest, where a period of elevated temperatures likely resulted in the lower firmness levels seen in the late harvest “Obsidian” fruit, compared with the early and middle harvest.
Unlike the 2013 “Obsidian” cultivar, the “Triple Crown” fruit from the 2013 early harvest showed significantly higher initial firmness than the late harvest fruit, again, likely due to the degree of berry ripeness. Firmness also decreased significantly during storage, with the firmness of the middle harvest fruit decreasing by 23.87% and that of the early harvest by 22.92% after 10–12 d of storage. These decreases in firmness generally agreed with the findings of Perkins-Veazie et al. [54] that commercially grown (CG) “Navaho” blackberries lost 36% firmness during refrigerated storage and Joo et al. [33] that CG “Chester” blackberries underwent a 35% decrease in firmness after 12 d of refrigerated storage.
3.4. Sugar Profiles
Figures 4 and 5 illustrate the sugar profiles of fruit from the 2012 harvest during refrigerated storage for “Obsidian” and “Triple Crown,” respectively. The observed effects of fertilizer on total sugar content varied depending on cultivar, with “Obsidian,” initial total sugar content ranged from 14.7 to 18.7 g/100 g FW and “Obsidian” fertilized with SM having the highest initial values in the early and middle harvests, and those fertilized with PPL having the highest in the late harvest, with SM fertilized berries having the highest values in the early and middle harvests, and PPL ones having the highest in the late harvest. Overall, the “Triple Crown” fruit had higher initial total sugar content than that of “Obsidian,” ranging from 22.14 to 28.41 g/100g FW, with SM fertilized berries again having the highest values in the middle harvest, and PPL and FE fertilized fruits having the highest values in the early and late harvest, respectively. These fertilizer effects were hardly surprising, given that the three regimens likely have different rates of nitrogen release/absorption, and multiple studies have shown a relationship between available nitrogen and fruit sugars in diverse fruits such as strawberries, tomatoes, chokeberries, dates, and grapes, as well as potential influence of other trace minerals [57–61].


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
