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Abstract

Background: Tomatoes (Solanum lycopersicum) are an economically and nutritionally
important crop colored by carotenoids such as lycopene and p-carotene. Market diversification and
interest in the health benefits of carotenoids has created the desire in plant, food, and nutritional
scientists for improved extraction and quantification protocols that avoid the analytical bottlenecks
caused by current methods.

Objective: Our objective was to compare standard and rapid extraction as well as
chromatographic separation methods for tomato carotenoids.

Method: Comparison was based on accuracy and the ability to discriminate between alleles and
genetic backgrounds. Estimates of the contribution to variance in the presence of genetic and
environmental effects were further used for comparison. Selections of cherry and processing
tomatoes with varying carotenoid profiles were assessed using both established extraction and
HPLC-diode array detector (HPLC-DAD) methods and rapid extraction and ultra-HPLC-DAD
(UHPLC-DAD) protocols.
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Results: Discrimination of alleles in samples extracted rapidly (<5 min/sample) was similar to
samples extracted using a standard method (10 min/sample), although carotenoid concentrations
were lower due to reduced extraction efficiency. Quantification by HPLC-DAD (21.5 min/sample)
and UHPLC-DAD (4.2 min/sample) were comparable, but the UHPLC-DAD method could not
separate all carotenoids and isomers of tangerine tomatoes. Random effects modeling indicated
that extraction and chromatographic methods explained a small proportion of variance compared
with genetic and environmental sources.

Conclusions: The rapid extraction and UHPLC-DAD methods could enhance throughput for
some applications compared with standard protocols.

The tomato (Solanum lycopersicum), is an economically important and nutritious
horticultural crop containing a range of nutrients, vitamins, micronutrients, and
phytochemicals with potential health benefits (1, 2). Epidemiological evidence suggests that
consumption of tomatoes and tomato products is associated with a reduced risk for
development of prostate cancer and other chronic diseases; an outcome which is often
ascribed to the presence of lycopene, the predominant pigment in red tomatoes (3-7).
Another pigment found in tomatoes, p-carotene, is an important provitamin A carotenoid.
Carotenoids are also responsible for the vibrant red and orange colors of tomatoes and
tomato products which partly drives consumer acceptability (8).

In order to modulate tomato fruit carotenoid profiles, sources of natural variation needed to
be identified and accurately characterized. Examples of natural variation for carotenoid
concentration and profiles include but are not limited to the chromoplast-specific allele of
lycopene beta cyclase (CYC-B) known as Befa (B, 9, 10) and alleles of carotenoid
isomerase (CRTISO) responsible for fangerine (¢, 11, 12). For both genes, specific alleles
lead to orange-colored tomato fruits. However, Beta alleles allow for the accumulation of p-
carotene in ripe fruits, whereas fangerine alleles prevent the biosynthesis of all-#rans
lycopene, and its precursors (phytoene, phytofluene, C-carotene, neurosporene, and tetra-cis-
lycopene) predominate the carotenoid landscape. Plant breeders have created tomato
germplasm with these alleles that has been used by seed companies and food scientists to
produce various tomato-based products (13-16). In each of these contexts, accurate
quantification of carotenoids and fast turnaround time is essential for making decisions
about selection, quality control, and dosage delivered.

In order to partition and analyze carotenoids while minimizing enzymatic and oxidative
degradation, analytical chemists have developed a wide array of extraction and analysis
methods for tomatoes (17-21). Although the solvent systems differ slightly, a common
element is that samples are first extracted with a water-miscible solvent and then re-
extracted multiple times with nonpolar solvents. Each successive extraction requires
centrifugation and liquid-handling steps, which are time consuming. Extracts are then phase
separated to remove water and water-miscible solvents prior to sample dry-down. After
redissolving in a known volume of solvent, carotenoids and their isomers are typically
separated and quantified using liquid chromatography which can take from 15 to >100 min/
sample (18, 22-27). Genetic treatments, environmental factors, and sample processing can
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profoundly influence carotenoid profiles and these sources of variation speak to the need for
rapid and accurate methods to measure carotenoids and their isomers.

To mitigate the bottlenecks created by lengthy extraction and analysis procedures, we
developed a rapid extraction and an ultra-HPLC—diode array detector (UHPLC-DAD)
method focused on tomatoes. Our goal was to compare and contrast standard extraction and
chromatographic methods with our rapid protocols by their ability to accurately discriminate
between tomatoes with different genetic backgrounds and carotenoid profiles as well as
model the amount of variance these methods contribute in the presence of genetic and
environmental effects. To test our methods, we phenotyped selected accessions from
populations of tomatoes encompassing the natural range of tomato carotenoids with distinct
alleles of Betaand tangerine in processing and/or cherry tomato backgrounds (28-30). The
tomatoes were grown with replication at two locations in order to estimate variance
contributed by the effects of genetics, environment, extraction method, and analysis method.
Here, we present our results emphasizing the strengths and weaknesses of the standard and
rapid extraction and chromatographic analysis approaches. This analysis also provided
comprehensive carotenoid profiles for important subpopulations of tomato germplasm.

Plant Material

Thirty partially inbred tomato lines were assembled to represent two major loci affecting
carotenoid content and two genetic backgrounds. These lines were considered genetic
treatments, or “genotypes.” The thirty lines were divided into subpopulations based on
genetic background and major loci (genes) affecting carotenoid biosynthesis. The first
subpopulation consisted of 11 BC,Ss lines of cherry tomatoes in a Tainan (Pl 647556)
genetic background containing one of four alleles of Beta (B) in the homozygous state (30).
Beta codes for a fruit-specific CYC-B with the high p-carotene alleles conditioned by
sequence variation in the 5" untranscribed region generally associated with the promoter
(10). The Betaalleles were derived from Purdue 89-28-1 (three independent sibling lines),
Jaune Flamme (two independent sibling lines), 97L97 (three independent sibling lines), and
Tainan (three independent sibling lines). The second subpopulation consisted of 12 BC1S3
selections of processing tomatoes in an OH8245 background containing one of three alleles
of Betain the homozygous state (29). These alleles were derived from LA3502 (four
independent sibling lines), Jaune Flamme (four independent sibling lines), and OH8245 (S.
lycopersicunm, four independent sibling lines). Based on sequence comparisons, the alleles of
Betain Purdue 89-28-1, Jaune Flamme, 97197, and LA3502 were independent accessions of
wild species (29, 31). The third subpopulation consisted of seven Fg lines in an OH9242
processing tomato genetic background (S. lycopersicum) with alleles of tangerine. Tangerine
codes for CRTISO, which converts tetra-cis-lycopene to all-trans lycopene (12, 32). Lines
contained the tangerine (7 allele from NC99471-4 (three independent sibling lines) or the
tangerine virescent () allele from LA0351 (four independent sibling lines; 28).
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Experimental Design

Plants were grown in field sites located in Fremont and Wooster, OH, during the summer of
2016. At both field sites, each plot contained 6-10 plants of the same line, and the plots were
arranged in a randomized, complete block design with two blocks per location. The samples
represented an aggregate of fruits from all plants within a plot with exception of the first and
last plant, which were not sampled. Fruits were harvested when ripe and stored whole at
-40°C until analysis. Prior to extraction, fruits were thawed at room temperature, blended
while partially frozen into homogenate, and partitioned into 50 mL tubes. The carotenoid
extractions were then performed as described below and analyzed by HPLC-DAD.
Carotenoids extracted from tomato fruits using a standard extraction method were also
analyzed using a rapid UHPLC-DAD method, and phenotypic data were statistically
compared (Figure 1). Statistical models used for comparisons are described below.

Chemical Reagents

Acetone, ammonium acetate, hexanes, methanol (MeOH), methyl fert-butyl ether (MtBE),
and water were purchased from Fisher Scientific (Pittsburgh, PA) and of HPLC grade. -
Carotene (=95%) was purchased from Sigma Aldrich (St. Louis, MO), and lycopene was
purified as previously described (33).

Standard Carotenoid Extraction

Carotenoids were extracted in near darkness (<1 pmol m=2 s71) as previously described (34).
Approximately 1 g tomato puree was weighed into an 11 mL glass vial and extracted with 5
mL MeOH, briefly mixed on a vortex mixer, probe sonicated (Branson Fisher Scientific
150E Sonic Dismembrator) for 8 s, and centrifuged for 5 min at 2000 x g. The supernatant
was decanted and the pellet was re-extracted with 5 mL hexanes—acetone (1:1), briefly
mixed on a vortex mixer, probe sonicated for 8 s, and centrifuged for 5 min at 2000 x g. The
supernatant was added to the methanolic extract, and the extraction was repeated two more
times or until the pellet was colorless. To induce phase separation, 10 mL water was added
to the combined supernatants, and 1 mL aliquots organic layer [experimentally determined
to be on average 7.94 mL (2.69% CV)] were dried under nitrogen gas and stored at —20°C
until analysis. Twenty samples were processed in parallel, and each extraction took an
average of 10 min/sample (200 min/batch).

Rapid Carotenoid Extraction

In near darkness, approximately 0.5 g tomato puree was weighed into a 44 mL glass vial
and, with 5 mL MeOH, briefly mixed on a vortex mixer and probe sonicated twice at 8 s
bursts to disperse the tomato tissue. Fifteen milliliters hexanes—acetone (1:1) were added,
and the samples were probe sonicated three times at 8 s bursts. To induce phase separation,
10 mL water was added, and 1 mL aliquots organic layer [experimentally determined to be
on average 7.68 mL (1.25% CV)] were dried under nitrogen gas and stored at —20°C until
analysis. Twenty samples were processed in parallel, and each extraction took an average of
5 min/sample (100 min/batch).
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Standard HPLC-DAD Analysis

Carotenoids were analyzed as previously described and each run lasted 21.5 min (27).
Briefly, dried extracts were redissolved in 1 mL of MtBE-MeOH (1:1), filtered with a 0.22
pum nylon filter (CellTreat, Shirley, MA), and 20 pL was injected into a Waters Alliance 2695
HPLC (Waters Corp., Milford, MA) fitted with a 996 DAD. Carotenoids were separated on a
4.6 x 250 mm, 3 um particle size, C30 column (YMC Inc., Wilmington, NC) maintained at
35°C. A gradient using solvent A: 60% MeOH, 35% MtBE, 3% water, and 2% (w/v)
aqueous ammonium acetate and B: 78% MtBE, 20% MeOH, and 2% (w/v) aqueous
ammonium acetate at a flow of 1.3 mL/min was used as follows: 100% A to 64.4% A over 9
min, 64.4% A to 0% A over 5.5 min, a hold at 0% A for an additional 3.5 min, and a switch
to 100% A for the remaining 3.5 min to recondition the column. Quantification was
achieved using a six-point external calibration curve of lycopene and p-carotene. Adjusted
slopes were calculated for other carotenoids based on ratios of their molar extinction
coefficient to lycopene, as done previously (35).

UHPLC-DAD Analysis

Dried extracts were redissolved in 1 mL MtBE-MeOH (1:1), filtered with a 0.22 um nylon
filter (CellTreat) and 5 pL was injected into an 1290 Infinity 11 UHPLC-DAD (Agilent;
Santa Clara, CA). Carotenoids were separated on a C18 Acquity BEH column (Waters
Corp.) 2.1 x 150 mm, 1.7 um particle size, maintained at 55°C. An isocratic flow using 42%
solvent A [80% MeOH, 20% water, and 2% (w/v) aqueous ammonium acetate] and 58%
solvent B [78% MtBE, 20% MeOH, and 2% (w/v) aqueous ammonium acetate] at a flow
rate of 0.45 mL/min was used, and each run lasted 4.2 min. Quantification was achieved by
six-point external calibration curves as described above. Carotenoid identities were
confirmed by authentic standards, spectral characteristics, and tandem MS using a 6495
triple quadrupole MS (Agilent) with an atmospheric pressure chemical ionization source
operated in positive mode. Source parameters and multiple reaction monitoring experiments
were adapted from those previously reported (27) and were as follows: phytoene:
545.5>463.6, 421.6, 395.6, 327.4; phytofluene: 543.5>461.6, 393.6, 325.4; p-carotene:
537.5>455.3, 269.2, 69.0; and lycopene: 537.5>455.3, 269.2, 69.0.

Statistical Analysis

All statistical analysis was conducted in R version 3.31 (36). Analysis of variance (ANOVA)
was used to determine significance of model parameters and their contribution to total
variance. Prior to analyzing data, visual inspection of histograms, quantile-quantile (Q-Q)
plots, and the output of Levene’s tests revealed that our data violated the assumptions of
ANOVA. Logsg, logs, and natural log transformations were tested. Visual inspection of Q-Q
plots and nonsignificant outcomes from Levene’s tests determined that natural log
transformation of our data satisfied the assumptions of ANOVA. Natural log transformed
data were subsequently analyzed, whereas untransformed means and SDs are presented for
ease of interpretation.

Linear models were used to determine if the population should be subdivided based on
presence/absence of fangerine alleles, genetic background, and analysis method. Variance
components were estimated considering each model parameter a random effect using the R

JAOAC Int. Author manuscript; available in PMC 2020 March 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dzakovich et al.

Page 6

package “Ime4” (37). The analysis was first conducted in a hierarchical process on data
generated by HPLC-DAD and UHPLC-DAD. A graphical representation of the data analysis
workflow is presented in Figure 1. The initial linear model used for the entire population
was

Y=u+G+G:L+L+AM+ AM:G+ BLK(L)+¢

where Y= the concentration of a given carotenoid; G = genotype, or specific partially inbred
line as a measure of genetic variation; L = location as a measure of environmental variation;
AM = analysis method; and BLK(L) = block nested within location as a measure of
environmental variation as a result of within-field variation.

To investigate major effects because of the presence of allelic variation at Beta or tangerine
or because of genetic background, the datasets were split to test the significance of these
effects. First, within the Beta material, we tested for differences between cherry and
processing tomatoes using the linear model

Y=u+BG+BG:L+L+AM+ AM:BK+ BLK(L)+¢€

where BG = genetic background (cherry or processing) and all other terms held the same
meaning as the previous model. After the main effects suggested significance as a result of
genetic background, cherry and processing tomatoes were analyzed separately. Further
processing populations were split based on fangerine and Beta subpopulations. The
following linear model was used to test for allele differences, analysis method differences
and potential interactions for each of the three subpopulations

Y=u+A+A:L+L+AM+ A:AM + BLK(L) + ¢

where A = allele of either Beta or tangerine depending on the subpopulation being analyzed,
and all other terms held the same meaning as the previous models. Finally, data from each
subpopulation was separated by analysis method and compared using the linear model

Y=u+A+A:L+L+BLK(L)+¢

The means separation tests were carried out using Tukey’s honest significance test (HSD; a
= 0.05) using the R package “Agricolae” (38). The means and significance patterns
generated from Tukey’s HSD tests were then compared by the extraction method. Moreover,
data for each subpopulation generated by standard extraction and HPLC-DAD analysis were
compared with the same samples analyzed using a rapid UHPLC-DAD method and
statistically compared using the previous model followed by a Tukey’s HSD (a = 0.05) post-
hoc tests. Finally, phenotypic data and population structure were visualized by principal
components analysis (PCA) with the R packages “FactoMineR” and “factoextra” using
covariance matrixes (39).

A similar statistical analysis workflow was performed for phenotypic data generated by the
two extraction methods compared in this study. However, it was determined from the
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previous dataset that BLK(L) was not significant for any carotenoid measured in
subpopulations with the allelic variation for Beta. Therefore, samples from only one block
per location were used for extraction method comparison in the two subpopulations
containing alleles of Beta.

Results and Discussion

Assessing extraction and chromatographic methods was done based on ability to separate
treatments, accuracy, variance partitioning, and throughput. Although uncommon, variance
partitioning assesses the contribution to total variance of the individual factors or sources of
variation.

Extraction Methods

Unsupervised learning using PCA was performed to visualize population structure based on
carotenoid profiles as a function of genetic background, allele of Beta or tangerine, and
extraction method (Figure 2A). Similar clustering patterns were observed regardless of
extraction method. In principal component 1 (PC1), processing tomatoes with alleles of
tangerine clearly separate from other types of tomatoes. This is because of the presence of
carotenoids unique to tangerine tomatoes (e.g., C-carotene, neurosporene, tetra-c/s-lycopene)
and altered concentrations of those normally found in red tomatoes (e.g., phytoene and
phytofluene). In PC2, tomatoes with various alleles of Befa clustered separately. Red
tomatoes (OH8245 and Tainan) separated from orange tomatoes (JF, PU, and 97L.97) with
alleles of Beta. Orange tomatoes with the LA716 allele of Betabridged the clusters of red
tomatoes and orange tomatoes high in g-carotene in PC2 (Figure 2A).

Estimates of carotenoid concentrations for both subpopulations are presented in Table 1. In a
cherry tomato background, concentrations of phytoene and phytofluene were similar
regardless of extraction method (Table 1). However, concentrations of all-trans lycopene and
total lycopene measured in this subpopulation were negatively affected by the extraction
method. Patterns of significance across the four alleles of Beta present in the cherry tomato
subpopulation were identical between extraction methods for phytoene, all-frans-p-carotene,
all-trans lycopene, and total p-carotene, indicating that either extraction method would yield
the same outcome in terms of differentiating alleles of Beta. Significance trends for other
carotenoids measured, such as phytofluene and total lycopene, tended to be similar between
extraction methods. Most trends of allelic variation were similar regardless of extraction
method. Similar to cherry tomatoes, concentrations of all-#rans lycopene and total lycopene
were lower in processing tomato samples extracted rapidly (Table 1). Carotenoid
concentration data indicate that the amount of lycopene and p-carotene in fruits with the
LAT716 allele of Betaare intermediate between red tomatoes and high B-carotene
accumulating tomatoes such as those with the JF allele (Table 1), providing a basis for the
separation seen in Figure 2A. Concentrations of phytoene, phytofluene, cis-p-carotene, all-
trans-B-carotene, and total p-carotene (all-frans-B-carotene + cisisomer species) were
similar regardless of extraction method used (Table 1).

All-trans lycopene and B-carotene accumulate as crystalline structures in chromoplasts in
tomato fruits (40, 41). However, all-trans lycopene and p-carotene crystals have different
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structures. We hypothesize that the lower extraction efficiency of all-#rans lycopene using
the rapid method is because of a decreased ability to disrupt and solubilize tightly packed H-
aggregates of all-zrans-lycopene (42). B-Carotene extraction was not affected to the same
extent. We hypothesize that its nonplanar structure, which does not lend well to H-aggregate
formation (42), allowed for similar solubility of B-carotene between extraction methods.

For processing tomatoes with allelic variation at the tangerine locus, concentrations of
phytoene, phytofluene, neurosporene, and all-frans-lycopene were similar between the two
extraction methods (Table 2). Lower extraction efficiency in the rapid extraction method
influenced the estimated concentrations of tetra-c/s-lycopene and C-carotene. Separation
between alleles of tangerine were identical for phytoene, phytofluene, tetra-cis-lycopene,
cis-lycopene, and all-frans-lycopene. Distinguishing differences between tand # for C-
carotene, neurosporene, and total lycopene were trending towards significance (0.05 < P<
0.07), but these carotenoids only significantly differentiated when the samples were
extracted using the rapid method (Table 2).

Beyond contrasting the accuracy of the extraction methods, we also took a novel approach of
modeling the contribution of genetic, environmental, and extraction effects on total variance.
For most carotenoids, genotypic differences (“G”) tended to account for the majority of
variance (up to 96.7%). The contribution of extraction method (“EX”) to total variance
depended on the carotenoid (Table 3). The proportion of variance as a result of extraction
was between 15.6 and 28.3% for all-rans lycopene, other cis lycopene, and total lycopene,
compared with between 0.0 and 1.3% for all other carotenoids (Table 3). Genotype by
extraction method (“G:EX”) contributed a relatively high proportion of variance for these
carotenoids and may reflect differences in extraction efficiency between the two methods as
discussed above.

The concentrations of carotenoids extracted using the standard method correlated with those
extracted using the rapid method (Table 4). Correlations for phytoene and phytofluene were
statistically significant (£ < 0.001) with high correlations (r = 0.937 for both). Most other
carotenoids measured followed similar trends. Tetra-cis-lycopene and other cis-lycopene
isomers were found to have a moderately strong (r = 0.604 and 0.672, respectively)
relationship and were also statistically significant (Table 4). c/s-B-Carotene estimates
generated by both extractions were statistically significant (£ < 0.05) but correlated weakly
(r =0.336). Linear models could be used to partially compensate for loss of extraction
efficiency. The rapid extraction method could be used in contexts where many samples need
to be extracted and profiled for carotenoids. If specific samples require additional accuracy
or confirmation, they could be extracted using the standard method.

Although rapid extractions exist for tomatoes and tomato products (43, 44), our extraction
method was able to be completed faster, at less than 5 min/sample (2 times faster than the
standard method we used). Typically, tomato carotenoid extractions maximize mass transfer
by subjecting samples to multiple rounds of extraction (17-19, 21, 34). Our rapid method
aimed to capitalize on the time savings of using a bulk extraction and probe sonication while
eliminating time-consuming steps involved with centrifuging and liquid transfer. Although
omitting multiple steps of solvent addition reduced the duration of the rapid extraction, the
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capacity to partition analytes into solvent was diminished. This effect explains the difference
in carotenoid concentration estimates between the standard and rapid extraction methods
(Tables 1 and 2), particularly for less soluble carotenoids like all-frans lycopene.

HPLC-DAD and UHPLC-DAD Analysis Methods

PCA was used to visualize overall similarities and differences in carotenoid phenotypic data
generated by HPLC-DAD or UHPLC-DAD (Figure 2B). The phenotypic data generated by
both analysis methods display similar patterns of clustering. Different alleles of Beta
clustered into three distinct groups containing red tomatoes (OH8245 and Tainan), orange
tomatoes (IF, PU, and 97L97), and LA716 as an intermediate between highly pigmented
orange and red tomatoes. Tomatoes with alleles of tangerine were excluded from PCA
analysis in this context because of the inability to quantify all carotenoids in tangerine
tomatoes using the rapid UHPLC-DAD method.

Concentrations were similar for all carotenoids measured and significance trends were
similar between the two analysis methods (Table 5). The discrimination of alleles of Betain
a cherry tomato background was almost completely unaffected by the chromatographic
analysis method used. The only deviation in significance trends in this subpopulation can be
seen in cis-B-carotene and c/s-lycopene isomers. This observation is likely a result of the
lack of chromatographic resolution for these minor carotenoid species in contrast to the
longer HPLC method (Figure 3). Similar trends were observed in the processing tomato
subpopulation with allelic variation for Beta (Table 5). Concentrations of all carotenoids
measured were similar between analysis methods, and the significance trends among
different alleles of Beta were identical between analysis methods. The exception was c¢/s-
lycopene isomers. An inability to separate c¢/sisomers was also observed in tomatoes with
tangerine alleles using the rapid UHPLC-DAD analysis method.

The subpopulation of processing tomatoes with allelic variation at the tangerine locus was
also analyzed both by a standard HPLC-DAD and the rapid UHPLC-DAD analysis method.
We were unable to adequately resolve C-carotene, neurosporene, and tetra-c/s-lycopene
found in tangerine tomatoes using the rapid UHPLC-DAD method. Tetra-cis-lycopene, C-
carotene, neurosporene, and their geometrical isomers differ by minor structural alterations
that result from desaturation events during their biosynthesis (12, 32). C30 columns were
invented to separate geometrical isomers of carotenoids (45). However, no UHPLC columns
are currently available with this stationary phase. To separate and quantify these carotenoids
using HPLC, long separations (often between 15 and 100 min) are generally employed using
C18 or C30 stationary phases packed into 250 mm columns (10, 18, 22-27, 35). This rapid,
isocratic UHPLC-DAD method was not able to separate carotenoids from tangerine
tomatoes during its 4.2 min run time (Figure 3). Thus, the rapid UHPLC-DAD method is
best suited for tomatoes that primarily contain lycopene and p-carotene.

Similar to the comparisons of extraction methods, we used random effects modeling to
estimate contributions to variance. Random effects modeling indicated that analysis method
(“AN) contributed between 0 and 14.9% of the variation for all carotenoids measured by
UHPLC-DAD. Genotypic (“G™) and environmental conditions {genotype by location
[“G:L™], location [“L"], and block within location [“BLK(L)”]} were stronger and
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influenced carotenoid profiles substantially more than the analysis method. Genotypic
contributions to total variance were as high as 82.1% for all carotenoids measured by both
HPLC-DAD and UHPLC-DAD, demonstrating that variance due to biological conditions
often overwhelms variance from analytical sources. The analysis method explained almost
15% of the total variance for other cis-p-carotene isomers (Table 3), which is reflected in
higher values when measured by HPLC-DAD as compared with UHPLC-DAD (Table 5).
We hypothesized that this difference is a result of an inability to fully resolve c/s-B-carotene
isomers from all-#rans using the rapid UHPLC-DAD method as discussed above. Ultimately,
these isomers constitute a small proportion of the total carotenoid content in most tomato
fruits and may not be of importance in many contexts. Overall, genetic and environmental
factors overwhelmed the effects of chromatographic method.

To explore the two datasets further, we used linear regression again to determine their
relationship (Table 4). We found that all carotenoid concentrations in our Beta processing
and cherry tomato subpopulations measured by UHPLC-DAD were strongly related to those
measured by HPLC-DAD. The regression equations presented in Table 4 could be used as a
starting point to convert values generated by the UHPLC-DAD method to those generated by
the HPLC-DAD method we used.

Because of the structural and chemical similarity of tomato carotenoids as well as the
presence of geometrical isomers, chromatographic separation methods tend to be time
consuming (10, 18, 22-27, 35). The UHPLC-DAD method presented here was able to
resolve major tomato carotenoids and to an extent, some cisisomers of lycopene and p-
carotene in only 4.2 min (Figure 3). Other HPLC-DAD and UHPLC-DAD methods have
been recently developed to separate carotenoids but are considerably longer and do not
resolve lycopene precursors such as phytoene and phytofluene (46-48). Furthermore, the
rapid UHPLC-DAD method requires 93% less solvent compared with the standard method
because the reduction in sample run time and lower flow rate. Given the data we presented
here, this UHPLC-DAD analysis method could greatly enhance the analytical throughput in
many applications including but not limited to breeding, quality control, and food product
development. The UHPLC-DAD method was unable to resolve the complex mixture of
carotenoids and geometrical carotenoid isomers found in tangerine tomatoes, although it can
still be used to rapidly determine if a sample is from a tangerine tomato and those samples
could be profiled using the standard method we presented in this work.

Conclusions

Here, we developed new carotenoid extraction and analysis methods and applied them to
assess diverse selections of tomatoes grown in multiple environments. The rapid extraction
protocol was able to distinguish between alleles of Betaand tangerine similarly to standard
methods, although extraction efficiency was lower for some carotenoids. This extraction
method may be best suited for qualitative, high-throughput phenotyping in which rapid
turnaround time is required. The novel UHPLC-DAD method presented here separates
carotenoids 5 times faster compared with the standard method. The UHPLC-DAD method
was able to separate genetic background, allele effects, and environmental effects as well as
the standard method. Although the UHPLC-DAD method is the fastest tomato carotenoid
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separation protocol to date, carotenoids and geometrical isomers unique to tangerine
tomatoes could not be separated and quantified. If a high degree of accuracy is required for
carotenoid phenotyping, a subset of samples could be extracted using a standard method and
analyzed using the rapid UHPLC-DAD method to capitalize on its time and resource
savings. In many cases, genetic and environmental effects tended to contribute more to the
variation in our samples than that of the extraction or chromatography methods. The rapid
carotenoid extraction and analysis platform we outlined here could be adopted by plant
breeders and food product developers interested in making fast, data-driven decisions.
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Figure2.

PCA of (A) tomatoes extracted using the standard or rapid method and (B) tomatoes
analyzed by HPLC-DAD or UHPLC-DAD. Individuals with alleles of fangerine were not
included in B because of an inability to resolve C-carotene, neurosporene, and tetra-c/s-
lycopene by UHPLC-DAD. Subpopulation clustering was similar regardless of extraction or
analysis method.
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Figure 3.

Chromatograms of tomatoes carrying an allele of Beta (LA716) generated by HPLC-DAD
and UHPLC-DAD (inset and scaled for difference in run time). Carotenoids quantified
included (1) Phytoene; (2) Phytofluene; (3) p -carotene, (3a) p-carotene isomers; (4) all-
trans lycopene, and (4a) c/s-lycopene isomers. Traces indicate DAD wavelengths 286, 348,
and 471 nm.
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