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NMR metabolomics as a
complementary tool to brix-acid
tests for navel orange quality
control of long-term cold storage

Keeton H. Montgomery?, Aya Elhabashy', Maria Del Carmen Reynoso Rivas', Gurreet Brar? &
V. V. Krishnan®3**

Quiality control plays a crucial role in maintaining the reputation of agricultural organizations by
ensuring that their products meet the expected standards and preventing any loss during the
packaging process. A significant responsibility of quality control is conducting periodic product
assessments. However, subjective interpretation during physical inspections of fruits can lead to
variability in reporting. To counter this, assessing total soluble solids (Brix) and percent acidity (Acid)
can provide a more objective approach. Nevertheless, it is essential to note that many fruit metabolites
can impact these parameters. Nuclear magnetic resonance (NMR) spectroscopy, particularly *H-NMR,
has become a popular tool for quality control in recent years due to its precision, sample preservation,
and high throughput analysis. This manuscript investigates if the standard Brix/Acid tests are

directly related to the levels of metabolites during cold storage. Using citrus as the model system, a
metabolomics analysis was conducted to identify patterns in the cold storage metabolite profiles of
the juice, albedo, and flavedo tissues. The results show that Brix (or total dissolved solids) correlates
well with sucrose, glucose, and fructose levels and moderately with choline levels. Acid (percent
acidity) levels displayed a negative correlation with both fructose and choline levels. Interestingly,
the formate levels were susceptible to storage time and directly related to Acid measurements. This
study suggests metabolomics could be a complementary technique to quality control of fruits in cold
storage, especially with cost-effective desktop NMR spectrometers.
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Citrus fruit is a major agricultural contributor, producing over 47 million tons of fresh fruit in 2022, with the
United States producing 3.6 million tons!. Citrus farmers and production plants lose yield yearly due to pre- and
postharvest conditions such as citrus greening disease, insect damage, infestation by postharvest pathogens, and
physiological disorders that manifest on the fruit during long-term cold storage?-. Pack houses must implement
quality control practices to prevent sending fruits with these defects to the market’. Ideally, fruits are processed,
packaged, and shipped to the market as soon as they arrive at the pack-house after harvest. Due to factors such as
processing line thresholds, storage availability, logistical thresholds, and market conditions, fruit can remain in
cold storage for an indefinite time before it reaches the market®’. For this reason, packhouses carefully monitor
the quality of products in cold storage to ensure the market receives products of optimal quality. This ensures that
pack-houses maintain their reputation with consumers, maximizing profit margins for future harvest seasons.

Traditional, non-invasive quality control methods include a physical inspection of the fruit and the
quantification of decay. Still, many of these methods are subjective and will vary between individual inspectors®.
A more objective and repeatable approach to quality control is the assessment of Brix, which accounts for the
total soluble solids (TSS) in the juice and the percent of Acid in the juice®.

These assessments are commonly used in the field to determine the optimal window for harvest, but they
can also be used in the pack-house to assess quality for long-term storage of fruits>®. Brix, or TSS, in fruit
accounts for all metabolites soluble in aqueous media, including glucose, sucrose, fructose, myo-inositol, amino
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acids, organic acids, nucleotides, and many other water-soluble metabolites such as trigonelline, synephrine,
and choline®’. Brix is commonly measured by determining the specific gravity of citrus juice or by measuring
the refractive index of the juice using a portable refractometer’. As citrus fruit matures on the tree, carbohydrate
levels in the juice are expected to increase, increasing Brix. Measuring the percentage of acids in citrus juice is
typically achieved via sodium hydroxide titration using phenolphthalein as an indicator®. The citrus industry
reports the titration results as the percentage of citric acid, the most abundant acid in citrus juice, but other
organic acids in the juice, such as ascorbic acid, succinic acid, malic acid, formic acid, and acidic amino acids
will influence the titration results. As citrus fruit matures on the tree, citric acid levels typically decrease, and
reported levels of percentage acid should also be reduced®. These general trends are expected as fruit matures on
the tree. However, what happens to TSS and Acid levels after the fruit is harvested depends on factors such as
storage conditions and commodity type!°.

Since Brix and Acid measurements are essentially a total measurement of all metabolites within their
respective category, assessing these parameters could lead to ambiguity. Citrus commodities can contain distinct
metabolites that serve as specific maturity indices while the fruit is stored. For instance, Kim et al. evaluated
Satsuma mandarins at five different maturity phases for three and a half months and found differential trends
for various amino acid levels'!. However, in this study, the fruits remained on the tree and were monitored
immediately after harvest throughout their respective season. Sun et al. stored Hirado-Buntan Pummelo fruit
for 132 days at ambient conditions, assessing carbohydrates, organic acids, and amino acids during storage. A
general downward trend of citric acid, malic acid, and carbohydrates was observed during storage!2. However,
not all citrus commodities will have the same storage parameters, with most requiring cold storage conditions'>.
Tang et al., stored Powell oranges for 60 days at ambient and cold storage conditions. However, there was little
change in the metabolite composition of the cold-storage fruit'’. Several other metabolomics temporal studies
have been performed on citrus fruit, but the objectives of these studies were to determine metabolic changes
induced by commercially practiced treatments'>~17.

As most citrus metabolomics studies aimed to gain insight into physiological changes in the fruit under
various conditions, several studies have attempted to use metabolomics for citrus quality control assessment!3-20.
In particular, "H Nuclear Magnetic Resonance (NMR) spectroscopy has gained attention as a tool to monitor
food quality in recent years*!. NMR spectroscopy is a high throughput, non-destructive, and precise analytical
technique, making it a viable tool for quality control assessment??. It has been demonstrated that NMR
spectroscopy can be used as a quality control tool for other food and beverage products besides citrus, such as
wine, extra virgin olive oil, coffee, and beer?*~?’.

Navel oranges are seeded, sweet oranges that are easy to juice and have a growing popularity’®?. In this
work, we utilized "H NMR spectroscopy to identify specific metabolomic trends associated with the maturity
of Navel oranges in cold storage. In particular, the focus is to determine metabolites that correlate with the
Brix or Acid measurements and investigate complementary 'H NMR-based metabolomics measurements. The
rind of the fruit (flavedo and albedo tissues) and the juice were analyzed via NMR spectroscopy. At the same
time, the assessment of Brix and Acid was also performed on the fluid for comparison. Our results indicate
that time-dependent variation of formate negatively correlates with Brix (correlation coefficient -0.91) while
correlates positively with total percentage of Acid (correlation coeflicient 0.79). We also identified that in the
case of the juice sample, the time-dependent variations of Brix show expected positive correlations with fructose
(correlation coefficient 0.89), glucose (0.87), and sucrose (0.83), with additional moderate correlations with
choline (0.76), trigonelline (0.75) and myo-inositol (0.77). These results broadly indicate the feasibility and the
potential of metabolite profiles that could be used as an alternate approach to investigate fruit quality.

Results/discussion
Time-dependent metabolomics changes due to cold storage
Twenty-four metabolites were identified, entailing four carbohydrates, eleven amino acids, five organic acids,
and four other molecules. Figure 1 shows the overall time-dependent variations in the concentrations of the
metabolites for the juice (Fig. la), albedo tissue (Fig. 1b), and flavedo tissue (Fig. 1c). Tables S1, S2, and S3
contain metabolite concentration data collected for the juice, flavedo, and albedo samples. The clustering of
metabolites does not generate a notable trend in a collection of grouped metabolites. Figure S1 shows the
representative examples of the 'H NMR spectra of juice (Sla), albedo (S1b), and flavedo (S1c) samples, along
with the peak identification of the metabolites. The experimental design includes five replicate measurements
in each condition to ensure reproducibility. A correlation analysis of the replicates indicates a correlation
coefficient > 0.97 (representative analysis of juice, albedo, and flavedo samples, supporting information Fig. S2).
Principal Component Analysis (PCA) plots generated from the time-dependent (weeks) metabolite data of the
juice, flavedo, and albedo can be depicted in Figs. S3a, S3b, and S3c. For every tissue, cluster overlap exists
between the controls and the first three weeks of data. Still, the clusters for weeks 4, 5, and 6 are distinct from
those of the controls, indicating a shift in the metabolite composition during the fourth week of storage. The
hierarchical clustering (Fig. 1) typically shows two major metabolite clusters (vertical bars) in juice, albedo, and
flavedo samples. However, the metabolites within these clusters are not the same across the different samples.
The discriminate analysis does not show a group of metabolites having a specific trend with increasing time
at the cold storage (Figs. 1 and S3). As a next step, particular metabolites that are differentially altered due
to cold storage with reference to the 0" week (as control) are evaluated using a multivariate approach. For
each of the sample conditions (juice, albedo, or flavedo), a metabolite is considered altered significantly if the
|fold-change| (> 1.5) and FDR-adjusted p-value (<0.05). Due to cold storage, five metabolites (formate, glucose,
alanine, myo-inositol, and fructose) are differentially altered in juice or tissue samples (Fig. 2). Formate tends
to be a metabolite showing significant variations in juice and flavedo samples (vide infra). The variation in the
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Fig. 1. Week-dependent distribution of detected metabolite concentrations. Hierarchical clustering of the
citrus metabolites shown as a heatmap for the (a) juice, (b) albedo tissues, and (c) flavedo tissues. Metabolite
concentrates are clustered on a Euclidean distance metric, and the final concentrations (mM) are scaled for
visual presentation. The two major clusters in each plot are shown as vertical bars on the left.
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Fig. 2. Metabolomic profiles due to cold storage. Metabolites that show significant alteration in the cold
storage in at least one of the samples (juice or tissues albedo/flavedo) or during the weeks in cold storage.

The box-whisker plots for the metabolites formate, glucose, alanine, myo-inositol, and fructose (rows) are
plotted in juice, albedo, and flavedo (columns). A spline fit as a function of weeks is shown to visualize a trend.
Metabolites that show significant changes (|fold-change|> 1.5 and p.value < 0.05) with respect to the week zero
(w0) are marked with *’
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levels of alanine is notable in the cold storage of the juice (Fig. 2c). Myo-inositol and fructose show significant
differences with the number of weeks in the cold storage but do not show many alterations in the juice samples.

Differential alterations of metabolites due to cold storage.

Juice samples

Figure 3 and Table S4 present the weekly Brix and percent Acid data. As expected for citrus fruit maturing on
the tree, the stored fruit showed an increasing trend for Brix levels and a decreasing trend for percent Acids.
However, based on the statistical analysis conducted with respect to the start of the experiments (w0), the
fold changes in either Brix or Acid are insignificant. Organic acids, mainly citric and malic acids, dominate
the contributions to the Acid measurements®. As sensitive HPLC measurements are needed to differentiate
the various organic acids in the fruit sample, no additional measurements were performed to distinguish the
different organic acids®’. The concentrations of glucose, fructose, and myo-inositol (Fig. 2) did increase during
storage, which supports the analysis of Brix (Fig. 3). However, the percent Acid values reported are based upon
percent citric acid calculations determined from titration results, similar to the industrial protocol. Given the
juice metabolite data, there was a minor change in weekly citrate concentrations, with a slightly increasing trend.
Considering that titration results are governed by the initial sample pH, pKa values of organic acids and bases
in solution, and the concentration of these species, reporting percent Acids as percent citric acid can lead to
ambiguity.

The most notable trend observed in the juice was formate (Fig. 2a). Formate levels dropped drastically during
the first three weeks, and concentrations remained constant at around 0.1 mM for the two weeks after. During
the sixth week of storage, the levels of formate tripled, which was entirely unexpected. To our knowledge, the role
of formate in citrus has not been thoroughly explored. However, the part of formate in higher plants includes
the synthesis of purines and several amino acids***. The weekly data of adenosine, a purine, for the juice,
flavedo, and albedo samples are shown in Fig. S4. The trend in adenosine concentrations increased weekly,
but there was a drop in concentration during the sixth week of storage. Although the variability for weekly
adenosine concentrations was much higher than that of formate, this general trend may explain the observed
formate levels. However, the origin of formate during the sixth week of storage is unclear. To our knowledge, the
synthesis of formate in citrus fruit has not been thoroughly explored. Still, it has been proposed to be a glycolysis
product in potato tubers, similar to many bacteria species***°. Although glucose levels did not drop during the
fifth week of storage, there was a decrease in sucrose concentrations, which supports this observation (Fig. 2b, g
and |; and Tables S1-S3).

Tissue samples (albedo and flavedo)

Several notable trends were observed in the albedo and flavedo tissues; glucose, fructose, and myo-inositol
concentrations increased weekly for the albedo tissue. In contrast, the sucrose levels decreased, similar to the
findings of Tang’s assessment of Powell oranges (Fig. 2)'*. These observations imply that sucrose was hydrolyzed
during storage. Concentrations of isoleucine, leucine, valine, and all branch-chained non-polar amino acids also
had a weekly upward trend in the albedo (Fig. 4a-c) and flavedo tissues (Fig. 4e—g). These amino acids have
been demonstrated to have many biological functions in plant tissues, such as providing drought resistance,
accumulation during abiotic stress, and supporting plant growth®-38. As the fruit remains in cold storage,
these amino acids may accumulate in response to the inevitable water loss. However, all three amino acids
accumulated the highest concentration during the fourth week of storage, followed by a drop in concentration
during the fifth week.
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Fig. 3. Weekly changes in the Brix and Acid measurements in cold storage. Variation in the Brix (a) and Acid
(b) measurements as a function of the number of weeks in the cold. The box-whisker plots and a spline fit as a
function of weeks are shown to visualize a trend.
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Fig. 4. Metabolomic profiles due to cold storage for albedo and flavedo tissues. Time-dependent trends of
metabolites in albedo and flavedo during the weeks in cold storage. The box-whisker plots for the metabolites
isoleucine, leucine, valine, and GABA (rows) are plotted for albedo and flavedo tissues (columns). A spline fit
as a function of weeks is shown to visualize a trend.

Several metabolic trends in the flavedo tissue were noticed as well. The levels of glucose, fructose, and myo-
inositol increased. In contrast, the levels of sucrose decreased, just as was observed in the albedo tissue (Fig. 2).
The metabolite 4-aminobutyrate (GABA) levels decreased during the first week of storage in both albedo
(Fig. 4d) and flavedo tissues (Fig. 4h), as the accumulation of GABA is usually associated with plant stress®.
Cercos and Lourkisti reported decreased levels of GABA on mature mandarins ripening on trees compared to
fruit harvested earlier in the season; however, the fruit was analyzed immediately after harvest and was not kept
in cold storage!®!l. Cercés also reported constant levels of glutamate, suggesting the activation of the GABA
shunt during acid catabolism*’. Although our analysis did not detect glutamate, citrate levels decreased during
the first week of storage (Tables S1-S4), indicating the activation of the GABA shunt and an explanation for the
observed levels of GABA. Aspartate levels in the flavedo also had an interesting trend (Tables S1-S4). Isoleucine,
which can protect against dehydration, can be produced in the aspartate pathway*”*2. Although observed levels
of isoleucine in the flavedo did not correlate with aspartate levels, isoleucine in the albedo tissue did have a
weekly upward trend.

Correlation of Brix-Acid tests and metabolite time dependence.

Though Brix and Acid tests are considered standard in the postharvest industry, a correlation analysis is
performed on how each metabolite’s time-dependent cold storage profile relates to the Brix and Acid profile.
This approach provides a means to quantify the similarity between the time-dependent trends of the various
metabolites. In particular, the focus of the analysis is to identify metabolites that have a profile similar to the
profiles of Brix or Acid tests. Figure 5 shows the correlation plot of the various metabolites, including Brix/Acid
measurements. A correlation matrix for the albedo and flavedo is shown in the supporting material (Fig. S5).
The correlation matrix was further subjected to hierarchical clustering to identify the ground of metabolites with
time-dependent cold storage trends. The correlation coefficients were estimated using the Pearson metric, and
the hierarchical clustering of the coeflicients was performed with an Euclidean distance.

As expected, Brix measurement has a positive association with the sugars with a high correlation coefficient
and low p-value: fructose (correlation coeflicient: 0.89, p-value: 0.01), glucose (0.87, 0.02), and sucrose (0.83,
0.04). These correlations are shown as yellow squares in Fig. 5. Brix measurements also correlate with a moderate
correlation with myo-inositol (0.77, 0.07), trigonelline (0.75, 0.08), and choline (0.76, 0.08); shown as dotted
squares (Fig. 5). Brix measurements show a negative correlation of — 0.91 (p-value 0.01) with the formate
variation with time in the cold storage. The Acid measurements (shown as green squares of Fig. 5) show positive
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Fig. 5. Correlation between Brix/Acid and metabolites: Heatmap depicts the correlation (Pearson) of the
time-dependent variation of the Brix and Acid tests and the NMR-measured metabolites. The dendrograms
(hierarchical clustering by Euclidean distance) identify sub-groups of correlated measurements. Metabolites
that have a positive or negative correlation with Brix are shown as yellow squares, and with Acid are shown as
green squares. Continuous lines have correlation coefficients > 0.8 and p-values < 0.05, while the dashed lines
0.7 < correlation coeflicient < 0.8 and 0.05 < p-values <0.1.
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correlations with formate (0.79, 0.06) and a negative correlation with choline (— 0.72, 0.10). Interestingly, formate
shows a positive correlation with Acid (0.79, 0.06) and a negative correlation with Brix (— 0.91, 0.01). On the
other hand, choline, which shows a negative correlation with Acid (0.72, 0.10), offers a positive correlation
with Brix (0.76, 0.08). The role of formate was discussed previously (Fig. 2). Though the correlation of choline,
a water-soluble vitamin, is moderate, it emerges as a potential metabolite as it directly correlates with Brix and
inversely with Acid—a trend opposite to formate.

Conclusion
Postharvest chilling injury is a common issue affecting many citrus species. It occurs when fruits are exposed to
low temperatures during transportation and storage, leading to physiological and biochemical changes**~*°. This
can result in symptoms such as pitting, decay, and off-flavors, impacting the quality and shelf life of the fruit.
Despite being a challenge for the industry, efforts are continually made to develop strategies to minimize chilling
injury and ensure that consumers receive high-quality citrus fruits.

Refrigeration is commonly used to prolong the shelf life of fruits®’, but it can also cause chilling injury
in certain fruits and vegetables'’. Citrus fruits are known for tolerating these conditions, making them good
candidates for storage®!. Although techniques like hot water or molybdenum dips have been proposed to reduce
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postharvest chilling injury, they may also adversely affect the quality and shelf life of fruits and vegetables®2. This
study demonstrates the effectiveness of the metabolomics technique using cold storage of citrus as an example.

To investigate biomarkers that may serve as complementary to industrial standards of Brix and Acid
measurements, this study identifies several metabolites that may serve the purpose. In particular, formate
emerges as a sensitive metabolite that could be used as an indicator for cold storage quality marker of citrus. In
addition to showing significant alterations in its levels, a correlation analysis suggests that the levels are inversely
related to Brix measurements and connect directly to the Acid measurements. A similar differential trend for
choline (directly associated with Brix but inversely to Acid) is also noted. NMR spectroscopy has not been widely
used for postharvest examinations of fruits, especially citrus fruits. However, this study shows the potential for
NMR techniques to be considered as a supplementary tool in these investigations.

Several metabolic trends were observed for each tissue, namely the flavedo and albedo tissues. However,
the reader should be advised not to assume the same trends will be monitored for other citrus varieties under
the same experimental conditions*, and additional experiments must be warranted. Even fruit of the same
array harvested from different geographic regions can be expected to have distinct metabolic profiles®. Other
factors that can cause variability in metabolic profiles include harvest year, rootstock, and underlying abiotic
stresses!>>>4. Further experiments involving genomic or proteomic studies are needed to understand the
biochemical pathways responsible for the observed changes in the metabolite levels. Nonetheless, we have
demonstrated that NMR Spectroscopy can be utilized as a tool to identify specific metabolic trends of Navel
fruit in cold storage.

Material and methods
Chemicals and reagents
All chemicals, reagents, and supplies were purchased from Fisher Scientific.

Plant materials

Navel Fruit of comparable size and color were harvested in May of 2022 from Fresno State Orchards (with
permission as one of the authors in the plant sciences department that maintains the orchard). The fruits were
stored at 5 °C for 6 weeks after harvest. Five fruit replicates were processed for analysis on the initial harvest date
and once a week for six weeks after harvest. Once the fruits are removed from the storage, all the samples are
prepared for the analysis within 12 hours.

Sample preparation

Sample preparation was adapted from Slisz and Kim with some modifications®>>.

Juice samples

50 mL of juice from each replicate was collected, and the pulp was removed using a kitchen strainer. 4 mL of the
strained juice was transferred to 3 kDa molecular weight cutoff filters; then, the samples were centrifuged for
30 min at 18,000 g and 20 °C. 1 mL of the filtrate was transferred to 1.5 mL Eppendorf tubes with a 1 mm hole
drilled on the cap for solvent sublimation during lyophilization. The samples were then frozen and lyophilized
for 48 h. Samples were suspended in 700 uL of D,O buffer solution containing 90 mM KH,PO,, 0.2 mM
imidazole (IMZ), and 0.05 mM sodium 3-trimethylsilyl [2,2,3,3, d4] propionate (TSP) with the pH adjusted to
6.8. Samples were vortexed for 20 s and then centrifuged for 30 min at 18,000 g. 600 L of the supernatant was
then transferred to 5 mm NMR tubes.

Tissue samples

From each replicate, 1.0 g of both the albedo and flavedo tissues were separated using sterile scalpels. Samples
were finely ground with a mortar and pestle with liquid nitrogen. 250 mg of the ground tissue was transferred
to 5 mL Eppendorf tubes. 3 mL of reagent-grade methanol was added to the Eppendorf tubes, and the samples
were sonicated for 10 min. The samples were centrifuged for 30 min at 18,000 g and 20 °C. The supernatant was
transferred to clean 5 mL Eppendorf tubes, and the methanol evaporated for 48 h in a fume hood. The samples
were lyophilized for 48 h to remove any remaining solvent. After lyophilization, samples were suspended in
700 uL of D,0 buffer solution containing 90 mM KH,PO,, 0.2 mM imidazole (IMZ), and 0.05 mM sodium
3-trimethylsilyl [2,2,3,3, d4] propionate (TSP) with the pH adjusted to 6.8. After vortexing each sample for 20s,
the samples were centrifuged for 30 min at 18,000 g and 20 °C. 600 pL of the supernatant was then transferred
to 5 mm NMR tubes.

Brix and acid assessment
The remaining strained juice was used to determine each sample’s Brix and percent Acid values. The juice density
in g/mL was determined by finding the weight of 10 mL of juice using a 10 mL volumetric flask. The density
of the juice was divided by the density of water to obtain the specific gravity of the juice. The Brix of the juice
was determined by utilizing a linear regression formula generated from the linear relationship between specific
gravity and Brix®°.

The percent Acid levels were determined via acid/base titration using NaOH as the titrant and phenolphthalein
as an indicator. 5 mL of the strained juice was transferred to a 25 mL Erlenmeyer flask. Two drops of 0.05%
phenolphthalein solution were added to a solution as a titration indicator. The 20 pL portions of 0.1562 N NaOH
were slowly added to the solution while vigorously swirling after each portion. Titration was complete when the
color change induced by the phenolphthalein persisted after vigorous swirling. The percent Acid was calculated
as percent citric acid using the volume of the 0.1562 N NaOH solution required for each titration.
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NMR experiments

For the "H NMR analysis, the extracted samples were resuspended to a final volume of 600 pL in D, 0, with 0.35
mM sodium trimethylsilyl-2,2,3,3-d4-propionate (TSP) added to each lyophilized, titrated extract for chemical
shift calibration. All sample preparations were performed over two days, and samples were subsequently stored
at 4 °C. Quantitative 'H-NMR spectra were recorded at 600 MHz using a JEOL NMR spectrometer equipped
with a liquid N, cooled probe and Z-axis pulsed field gradients at 300 K. One-dimensional 'H experiments, with
a mild pre-saturation of water resonance, were performed with a 70° pulse angle (Ernst angle)*”8. NMR spectra
were collected over 1024 transients, with an acquisition time of 2.0 s and a relaxation delay of 3.0 s.

The spectra were processed and analyzed with Chenomx NMR Suite 8.1 software (Chenomx Inc., 2014).
Fourier-transformed spectra were multiplied with an exponential weighting function corresponding to a line-
broadening of 0.5 Hz. All the spectra were manually phase-corrected baseline optimized, and their chemical
shifts were referenced to TSP. Though all the experiments were performed in D,O with a mild pre-saturation of
the residual H,O peak, the spectral region near the water resonance (+ 0.1 ppm) was not included in identifying
the metabolite peaks. The resulting spectra were analyzed using the PROFILER-Module of Chenomx, and the
concentrations of selected metabolites were estimated in all the samples. The combined concentration data was
used for the multivariate statistical analysis. The metabolite peaks of the processed spectra were analyzed and
assigned to their chemical shifts using the built-in Chenomx. The assigned metabolites were compared and
confirmed through chemical shift values of other 'H NMR-based metabolomics studies performed in previously
published results?”. The juice, albedo, and flavedo samples’ representative NMR spectra are given in supporting
information (Fig. S1).

Data analysis and metabolite identification

Data was preprocessed using MestReNova by setting the spectrum size to 64 k, performing sin square 90°
apodization, manual phasing, baseline correcting, and normalizing and referencing the data with respect to the
TSP peak. The spectra were saved as .jdx files for metabolite identification via Chenomx. Preprocessed data was
further processed by Chenomx NMR Suite 8.1 by calibrating the TSP and setting the pH for each spectrum.
Metabolites were then identified and quantified with the Chenomx NMR Suite 8.1 profiler application.

Statistical analysis of NMR spectroscopy datasets

Following the experimental design, an established multivariate statistical analysis approach was utilized to
identify differentially altered metabolites. The statistical methods are based on established protocols within
R-statistical procedures and have been previously applied for metabolomics and other analyses?”**¢1, A brief
description follows.

The replicates at each experimental condition show a correlation of >0.97 among the samples (Fig. S2).
Metabolites differentially altered between groups are determined using linear modeling in the LIMMA package.
The control group comprises the albedo, flavedo, and juice of two commodities harvested recently. In contrast,
other groups contain the same tissues and juice stored at a cold temperature for ten days, with or without
IMZ treatment. Differentially altered metabolites within a single feature are selected and combined with other
comparisons to detect differentially altered metabolites using an F-test. Metabolites are considered significant
within a given comparison if they pass the threshold of both fold-change (>1.2) and FDR-adjusted p-value
(<0.05). The R-statistical environment is used for all analyses and plots®2.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].

Received: 23 December 2023; Accepted: 25 October 2024
Published online: 03 December 2024

References

1. USDA. Citrus: world markets and trade. Accessed 2 Jan 2023 (2023).

2. Morris, A. & Muraro, R. Economic evaluation of citrus greening management and control strategies. University of Florida (2008).

3. Ladaniya, M. Citrus Fruit: Biology, Technology and Evaluation (Academic press, 2010).

4. Strano, M. C. et al. Postharvest technologies of fresh citrus fruit: advances and recent developments for the loss reduction during

handling and storage. Horticulturae 8(7), 612. https://doi.org/10.3390/horticulturae8070612 (2022).
. Kimball, D. A. Citrus Processing: Quality Control and Technology (Springer Science & Business Media, 2012).
. DiFiore, A. What Happens Between Harvest and Arrival at the Grocery Store? (FruitStand, 2021).

7. Munch D. U.S. Citrus Production—An Uphill Battle to Survive (2023, accessed 21 Nov 2023). https://www.fb.org/market-intel/
u-s-citrus-production-an-uphill-battle-to-survive.

8. Lado, J., Rodrigo, M. J. & Zacarias, L. Maturity indicators and citrus fruit quality. Stewart Postharvest Rev. 10(2), 1-6 (2014).

9. Slisz, A. M., Breksa, A. P. IIL, Mishchuk, D. O., McCollum, G. & Slupsky, C. M. Metabolomic analysis of citrus infection by
‘Candidatus Liberibacter’ reveals insight into pathogenicity. . Proteome Res. 11(8), 4223-4230. https://doi.org/10.1021/pr300350x
(2012).

10. Pott, D. M., Vallarino, J. G. & Osorio, S. Metabolite changes during postharvest storage: effects on fruit quality traits. Metabolites
10, 5. https://doi.org/10.3390/metabo10050187 (2020).

11. Kim, S. S. et al. Metabolomic profiling of citrus unshiu during different stages of fruit development. Plants 11, 7. https://doi.org/1
0.3390/plants11070967 (2022).

12. Sun, X. et al. Integration of metabolomics and subcellular organelle expression microarray to increase understanding the organic
acid changes in post-harvest citrus fruit. J. Integr. Plant Biol. 55(11), 1038-1053. https://doi.org/10.1111/jipb.12083 (2013).

13. Liu, E-W. editor. Development and Application of Citrus Storage Technologies with Concurrent Consideration of Fruit Quality
Preservation, Energy Use, and Costs (Springer, 2010).

o

Scientific Reports |

(2024) 14:30078 | https://doi.org/10.1038/s41598-024-77871-z nature portfolio


https://doi.org/10.3390/horticulturae8070612
https://www.fb.org/market-intel/u-s-citrus-production-an-uphill-battle-to-survive
https://www.fb.org/market-intel/u-s-citrus-production-an-uphill-battle-to-survive
https://doi.org/10.1021/pr300350x
https://doi.org/10.3390/metabo10050187
https://doi.org/10.3390/plants11070967
https://doi.org/10.3390/plants11070967
https://doi.org/10.1111/jipb.12083
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

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.

Tang, N., Deng, W., Hu, N., Chen, N. & Li, Z. Metabolite and transcriptomic analysis reveals metabolic and regulatory features
associated with Powell orange pulp deterioration during room temperature and cold storage. Postharvest Biol. Technol. 112, 75-86.
https://doi.org/10.1016/j.postharvbio.2015.10.008 (2016).

Chen, M. et al. Effect of hot air treatment on organic acid- and sugar-metabolism in Ponkan (Citrus reticulata) fruit. Sci. Hortic.
147, 118-125. https://doi.org/10.1016/j.scienta.2012.09.011 (2012).

Matsumoto, H. & Ikoma, Y. Effect of different postharvest temperatures on the accumulation of sugars, organic acids, and amino
acids in the juice sacs of satsuma mandarin (Citrus unshiu Marc.) fruit. J. Agric. Food Chem. 60(39), 9900-9909. https://doi.org/10
.1021/j£303532s (2012).

Ma, Q. et al. Comprehensive insights on how 2,4-dichlorophenoxyacetic acid retards senescence in post-harvest citrus fruits using
transcriptomic and proteomic approaches. J. Exp. Bot. 65(1), 61-74. https://doi.org/10.1093/jxb/ert344 (2014).

Jandri¢, Z., Islam, M., Singh, D. K. & Cannavan, A. Authentication of Indian citrus fruit/fruit juices by untargeted and targeted
metabolomics. Food Control 72, 181-188. https://doi.org/10.1016/j.foodcont.2015.10.044 (2017).

Kim, D.-S. et al. Comparative metabolomics analysis of citrus varieties. Foods 10, 11. 10.3390/foods10112826 (2021).

Salvino, R. A., Colella, M. F. & De Luca, G. NMR-based metabolomics analysis of Calabrian citrus fruit juices and its application
to industrial process quality control. Food Control 121, 107619. https://doi.org/10.1016/j.foodcont.2020.107619 (2021).

Minoja, A. P. & Napoli, C. NMR screening in the quality control of food and nutraceuticals. Food Res. Int. 63, 126-131. https://do
i.org/10.1016/j.foodres.2014.04.056 (2014).

Pontes, J. G. M., Brasil, A. J. M., Cruz, G. C. E, de Souza, R. N. & Tasic, L. NMR-based metabolomics strategies: plants, animals and
humans. Anal. Methods 9(7), 1078-1096 (2017).

Charlton, A. J., Farrington, W. H. H. & Brereton, P. Application of 1H NMR and multivariate statistics for screening complex
mixtures: quality control and authenticity of instant coffee. J. Agric. Food Chem. 50(11), 3098-3103 (2002).

Dais, P. & Spyros, A. 31P NMR spectroscopy in the quality control and authentication of extra-virgin olive oil: a review of recent
progress. Magn. Reson. Chem. 45(5), 367-377 (2007).

Rodrigues, J. E. & Gil, A. M. NMR methods for beer characterization and quality control. Magn. Reson. Chem. 49, S37-545 (2011).
Amargianitaki, M. & Spyros, A. NMR-based metabolomics in wine quality control and authentication. Chem. Biol. Technol. Agric.
4,1-12 (2017).

Montgomery, K. H., Brar, G. & Krishnan, V. V. Metabolomics study at the postharvest conditions of cold storage and fungicide
(Imazalil Sulfate) treatment in navel oranges and clementine mandarins. Acs Agric. Sci. Technol. 2(1), 79-89. https://doi.org/10.10
21/acsagscitech.1c00169 (2022).

Davies, E S. The Navel Orange (Wiley, 1986).

Team THG. The growing popularity of the navel orange (2013, accessed 20 Mar 2013). https://www.halegroves.com/blog/the-gro
wing-popularity-of-the-navel-orange/#:~:text=Though%200nly%20about%20five%20percent,oranges%20are%20shipped %20fro
m%20Florida.

Penniston, K. L., Nakada, S. Y., Holmes, R. P. & Assimos, D. G. Quantitative assessment of citric acid in lemon juice, lime juice, and
commercially-available fruit juice products. J. Endourol. 22(3), 567-570. https://doi.org/10.1089/end.2007.0304 (2008).

Sharma, R., Verma, S., Rana, S. & Rana, A. Rapid screening and quantification of major organic acids in citrus fruits and their
bioactivity studies. J. Food Sci. Technol. 55(4), 1339-1349. https://doi.org/10.1007/s13197-018-3045-x (2018).

Igamberdiev, A. U., Bykova, N. V. & Kleczkowski, L. A. Origins and metabolism of formate in higher plants. Plant Physiol. Biochem.
37(7-8), 503-513 (1999).

Zrenner, R., Stitt, M., Sonnewald, U. & Boldt, R. Pyrimidine and purine biosynthesis and degradation in plants. Annu. Rev. Plant
Biol. 57, 805-836 (2006).

Hourton-Cabassa, C. et al. Stress induction of mitochondrial formate dehydrogenase in potato leavesl. Plant Physiol. 116(2),
627-35. https://doi.org/10.1104/pp.116.2.627 (1998).

Leonhartsberger, S., Korsa, I. & Bock, A. The molecular biology of formate metabolism in enterobacteria. J. Mol. Microbiol.
Biotechnol. 4(3), 269-276 (2002).

Bowne, J. B. et al. Drought responses of leaf tissues from wheat cultivars of differing drought tolerance at the metabolite level. Mol.
Plant 5(2), 418-429 (2012).

Pires, M. V. et al. The influence of alternative pathways of respiration that utilize branched-chain amino acids following water
shortage in Arabidopsis. Plant Cell Env. 39(6), 1304-1319 (2016).

Xing, A. & Last, R. L. A regulatory hierarchy of the Arabidopsis branched-chain amino acid metabolic network. Plant Cell 29(6),
1480-1499 (2017).

Brizzolara, S., Manganaris, G. A., Fotopoulos, V., Watkins, C. B. & Tonutti, P. Primary metabolism in fresh fruits during storage.
Front. Plant Sci. 11, 80 (2020).

Cercos, M. et al. Global analysis of gene expression during development and ripening of citrus fruit flesh. A proposed mechanism
for citric acid utilization. Plant Mol. Biol. 62(4), 513-527. https://doi.org/10.1007/s11103-006-9037-7 (2006).

Lourkisti, R. et al. GABA shunt pathway is stimulated in response to early defoliation-induced carbohydrate limitation in Mandarin
fruits. Heliyon 9(4), €15573. https://doi.org/10.1016/j.heliyon.2023.e15573 (2023).

Yang, Q., Zhao, D. & Liu, Q. Connections between amino acid metabolisms in plants: lysine as an example. Front. Plant Sci. 11, 928
(2020).

Schirra, M., Cabras, P, Angioni, A., D’'Hallewin, G. & Pala, M. Residue uptake and storage responses of Tarocco blood oranges after
preharvest thiabendazole spray and postharvest heat treatment. J. Agric. Food Chem. 50(8), 2293-2296. https://doi.org/10.1021/jf
0114583 (2002).

Holland, N., Menezes, H. C. & Lafuente, M. T. Carbohydrate metabolism as related to high-temperature conditioning and peel
disorders occurring during storage of citrus fruit. J. Agric. Food Chem. 53(22), 8790-8796. https://doi.org/10.1021/jf0512930
(2005).

Sapitnitskaya, M. et al. Postharvest heat and conditioning treatments activate different molecular responses and reduce chilling
injuries in grapefruit. J. Exp. Bot. 57(12), 2943-53. https://doi.org/10.1093/jxb/erl055 (2006).

Chaudhary, P. R, Jayaprakasha, G. K., Porat, R. & Patil, B. S. Low temperature conditioning reduces chilling injury while
maintaining quality and certain bioactive compounds of ‘Star Ruby’ grapefruit. Food Chem. 153, 243-249. https://doi.org/10.1016
/j.foodchem.2013.12.043 (2014).

Lado, J., Gurrea, A., Zacarias, L. & Rodrigo, M. J. Influence of the storage temperature on volatile emission, carotenoid content and
chilling injury development in Star Ruby red grapefruit. Food Chem. 295, 72-81. https://doi.org/10.1016/j.foodchem.2019.05.108
(2019).

Morales, J. et al. Physicochemical changes and chilling injury disorders in “Tango’ mandarins stored at low temperatures. J. Sci.
Food Agric. 100(6), 2750-2760. https://doi.org/10.1002/jsfa.10307 (2020).

Owoyemi, A. et al. Large-scale, high-throughput phenotyping of the postharvest storage performance of ‘rustenburg’ navel oranges
and the development of shelf-life prediction models. Foods 11, 13. 10.3390/foods11131840 (2022).

Lauxmann, M. A. et al. Transcriptomic profiling during the post-harvest of heat-treated Dixiland Prunus persica fruits: common
and distinct response to heat and cold. PLoS One. 7(12), e51052. https://doi.org/10.1371/journal.pone.0051052 (2012).

Perotti, V. E. et al. Proteomic, metabalomic, and biochemical analysis of heat treated Valencia oranges during storage. Postharvest
Biol. Technol. 62(2), 97-114. https://doi.org/10.1016/j.postharvbio.2011.05.015 (2011).

Scientific Reports |

(2024) 14:30078 | https://doi.org/10.1038/s41598-024-77871-z nature portfolio


https://doi.org/10.1016/j.postharvbio.2015.10.008
https://doi.org/10.1016/j.scienta.2012.09.011
https://doi.org/10.1021/jf303532s
https://doi.org/10.1021/jf303532s
https://doi.org/10.1093/jxb/ert344
https://doi.org/10.1016/j.foodcont.2015.10.044
https://doi.org/10.1016/j.foodcont.2020.107619
https://doi.org/10.1016/j.foodres.2014.04.056
https://doi.org/10.1016/j.foodres.2014.04.056
https://doi.org/10.1021/acsagscitech.1c00169
https://doi.org/10.1021/acsagscitech.1c00169
https://www.halegroves.com/blog/the-growing-popularity-of-the-navel-orange/#:~:text=Though%20only%20about%20five%20percent,oranges%20are%20shipped%20from%20Florida
https://www.halegroves.com/blog/the-growing-popularity-of-the-navel-orange/#:~:text=Though%20only%20about%20five%20percent,oranges%20are%20shipped%20from%20Florida
https://www.halegroves.com/blog/the-growing-popularity-of-the-navel-orange/#:~:text=Though%20only%20about%20five%20percent,oranges%20are%20shipped%20from%20Florida
https://doi.org/10.1089/end.2007.0304
https://doi.org/10.1007/s13197-018-3045-x
https://doi.org/10.1104/pp.116.2.627
https://doi.org/10.1007/s11103-006-9037-7
https://doi.org/10.1016/j.heliyon.2023.e15573
https://doi.org/10.1021/jf0114583
https://doi.org/10.1021/jf0114583
https://doi.org/10.1021/jf051293o
https://doi.org/10.1093/jxb/erl055
https://doi.org/10.1016/j.foodchem.2013.12.043
https://doi.org/10.1016/j.foodchem.2013.12.043
https://doi.org/10.1016/j.foodchem.2019.05.108
https://doi.org/10.1002/jsfa.10307
https://doi.org/10.1371/journal.pone.0051052
https://doi.org/10.1016/j.postharvbio.2011.05.015
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

52. Albornoz, K., Zhou, J., Yu, J. & Beckles, D. M. Dissecting postharvest chilling injury through biotechnology. Curr. Opin. Biotechnol.
78, 102790. https://doi.org/10.1016/j.copbio.2022.102790 (2022).

53. Feng, S., Niu, L., Suh, J. H., Hung, W.-L. & Wang, Y. Comprehensive metabolomics analysis of mandarins (Citrus reticulata) as a
tool for variety, rootstock, and grove discrimination. J. Agric. Food Chem. 66(39), 10317-10326. https://doi.org/10.1021/acs.jafc.8
b03877 (2018).

54. Carrera, F. P, Noceda, C., Mariduena-Zavala, M. G. & Cevallos-Cevallos, J. M. Metabolomics, a powerful tool for understanding
plant abiotic stress. Agronomy 11, 5. https://doi.org/10.3390/agronomy11050824 (2021).

55. Kim, H. K., Choi, Y. H. & Verpoorte, R. NMR-based metabolomic analysis of plants. Nat. Protocols 5(3), 536-549. https://doi.org/
10.1038/nprot.2009.237 (2010).

56. Greenwood. Brix Chart. Greenwood: Juice concentrates, purees & essences since 1974 (1974).

57. Ernst, R. R. & Anderson, W. A. Application of fourier transform spectroscopy to magnetic resonance. Rev. Sci. Instrum. 37(1),
93-102. https://doi.org/10.1063/1.1719961 (1966).

58. Ernst, R. R., Bodenhausen, G. & Wokaun, A. Principles of Nuclear Magnetic Resonance in One and Two Dimensions (Oxford
university press, 1990).

59. Krishnan, V. V. et al. Multiplexed measurements of immunomodulator levels in peripheral blood of healthy subjects: effects of
analytical variables based on anticoagulants, age, and gender. Cytometry B Clin. Cytom. 86(6), 426-35. https://doi.org/10.1002/cyt
0.b.21147 (2014)

60. Mani, A. et al. Data mining strategies to improve multiplex microbead immunoassay tolerance in a mouse model of infectious
diseases. PLoS One 10(1), e0116262. https://doi.org/10.1371/journal.pone.0116262 (2015).

61. Wilkop, T. E. et al. NMR spectroscopy analysis reveals differential metabolic responses in arabidopsis roots and leaves treated with
a cytokinesis inhibitor. PLoS One 15(11), €0241627. https://doi.org/10.1371/journal.pone.0241627 (2020).

62. Team RC. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing
(2014).

Acknowledgements

This work was partly supported by the National Institute of Health (SC3 GM122630 and R25 GM131956) and
the United States Department of Agriculture (2022-77040-37645). The 600 MHz NMR spectrometer was pur-
chased using a Major Research Instrumentation grant from the National Science Foundation (1919908).

Dedication

VVK dedicates this article to honor the memory of Professor Anil Kumar from the Indian Institute of Science,
Bengaluru, India. His mentorship profoundly transformed the academic journeys of many, and his passion will
live on through his significant contributions to the field of NMR spectroscopy.

Author contributions

Conceptualization: KHM, VVK; Methodology: KHM, AY, MDCRR, VVK; Software: KHM, AY, MDCRR, VVK;
Validation: KHM, VVK; Formal analysis: KHM, AY, VVK; Investigation: KHM, VVK; Resources: GB, VVK;
Data curation: KHM, AY, VVK; Writing - original draft: KHM, VVK; Writing - review & editing: KHM, VVK;
Visualization: VVK; Supervision: VVK; Project administration: VVK.

Competing interests
The authors declare that they have no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-024-77871-z.

Correspondence and requests for materials should be addressed to V.V.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:30078 | https://doi.org/10.1038/s41598-024-77871-z nature portfolio


https://doi.org/10.1016/j.copbio.2022.102790
https://doi.org/10.1021/acs.jafc.8b03877
https://doi.org/10.1021/acs.jafc.8b03877
https://doi.org/10.3390/agronomy11050824
https://doi.org/10.1038/nprot.2009.237
https://doi.org/10.1038/nprot.2009.237
https://doi.org/10.1063/1.1719961
https://doi.org/10.1002/cyto.b.21147
https://doi.org/10.1002/cyto.b.21147
https://doi.org/10.1371/journal.pone.0116262
https://doi.org/10.1371/journal.pone.0241627
https://doi.org/10.1038/s41598-024-77871-z
https://doi.org/10.1038/s41598-024-77871-z
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿NMR metabolomics as a complementary tool to brix-acid tests for navel orange quality control of long-term cold storage
	﻿Results/discussion
	﻿Time-dependent metabolomics changes due to cold storage
	﻿Differential alterations of metabolites due to cold storage.
	﻿Juice samples
	﻿Tissue samples (albedo and flavedo)
	﻿Correlation of Brix-Acid tests and metabolite time dependence.


	﻿Conclusion
	﻿Material and methods
	﻿Chemicals and reagents
	﻿Plant materials
	﻿Sample preparation



