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ABSTRACT. Stip is a physiological disorder that affects certain pepper (Capsicum annuum) cultivars, most notably
bell-pod types. It has been attributed in the literature to nutrient imbalances, temperature extremes, and/or other environmental stressors. Symptoms present as brown, black, and yellow ovoid-shaped necrotic lesions 0.5 to 1.2 cm
long by 0.5 cm wide. Between 2014 and 2015, symptomatic and asymptomatic pods were harvested from 15 commercial farms in southern New Mexico. Fluorescent microscopy comparisons of harvested symptomatic tissue revealed a
unique ﬂuorescent signature and the absence of chlorophyll. A new spectral peak centered around 560 nm was observed in symptomatic tissue. High-performance liquid chromatography (HPLC) and gas chromatography–mass
spectrometry (GC-MS) analyses of these tissues detected signiﬁcant differences in 13 metabolites, of which several
have been associated with fruit maturation and/or senescence. This report represents the ﬁrst combination of a detailed microscopic description and metabolite proﬁle of ﬁeld-grown symptomatic plants with this disorder.

Stip is regarded as a physiological disorder of pepper (Capsicum annuum) in which symptoms appear as brown, black, and
yellow ovoid-shaped chlorotic and/or necrotic pod lesions 0.5
to 1.2 cm long and 0.5 cm wide (Fulton and Uchanski, 2017;
Fulton et al., 2021) (Fig. 1). A single lesion may be present on
symptomatic pods, but often 15 or more will occur. Lesions occasionally have a clear boundary; however, lesions can coalesce
if they present in large numbers. In addition, lesions are often
found in the middle third of fully developed pepper pods and
can be present on mature green and red fruit. Although plants appear otherwise unaffected, the lesions make the fruit unmarketable. Because previous research has failed to identify any
culpable pathogen, stip is believed to be a physiological disorder
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caused by environmental stressors (Hibberd, 1981; Villalon,
1975). Excess nitrogen fertilization, inadequate light, elevated
soil pH, and lime applications have been identiﬁed as possible
contributing factors (Aloni et al., 1994; Feigin and Sagiv, 1987;
Hibberd, 1981; Smith et al., 1995). Aloni et al. (1994) investigated the relationship between excess nitrogen fertilization
and symptom expression, and evaluated the effect light and
the amount of nitrogen fertilization had on three bell-podtype cultivars (Maor, Lady Bell, and 899), which varied in
their degree of susceptibility to stip. They reported an increase in the quantity of intracellular oxalic acid in tandem
with increased applications of nitrogen, particularly in lightlimited environments. Furthermore, when viewed under a
scanning electron microscope, Aloni et al. (1994) observed
crystalline structures hypothesized to be calcium oxalate or
chelated oxalic acid. They concluded that stip lesions could
be the result of chelated oxalic acid puncturing cell membranes, leading to subsequent cell death and oxidation.
Metabolomics research examining the relative importance of
oxalic acid and other small molecular metabolites would advance this prior research. Previous metabolomics research has
examined the signiﬁcance of intracellular calcium in response to
cold, phytohormone regulation inﬂuenced by heat stress, and the
effect of drought on biochemistry (Escandon et al., 2018; Michailidis et al., 2017; Moradi et al., 2017). Similarly, a detailed
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sampling location, cultivar, pod category, and cultivation
practices.
Within 48 h of collection, tissue (diameter, 1.5 cm) was excised from harvested pod material. About half the excised material was ﬂash-frozen in liquid nitrogen, whereas the residual
amount was examined microscopically. Frozen samples were
dried in a lyophilizer (SP Scientiﬁc, Warminster, PA) for 4 d at
less than 13.3 Pa pressure at about –40  C. Dry tissue was then
homogenized using a mortar and pestle, weighed to 6 mg, and
stored at –20  C until metabolomics testing.
YEAR 2 (2015). The same procedure described for year 1 was
followed in 2015, with the following modiﬁcations: pods from
all categories were collected from ﬁve commercial ﬁelds, followed by visits to four additional ﬁelds later in the season to collect more symptomatic pod tissue. This provided a greater
number of pods and tissue to analyze in year 2.
Microscopy procedures

Fig. 1. A collage of stip symptoms on New Mexico pod-type, ﬁeld-grown
peppers showing the range of colors, shapes, sizes, and levels of severity.
The blue arrow indicates tissue necrosis inside the pod wall.

metabolomics and microscopic description of stip-affected tissue
would establish the description of this disorder, identify potential
metabolites involved during symptom expression, and provide
insight into the underlying physiological mechanism leading to
symptom development.
Materials and Methods
Field visit procedure

YEAR 1 (2014). Six commercial ﬁelds in southern New Mexico, with signiﬁcant amounts of stip reported by industry ﬁeld
managers, were visited between 4 Aug. and 25 Sept. 2014. Mature green pods from cultivar AZ 1904 were sampled from locations within the ﬁelds that generally followed the same
cultivation practices (including irrigation, fertilizer application,
and pesticide treatment) and environmental conditions. Upon
collection, pods were identiﬁed and grouped into one of four
unique categories: i, asymptomatic pods from asymptomatic
plants; ii, asymptomatic pods from symptomatic plants; iii,
asymptomatic tissue from symptomatic pods; and iv, symptomatic stip lesion tissue from symptomatic pods (Fig. 2). An intake
form was recorded for each collected pod with a photo, date,
170

STEREO FLUORESCENCE MICROSCOPY. Before use, excised plant
tissue was stored at 4  C with limited ambient light exposure.
However, within 72 h of collection, pepper tissue underwent
stereo ﬂuorescence and confocal microscopic imaging (Leica
Microsystems, Wetlzar, Germany). Before examination of the
fruit pericarp, the tissue samples were trimmed to 1 cm long,
0.3 to 0.5 cm wide, and 0.3 to 0.5 cm deep. A ﬂuorescent phenotype from all tissue categories was observed. In symptomatic tissue (stip lesion) samples, a region of asymptomatic tissue was
left around the periphery of symptomatic tissue. Tissue samples
were then viewed in cross-section, which showed vascular bundles. The tissue was then placed in a 35-mm glass-bottom microwell dish (MatTek Corp., Ashland, MA) and set on top of a
solid-black surface to limit light reﬂection.
After samples were positioned, ambient lighting was reduced,
the focus and magniﬁcation set, and an initial image using the reﬂection lamp setting was taken to include the date, name, and
other pertinent information for each sample. Fluorescence images were then collected using the green ﬂuorescent protein
(GFP), Texas Red (TXR), violet, and ultraviolet ﬁlter sets. The
settings on the software were as follows: zoom 2.0, 3.3 gain,
1.00 saturation, and 1.00 gamma. The exposure times were 2.99
ms (lamp), 3.0 s (GFP), 2.0 s (TXR), 2.0 s (violet), and 5.0 ms
(ultraviolet). Proprietary application suite advanced ﬂuorescence
software (version 2.7.2.9586, Leica Microsystems) was used to
acquire the images.
CONFOCAL MICROSCOPY. Confocal microscopy was incorporated to gain precision and depth, and to limit possible ﬂuorescence from peripheral areas to areas at the exact focal plane of
the lens. This approach allowed for greater deﬁnition in the
ﬂuorescent signal. In addition, this provided a comparison between the ﬂuorescent signal observed with the stereo ﬂuorescent
microscope and the ﬂuorescence seen using the higher resolution confocal microscope.
After capturing stereo ﬂuorescence images of dissected pericarp from selected fruit, a laser scanning confocal microscope
(TCS SP5, Leica Microsystems) with a long working distance
(1.15 mm) 20 objective lens was used to capture confocal imagery. Identical software as described previously was used to acquire the images. A scan of the sample area with a 488-nm argon
ion laser at 20% power resulted in ﬂuorescence excitation. Frameaveraged ﬂuorescence emission was collected in two separate data
channels: one at 500 to 550 nm (green) and the other at 650 to
J. AMER. SOC. HORT. SCI. 146(3):169–177. 2021.

Fig. 2. An illustration of the pepper pod collection procedure used while sampling at commercial ﬁelds in southern New Mexico between 2014 and 2015. During sampling, individual harvested pods were categorized into one of four different classes: i, asymptomatic pod from asymptomatic plant; ii, asymptomatic
pod from symptomatic plant; iii, asymptomatic tissue from symptomatic pod; and iv, symptomatic stip lesion tissue from symptomatic pod.

700 nm. Maximum projection images of 30- to 40-mm-thick tissue
slabs composed of 40 to 50 optical sections were captured. Fluorescence emission spectra from 500 to 750 nm were captured using
the lambda scan tool with a bandwidth of 20 nm.
Metabolomics procedures

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY. An abridged
version of the protocol described by Richins et al. (2014) was
followed for HPLC. During the ﬁrst year, 6 mg of tissue per
sample was extracted; the following year, 25 mg per sample was
used. Samples were saponiﬁed with 1 mL of 2 N methanolic potassium hydroxide, vortexed for 30 s, and heated at 50  C for 1
h. They were then stored in a dark environment for 24 h. Afterward, they were centrifuged at 4  C for 20 min at 2900 gn, and
the supernatant was passed through a syringe ﬁlter (Sigma-Aldrich, St. Louis, MO). Fifty-microliter sample injections were
run at 25  C on an HPLC with an attached photodiode array detector (400- to 600-nm detection; Waters Alliance, Milford,
MA) equipped with a carotenoid-speciﬁc column (YMC, Allentown, PA). After every 10 tissue samples, a reference sample
consisting of b-carotene was run to conﬁrm equipment precision.
The binary solvent system used was 81% methanol, 15% methyl
tert-butyl ether, 4% deionized water and 90% methyl tert-butyl
ether, 6% methanol, and 4% deionized water with a ﬂow rate of
1 mLmin–1.
GAS CHROMATOGRAPHY–MASS SPECTROMETRY. GC-MS was
used to compare polar metabolite concentrations statistically
across the four tissue classes. Sample preparation was completed
as described by Boeckling et al. (2006) with slight modiﬁcations: the use of a centrifugal evaporator to dry the nonpolar
layers (Eppendorf, Hauppauge, NY) and the addition of 60 mL
of internal retention index markers for quality control (SigmaAldrich). The instrumentation was washed two times with 1 mL
of an equal mixture of ethyl acetate, acetonitrile, and isobutyl
followed by two washes with hexane. Samples were run on a
J. AMER. SOC. HORT. SCI. 146(3):169–177. 2021.

GC-MS time-of-ﬂight machine (Agilent Technologies, Santa
Clara, CA) using proprietary software (ChromaTOF version
4.41; LECO, St. Joseph, MI).
Individual peaks were identiﬁed using a published library
(Kind et al., 2009) and were veriﬁed by plotting the retention
index numbers against their elution time (Kind et al., 2009).
Data from generated ﬁles were extracted and aligned with
Met IDEA v. 2.08 (Samuel Roberts Noble Foundation, Ardmore, OK). The resulting peak concentrations were then normalized by dividing them by the ribitol peak concentration
and then by the sample’s mass. To ascertain concentrations
of metabolites, peak areas were correlated to the known ribitol concentration and its peak area. The resulting data were
then analyzed as described next.
Statistical analysis

Analysis of variance was calculated for the polar metabolite
and carotenoid concentrations using the Proc GLM Model (SAS
version 9.4; SAS Institute, Cary, NC), and global f-test and pairwise comparisons were applied at 10% (a = 0.10). The categories—asymptomatic pod from asymptomatic plant tissue [i (this
category was replicated 11 times)], asymptomatic pod from
symptomatic plant (ii), asymptomatic tissue from symptomatic
pod (iii), and symptomatic stip lesion tissue from symptomatic
pod tissue (iv)—were replicated 15 times. Post hoc tests of metabolite concentration differences between the tissue classes’
least squares means were assessed using Tukey’s honestly signiﬁcant difference (HSD) test. Chromatographic data were normalized on an individual metabolite basis with either the log
base 10, square root, or natural log transformation, depending on
which ﬁt the data best; the year was included in the analysis as a
ﬁxed factor. Interaction between tissue class and harvest date
was ﬁrst examined; the null hypothesis regarding the interaction
between years and tissue was not rejected for any of the
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metabolites studied except citric acid. Therefore, samples across
years were combined to increase the power of statistical tests.
Results
Microscopy results

STEREO FLUORESCENCE. Figure 3A and B shows excised pod
tissue collected from asymptomatic plants, and Fig. 3C and D
shows symptomatic stip lesion tissue. In addition, Fig. 3A and C
was acquired using a violet ﬁlter, whereas Fig. 3B and D used a
GFP ﬁlter. This comparison presents the distinct ﬂuorescent
phenotype unique to stip lesion tissue. Only symptomatic areas,
and not the surrounding asymptomatic tissue, displayed this distinct ﬂuorescence. Often, the location of ﬂuorescence symptoms
was about equidistant between two vascular bundles, as indicated with the small blue arrow in Fig. 3C. Furthermore, neither
tissue from an asymptomatic pod from a symptomatic plant (tissue category ii) nor asymptomatic tissue from a symptomatic
pod (tissue category iii) showed this ﬂuorescent phenotype (Fig.
4). Microscopically, there were no noticeable distinctions between the various stages of asymptomatic tissue (tissue categories i, ii, and iii) (Fig. 4).
The pattern of ﬂuorescence seemed to progress during
symptom development. During the earlier stages of symptom
expression, when lesions were difﬁcult to detect, the autoﬂuorescence of chlorophyll was extinguished. Simultaneously, a background ﬂuorescence appeared, possibly of a
carotenoid pigment, as shown by the large yellow arrow in
Fig. 3C. However, as the disorder progressed and lesions became more deﬁned, this area lost ﬂuorescence. As shown by

the red arrow in Fig. 3D, when lesions were fully formed, all
ﬂuorescence was absent.
CONFOCAL FLUORESCENCE. Confocal microscopy conﬁrmed
the unique ﬂuorescent phenotype observed in symptomatic stip
lesion tissue from a symptomatic pod (tissue category iv) (Fig.
5). As observed previously, only in symptomatic areas with necrotic or chlorotic lesions was this ﬂuorescence detected. Confocal microscopy also revealed that the majority of this
ﬂuorescence was coincident with individual cell walls and was
not observed within the cell interior. In addition, there appeared
to be signiﬁcantly fewer chloroplasts in stip-affected tissue compared with asymptomatic tissue. These distinctions were noted
only in symptomatic tissue, whereas tissue from the tissue categories i, ii, and iii appeared uniform (Fig. 5).
Emission spectral data were collected from the 500- to
740-nm wavelength range and is shown in Fig. 6. Asymptomatic tissue showed a prominent peak centered on 680 nm,
which corresponds with the emission wavelength of chlorophyll a (narrow line in Fig. 6). In comparison, the abundance
of chlorophyll a showed a signiﬁcant decrease in symptomatic tissue congruent with the visual observation of chlorophyll
loss in stip lesions discussed previously (thick line in Fig. 6).
However, emission spectra centered around 680 nm were observed possibly as a result of peripheral asymptomatic tissue
surrounding stip lesions or the residual presence of a few
chloroplasts in symptomatic tissue.
Metabolomic results

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY. Quantiﬁed
metabolite concentrations in the four tissue categories were
found to follow one of four distinct metabolite proﬁles or trends

Fig. 3. Stereo ﬂuorescence micrographs of (A, B) pepper pod tissue class i (an asymptomatic pod produced from an asymptomatic plant) and of (C, D) pepper
pod tissue class iv (symptomatic stip lesion tissue excised from a symptomatic pod). The blue arrow in (C) indicates the location of stip symptoms between
vascular bundles, the yellow arrow designates a developing stip lesion and new ﬂuorescence, and the red arrow indicates a mature stip lesion and absence of
ﬂuorescence. (A, C) Generated with a violet light cube. (B, D) Generated with a green ﬂuorescent protein ﬁlter cube. (A, B) Bar = 2 mm. (C, D)
Bar = 5 mm.
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the concentration in tissue category iii was also signiﬁcantly greater than tissue categories i (P < 0.05) and ii (P < 0.01).
GAS CHROMATOGRAPHY–MASS SPECTROSCOPY. Concentration
comparisons for four representative metabolites (malic acid, galactose 1, citric and oxalic acid), each described by the aforementioned general trends, is shown in Fig. 8. The results of
individual post hoc (Tukey’s HSD) comparisons among the tissue

Fig. 4. Stereo ﬂuorescence imagery of the four described tissue classes (i, ii,
iii, and iv) from New Mexican pod-type pepper. Green ﬂuorescent protein
and violet light ﬁlters were used in the middle and rightmost images, respectively. Of the four tissue types studied, two visually distinct groups
were apparent: asymptomatic and symptomatic. Bar = 2 mm.

(Fig. 7). These proﬁles describe the general trends of tested metabolites as tissue progressed from asymptomatic to symptomatic
lesions. For example, in trend 1, a metabolite’s concentration in
the symptomatic tissue category (iv) was elevated in relation to
tissue categories i, ii, and iii, and no tissue class was observed
with an intermediate concentration. The inverse of this pattern
was observed in trend 2, in which a metabolite’s concentration
in the symptomatic tissue category (iv) was depressed in relation
to tissue categories i, ii, and iii, and no tissue class was observed
with an intermediate concentration. Metabolites grouped into
trends 3 and 4 were observed at an intermediate concentration
between that found in tissue categories i and ii relative to symptomatic tissue. For example, in trend 3, a metabolite’s concentration in the symptomatic tissue category (iv) was elevated in
relation to tissue categories i and ii, whereas iii fell somewhere
intermediate between iv, and i and ii tissue categories. Last,
similar to trend 3, metabolites that followed general trend 4 were
observed at an intermediate concentration in tissue category iii,
whereas the concentration was signiﬁcantly less in symptomatic
tissue (iv) relative to tissue categories i and ii. The outcome for
each carotenoid and metabolite is summarized in Table 1.
HPLC allowed for the comparison of the carotenoid pigments
lutein, capsanthin, and zeaxanthin among the four tissue categories.
Lutein concentration was observed to follow general trend 2. Its
concentration in symptomatic tissue (iv) was signiﬁcantly less than
that present in tissue categories i, ii, and iii (P < 0.0001). Capsanthin and zeaxanthin concentrations displayed trend 3. Capsanthin
was not detected in tissue categories i and ii, but its concentration
increased gradually within tissue category iii and reached its highest amount within symptomatic tissue (iv). Because of the complete absence of capsanthin in tissue categories i and ii, post hoc
statistical analysis was not conducted. Zeaxanthin was observed at
a signiﬁcantly greater concentration in symptomatic tissue relative
to tissue categories i (P < 0.0001) and ii (P < 0.0001), whereas
J. AMER. SOC. HORT. SCI. 146(3):169–177. 2021.

Fig. 5. Confocal ﬂuorescent imagery of the four described tissue classes (i, ii,
iii, and iv) from New Mexican pod-type pepper. Confocal imagery followed
the same pattern seen in stereo ﬂuorescence microscopy in which, of the
four tissue types studied, two visually distinct groups were apparent: asymptomatic and symptomatic. Bars = 100 and 102 mm.
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Fig. 6. Confocal spectra of tissue from tissue category i [an asymptomatic pod sampled from asymptomatic New Mexican pod-type pepper plants grown in the
ﬁeld (thin line)] compared with confocal spectra of tissue category iv [symptomatic lesion tissue sampled from symptomatic pods (thick line)]. The peaks
are normalized to the predominant peak established at 100%.

classes are shown in Table 2. Concentrations of malic acid, ethanolamine, phosphate, and serine 1 best ﬁt general trend 1 and
were signiﬁcantly (P < 0.05) greater in symptomatic tissue compared with the other tissue classes.
Galactose was the only evaluated metabolite best characterized by general trend 2. The concentration of this metabolite was
detected at signiﬁcantly lower concentrations in symptomatic tissue relative to the other three tissue categories. As shown in Table 2, galactose 1 was less present in symptomatic tissue relative
to categories i (P < 0.05), ii (P < 0.01), or iii (P < 0.05).
General trend 3 best characterized the distribution of citric
acid in the four tissue categories. The concentration of citric
acid was signiﬁcantly greater in symptomatic tissue relative
to tissue categories i (P < 0.001) and ii (P < 0.0001). Because the concentration in category iii was only slightly elevated, it was not signiﬁcantly different from any other tested
tissue category.
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Lower concentrations of oxalic acid, galactinol 1, and mannose 2 were detected in symptomatic tissue relative to both tissue categories i and ii. The concentration of these metabolites in
category iii was modestly lower relative to categories i and ii;
however, the concentration was not signiﬁcantly different from
any of the evaluated tissue categories. The symptomatic tissue
concentration of oxalic acid was statistically less compared with
tissue categories i (P < 0.05) and ii (P < 0.05). Galactinol 1
concentration was signiﬁcantly less in symptomatic tissue compared with tissue categories i (P < 0.001) and ii (P < 0.01).
Last, mannose 2 was detected at a lower concentration in symptomatic tissue relative to tissue category i (P < 0.05).
Discussion
Microscopy

The stereo ﬂuorescence and confocal micrographs in our
study appear to show the loss of chlorophyll coinciding with the
J. AMER. SOC. HORT. SCI. 146(3):169–177. 2021.

Fig. 7. Quantiﬁed metabolite concentrations in the four pepper tissue categories were found to follow one of four distinct metabolite proﬁles or trends. In trend
1, a metabolite’s concentration in the symptomatic tissue category (iv) was elevated in relation to tissue categories i, ii, and iii, and no tissue class was observed with an intermediate concentration. The inverse of this pattern was observed in trend 2, in which a metabolite’s concentration in the symptomatic tissue category (iv) was depressed in relation to i, ii, and iii tissue categories, and no tissue class was observed with an intermediate concentration. Metabolites
grouped into trends 3 and 4 were observed at an intermediate concentration for tissue class iii between that found in tissue categories i, ii, and iv. In trend 3,
a metabolite’s concentration in the symptomatic tissue category was elevated relative to tissue categories i and ii; iii fell somewhere intermediate between
the former (iv) and later (i and ii) tissue categories. Last, in trend 4, metabolites were observed at an intermediate concentration in iii tissue; the concentration
was signiﬁcantly less in tissue category iv relative to i and ii.

emergence of a new ﬂuorescent signal in symptomatic tissue
(Figs. 3C and D, and 6). Fluorescence disappeared altogether at
complete cell death in a fully developed stip lesion (Fig. 3D).
This ﬂuorescence corresponds with lesions visible to the naked
eye and is not present in asymptomatic tissue (Fig. 4). Contrary
to the ﬁndings of Aloni et al. (1994), chelated oxalic acid was
not observed in symptomatic tissue (J.C. Fulton, P. Cooke, and
M.E. Uchanski, unpublished energy-dispersive X-ray spectroscopy data).
Confocal emission spectra showed a peak centered at 680
nm, which corresponds with the emission spectra of chlorophyll
a (Pedr
os et al., 2008) (Fig. 6), whereas a broad peak extending
from 500 to 700 nm was present in symptomatic tissue, which
corresponds with the photosynthetically active radiation spectrum typically absorbed by healthy plants and associated pigments (Kume, 2017).
Metabolomics

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY. HPLC indicated that lutein concentration was the lowest in symptomatic
stip lesion tissue from symptomatic pods, whereas capsanthin
and zeaxanthin was highest with asymptomatic tissue from symptomatic pods (trend 3; Table 1). Lutein is an evolutionarily conserved xanthophyll widely shared by the plant kingdom. It binds
J. AMER. SOC. HORT. SCI. 146(3):169–177. 2021.

with the light-harvesting antenna complexes of photosystem II,
where it stabilizes antenna proteins, assists in photosynthesis by
transferring energy absorbed by these antennae to chlorophyll,
and provides photoprotection by quenching triplet excited chlorophyll molecules (3Chl) (Jahns and Holzwarth, 2012). Without
quenching, it is probable that the 3Chl molecules would interact
with diatomic oxygen to produce reactive oxygen species, which
can be deleterious to the cellular machinery (Havaux, 1998). In
our study, chlorophyll in symptomatic stip lesion tissue is notably
absent, which is possibly the result of this type of damage.
Chlorophyll degrades during the normal ripening process
(Borovsky and Paran, 2008). Furthermore, capsanthin and zeaxanthin accumulate in maturing cells whereas lutein decreases
(Contreras-Padilla and Yahia, 1998; Hornero-Mendez et al.,
2000). We observed that chlorophyll degraded and lutein accumulated (trends 2 and 3) (Table 1) in the pod areas deﬁned by
stip lesions. Stip symptoms appear to be localized portions of
the pod that show characteristics of maturation and senescence
whereas the rest of the pod appears normal. Meanwhile, asymptomatic tissue from symptomatic pods had intermediate quantities of capsanthin and zeaxanthin [trend 3 (Table 1), relative
increase changes (Fig. 7)].
GAS CHROMATOGRAPHY–MASS SPECTROMETRY. Changes in
primary and secondary metabolites similar to those described
175

Table 1. The signiﬁcance of post hoc (Tukey’s honestly signiﬁcant
difference test) metabolite concentration differences among four
evaluated pepper tissue categories.
Tissue category
Metabolite
i–iv i–iii ii–iv ii and iii iii and iv Trend
Lutein
****
NS
****
NS
****
2
Capsanthin
NS
NS
NS
NS
NS
3
Zeaxanthin
****
*
****
**
NS
3
Ethanolamine
*
NS
***
NS
***
1
L-malic acid
*
NS
***
NS
****
1
Phosphate
*
NS
**
NS
*
1
Serine 1
**
NS
****
NS
**
1
Galactose 1
*
NS
**
NS
*
2
Citric acid
***
NS
****
NS
NS
3
Galactinol 1
***
NS
**
NS
NS
4
Mannose 2
*
NS
NS
NS
NS
4
Oxalic acid
*
NS
*
NS
NS
4
i = asymptomatic pod from asymptomatic plant; ii = asymptomatic
pod from symptomatic plant; iii = asymptomatic tissue from symptomatic pod; iv = symptomatic stip lesion tissue from symptomatic pod.
For explanation of Trends, see Fig. 7 caption.
NS, *, **, ***, ****Nonsigniﬁcant or signiﬁcant at 0.05, 0.01,
0.001, or 0.0001, respectively.

earlier were also detected by GC-MS. For example, we noted
a decrease in oxalic acid (Tables 1 and 2). Jang et al. (2015)

documented a decrease in the concentration of oxalic acid
throughout maturity, and an increase in L-serine, citric acid,
and L-asparagine. Gross et al. (1986) showed a decrease in
D-galactose and mannose 2 during fruit ripening, which is
necessary for cell wall degradation. Osorio et al. (2012) reported a signiﬁcant decline in galactinol during ripening.
Barrera et al. (2008) observed an increase in L-malic acid in
two of the four hot-pepper cultivars studied, and Kang et al.
(2002) found that ethanolamine has been shown to hasten
fruit ripening and color change.
Conclusions
Our results suggest localized cell clusters that show stip
symptoms enter premature fruit during maturation and early senescence of pod tissue. This is ﬁrst suggested by the loss of
chlorophyll in symptomatic tissue and the dampened absorption
spectra in the photosynthetically active spectrum (400–700 nm).
We documented imagery showing an apparent change of ﬂuorescence (Fig. 3C and D) and the intermediate concentrations of
capsanthin, zeaxanthin, citric acid, galactinol, mannose, and oxalic acid in asymptomatic tissue from symptomatic pods.
As described, the concentration of metabolites found to be
signiﬁcantly different in symptomatic stip lesion tissue changed
similarly during the natural maturation and/or senescence processes. However, during instances of symptom expression, localized areas of an otherwise physiologically immature (i.e., green)

Fig. 8. Concentration differences among four classes of pepper pod tissue (i, ii, iii, and iv) of four metabolites (malic acid, galactose 1, citric acid, and oxalic
acid) representing the four general concentration trends observed. Tukey’s honestly signiﬁcant difference test was used to test pairwise combinations. Signiﬁcant differences are shown by lowercase letters.
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Table 2. Probability values for post hoc [Tukey’s honestly signiﬁcant difference (HSD) test] metabolite concentration comparisons
trending among four evaluated pepper tissue categories.
Metabolite
Malic acid

Comparison (Tukey’s
i–iv
ii–iv
iii and iv

HSD)

P value
<0.05
<0.001
<0.0001

Galactose
i–iv
ii–iv
iii and iv

<0.05
<0.01
<0.05

Citric acid
i–iv
ii–iv

<0.001
<0.0001

Oxalic acid
i–iv
<0.05
ii–iv
<0.05
i = asymptomatic pod from asymptomatic plant; ii = asymptomatic
pod from symptomatic plant; iii = asymptomatic tissue from symptomatic pod; iv = symptomatic stip lesion tissue from symptomatic
pod.

pod were observed to change. Our study was unable to conﬁrm
the hypothesis presented by Aloni et al. (1994) that chelated oxalic acid was the proximal cause of stip lesions; however, it is
possible that intracellular damage could occur during nutrient accumulation and storage. Last, our study describes the unique
ﬂuorescence signature of this disorder and presents metabolite
results that suggest localized cell maturation and necrosis (tissue
category iv) (Figs. 3 and 4).
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