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Plant reproduction requires long-distance growth of a pollen tube
to fertilize the female gametophyte. Prior reports suggested that
mutations altering synthesis of flavonoids, plant specialized me-
tabolites that include flavonols and anthocyanins, impair pollen
development in several species, but the mechanism by which flavo-
nols enhanced fertility was not defined. Here, we used genetic
approaches to demonstrate that flavonols enhanced pollen de-
velopment by reducing the abundance of reactive oxygen species
(ROS). We further showed that flavonols reduced high-temperature
stress-induced ROS accumulation and inhibition of pollen tube
growth. The anthocyanin reduced (are) tomato mutant had reduced
flavonol accumulation in pollen grains and tubes. This mutant pro-
duced fewer pollen grains and had impaired pollen viability, ger-
mination, tube growth, and tube integrity, resulting in reduced
seed set. Consistent with flavonols acting as ROS scavengers, are
had elevated levels of ROS. The pollen viability, tube growth and
integrity defects, and ROS accumulation in are were reversed
by genetic complementation. Inhibition of ROS synthesis or
scavenging of excess ROS with an exogenous antioxidant treat-
ment also reversed the are phenotypes, indicating that flavo-
nols function by reducing ROS levels. Heat stress resulted
in increased ROS in pollen tubes and inhibited tube growth,
with more pronounced effects in the are mutant that could be
rescued by antioxidant treatment. These results are consistent
with increased ROS inhibiting pollen tube growth and with fla-
vonols preventing ROS from reaching damaging levels. These
results reveal that flavonol metabolites regulate plant sexual re-
production at both normal and elevated temperatures by main-
taining ROS homeostasis.
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During sexual reproduction in plants, male sperm cells lo-
cated in the pollen grain are delivered to the female ga-
metophyte. This process occurs through the formation of a
pollen tube that emerges from the pollen grain and grows
through the female organ, the pistil, to reach and fertilize the
female gametophyte located inside the ovule (1). Reactive oxy-
gen species (ROS) serve as one of multiple signaling molecules
during pollen development and differentiation (2-9). ROS have
been implicated in reproduction, predominantly in Arabidopsis
thaliana and tobacco, with effects on male gametophyte devel-
opment (2), pollen germination (3, 4), pollen tube growth (5-7),
and tube burst during fertilization (8).

Maintenance of ROS homeostasis is a key feature of pro-
ductive ROS signaling, as intermediate levels of ROS positively
regulate signaling, while high levels have cytotoxic effects. ROS
often reach high levels as a result of abiotic stress, so cells have
active mechanisms to keep ROS at signaling concentrations to
prevent toxicity (10). To maintain ROS homeostasis, plants use
diverse enzymatic and nonenzymatic antioxidant machineries
(11), including flavonols and anthocyanin metabolites, which are
part of the larger flavonoid family (12). Flavonols are ubiquitous
plant specialized metabolites with varying degrees of hydroxyl-
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ation on their phenolic ring moiety (12), which allows them to
accept electrons and thereby act as antioxidants (13, 14). Fla-
vonols serve as precursors for the synthesis of anthocyanins,
which are pigments conferring color to diverse fruits and flowers
(12). The presence (or absence in mutants) of colored anthocy-
anins has enabled the identification of the biochemical sequence
and regulatory genes controlling flavonol and anthocyanin bio-
synthesis (12, 15). These mutant genotypes have also been used
to demonstrate the function of flavonols in diverse plant growth,
developmental, and physiological processes (16), including root
development and gravitropism (17-20), leaf and trichome de-
velopment (21, 22), and stomatal aperture (23, 24). Consistent
with the antioxidant activity of flavonols in vivo, mutants with
decreased levels of flavonols contain elevated levels of ROS in
root hairs and guard cells, where they enhance root hair devel-
opment (25) and stimulate stomatal closure (23, 24). In several
crop species, such as maize, petunia, tobacco, and tomato—
although not in Arabidopsis—flavonols are also necessary for pol-
len viability, germination, and tube growth (26-31), and thereby
promote successful plant reproduction.

Pollen development and tube growth are extremely sensitive
to deviations from optimal temperatures. The inhibitory effects
of high temperature on cotton, maize, and tomato pollen are well
described (32-37). Indeed, acute heat stress during the pollen
tube growth phase has the potential to completely block seed
and fruit production, which can result in substantial reductions in
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crop yield (33, 34). Heat stress increases ROS production, which
results in distinct transcriptional responses (38), including in-
creased abundance of transcripts and proteins involved in ROS
scavenging (39-41). Elevated temperature has been shown to
increase flavonol biosynthesis in vegetative tissues (39), as well as
in developing pollen (42). However, the involvement of flavonols
as antioxidants against high-temperature-induced ROS has not
been reported.

This work tests the possibility that flavonols control pollen
germination and tube growth by regulating ROS homeostasis.
The anthocyanin reduced (are) mutant, which lacks a functional
flavonol 3-hydroxylase (F3H) enzyme (25, 43), produced fewer
viable pollen grains, displayed a reduced pollen germination
rate, and slower pollen tube growth. These phenotypes were
complemented in transgenics expressing the F3H gene. Flavo-
nols accumulated in wild-type pollen grains and tubes and were
at lower levels in the are mutant. The abundance of total ROS
and H,O; in pollen grains and tubes were elevated in the are
mutant, suggesting that flavonols act as ROS scavengers in re-
productive tissues. Treatments that block ROS synthesis or that
scavenge ROS rescued the pollen tube growth and integrity de-
fects in the are mutant, consistent with flavonols controlling
pollen tube growth through their ROS scavenging properties.
Finally, extended heat stress during flower development reduced
pollen viability, with more pronounced effects in the are mutant.
Acute heat stress in pollen tubes elevated ROS levels and
inhibited growth of pollen tubes and pollen tube integrity. These
effects on pollen tubes were more pronounced in the are mutant
and reversed by antioxidant treatment. This work reveals a role
for flavonols as ROS scavengers in pollen under normal and
abiotic stress conditions.

Results

Flavonols Regulate Seed Set in Tomato. To assess the role of fla-
vonols in sexual reproduction in tomato, we first analyzed fruit
weight and seed set in wild-type (VF36) and the are mutant. A
point mutation in the F3H gene results in an early stop codon in
the are mutant (44). This leads to reduced accumulation of fla-
vonols and anthocyanins and increased accumulation of nar-
ingenin, the F3H substrate, in vegetative tissues (25). In
greenhouse-grown plants, we found that seed set was signifi-
cantly reduced by 2.9-fold in the are mutant (Fig. 1B). Fruit size
is often slightly smaller in the are mutant (Fig. 14), but because
of size variability, the average weight in the are mutant was not
statistically significantly different from the parental line VF36
(Fig. 1C). This result suggests that the differences in seed set
between are and VF36 are not the result of altered fruit size.
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Fig. 1. Flavonols regulate seed set in tomato. (A) Ripe tomato fruits of the
wild-type VF36 and the are mutant. (Scale bar, 3 cm.) (B) Quantification of
seed set in VF36 and the are mutant. (C) Quantification of fruit weight in
VF36 and the are mutant. (B and C) Data are the mean + SEM of 10 fruits.
The asterisk indicates a significant difference between VF36 and the are
mutant, according to a Student’s t test with P < 0.05.
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Fig. 2. Flavonols control pollen viability and germination in tomato. (A)
Quantification of pollen grains in VF36 and the are mutant. Pollen grains per
flower were quantified by flow cytometry. Data are mean + SEM of three
independent experiments with two to three flowers per experiment. (B)
Confocal micrographs of VF36, are, and are-355:F3H complementation line
#6 pollen grains stained with FDA (live pollen grains, shown in green) and Pl
(dead pollen grains, shown in magenta). (Scale bar, 200 um.) (C) Quantifi-
cation of pollen viability in VF36, are, and are-355:F3H complementation
lines. Data are shown as the mean + SEM of two independent experiments.
Asterisks indicate significant differences between VF36 and other genotypes
and plus signs differences between are and complementation lines,
according to an ANOVA followed by a Sidak post hoc test with P < 0.05. (D)
Scanning electron micrographs of VF36 and are pollen grains collected at
anthesis. (Scale bar, 20 pm.) (E) Quantification of germination rates in
VF36 and the are mutant. Data are shown as the mean + SEM of three in-
dependent experiments. (F) Summary of pollen viability and germination
rates in VF36 and the are mutant.

Pollen Viability and Germination Are Impaired in the Flavonol-
Deficient are Tomato Mutant. To better understand the contri-
bution of flavonols to fertility in tomato, we quantified pollen
yield, viability, and germination in VF36 and the are mutant.
Pollen grains were harvested at anthesis and quantified by flow
cytometry in plants grown in standard conditions. The quantity
of pollen released from VF36 anthers was 3.6-fold greater than
from are mutant anthers (Fig. 24). Consistent with this lower
pollen yield in are, to recover equivalent amounts of pollen
we had to use three to four times as many flowers from are as
from VF36 plants to isolate equivalent amounts of pollen for
experimentation.
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Pollen viability was assessed by staining pollen grains with
fluorescein diacetate (FDA) (Fig. 2B, green) and propidium
iodide (PI) (Fig. 2B, magenta). In viable pollen grains, FDA is
converted to fluorescein by cytoplasmic esterase activity and PI
labels pectin in cell walls. Dead pollen grains are characterized
by an absence of esterase activity and thus lack fluorescein-
derived fluorescence and become permeable to PI, therefore
displaying PI fluorescence inside the grain. This staining ap-
proach revealed that pollen viability is reduced by 35.2% in the
are mutant compared with VF36 (Fig. 2 B and C). To verify that
this phenotype is directly tied to the are mutation, the viability of
the are mutant complemented with the wild-type F3H gene un-
der control of the CaMV 35S promoter (25) was examined. In
two independently transformed lines, pollen viability was re-
stored to wild-type levels (Fig. 2C), consistent with this pheno-
type being linked to the are mutation. In addition to having
reduced viability, are mutant pollen grains collected at anthesis
displayed a collapsed phenotype, while VF36 had normally
shaped grains (Fig. 2D).

A time course of pollen germination was conducted for
VF36 and are and germination is reported relative to the total
number of live pollen grains (Fig. 2E). This time course revealed
that the are mutant had a lower percentage of pollen germination
than VF36 at all time points and that within 30 min, both gen-
otypes reached their maximum germination (Fig. 2 E and F). To
illustrate and summarize the effects of reduced flavonols in
pollen, the relative abundance of live and germinated pollen
grains, live and ungerminated pollen grains, and dead pollen
grains for VF36 and the are mutant are shown in Fig. 2F. This
highlights the combined effects of pollen failure at multiple
stages, showing that only 26% of the pollen grains in the are
mutant germinated, while 72% of VF36 pollen grains germi-
nated. Taken together, these results point to a role for flavonols
in male gametophyte development in tomato.

Flavonols Enhance Pollen Tube Growth and Integrity. The effect of
the are mutation on elongation of pollen tubes was examined in
tubes grown in vitro at 28 °C for 4 h. Pollen tubes of the are
mutant were 40% shorter than VF36 (Fig. 3 A and B). Genetic
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complementation of the are mutant with the 355:F3H transgene
rescued pollen tube growth to levels observed in VF36, sug-
gesting that the F3H mutation underlies the defective pollen
tube growth phenotype in the are mutant. We also observed
morphological changes in are pollen tubes, including swelling at
the tip (Fig. 3C) and impaired integrity of the tube, resulting in
rupture of tubes, as shown in examples in Fig. 3E. Percentage of
intact tubes was quantified in VF36, the are mutant, and the
complemented lines (Fig. 3D). The prevalence of ruptured pol-
len tubes (i.e., those that are not intact) was significantly in-
creased by 2.4-fold in the are mutant over VF36 and this
phenotype was rescued by genetic complementation of the are
mutant (Fig. 3D). The multiple pollen defects observed in the
are mutant likely underlie the reduced seed set phenotype of the
are mutant and are reversed by complementation, suggesting that
reduced flavonol synthesis underlies these defects.

Flavonols Accumulate in Pollen Grains and Tubes at Reduced Levels in
the are Mutant. We examined the localization of flavonols in
pollen grains and tubes using the flavonol-specific dye diphe-
nylboric acid-2-aminoethyl ester (DPBA) (20). The fluorescence
pattern was examined by laser-scanning confocal microscopy
(LSCM). Pollen grains and tubes stained with DPBA show bright
fluorescence consistent with flavonols localizing to these cell
structures. We did not observe a fluorescence signal under the
same imaging conditions in the absence of DPBA. Interestingly,
DPBA fluorescence was lower at germination pores, indicated by
an arrow in Fig. 44, which have previously been suggested to be
sites of elevated ROS (3, 4), suggesting that there are cellular
mechanisms that lead to localized accumulation of these anti-
oxidants to modulate ROS at these positions.

Detection of DPBA fluorescence in pollen grains was consis-
tent with the accumulation of flavonols in pollen, as judged by
liquid chromatography-mass spectrometry (LC-MS) (S Appen-
dix, Fig. S1). In contrast, anthocyanins, which are downstream
metabolites in the flavonoid biosynthesis pathway, did not ac-
cumulate in pollen, as evidenced by spectrophotometric analysis
(SI Appendix, Fig. S1). However, hypocotyl tissue accumulated
anthocyanins (SI Appendix, Fig. S1).

% intact pollen tube tips

Fig. 3. Flavonols regulate pollen tube growth and integrity in tomato. (A) Bright-field images of VF36, are, and are-355:F3H complementation line #6 pollen

tubes grown in vitro for 4 h. (Scale bar, 500 pm.) Several pollen tubes of each phenotype are highlighted in green. (B) Quantification of in vitro pollen tube
length after 4 h of growth in VF36, are, and are-355:F3H complementation lines. Data are shown as the mean + SEM. n = 127-140 tubes measured across three
independent experiments. (C) Bright-field images of pollen tube tips. (Scale bar, 10 um.) (D) Quantification of pollen tubes with burst tips in VF36, are, and
are-355:F3H complementation lines after 4 h of pollen tube growth. Data are mean + SEM. (B and D) Asterisks indicate significant differences between
VF36 and other genotypes and plus signs indicate differences between are and complementation lines, according to an ANOVA followed by a Sidak post hoc
test with P < 0.05. (E) Bright-field images illustrate pollen tubes with intact and ruptured tips. Black arrows indicate points of rupture at the pollen tube tip.
(Scale bars, 50 um.)
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Fig. 4. Flavonols accumulate in tomato pollen grains and tubes and are
decreased in pollen of the are mutant. (A) Confocal micrographs and dif-
ferential interference contrast (DIC) images showing DPBA fluorescence in
pollen grains of the wild-type VF36 and are tomato mutant. The arrows
points to the pollen aperture. (Scale bar, 10 um.) (B) Quantification of DPBA
fluorescence intensity in grains of VF36 and the are mutant. Data are shown
as the mean + SEM. n = 48-106 grains measured across three independent
experiments. The asterisk indicates a significant difference between VF36
and the are mutant, according to a Student’s t test with P < 0.05. (C) Con-
focal micrographs and DIC images showing DPBA fluorescence in pollen
tubes of VF36 and the are mutant. (Scale bar, 50 pm.) Confocal micrographs
show the maximum intensity projection of DPBA fluorescence. (D) Quanti-
fication of DPBA fluorescence in pollen tubes of VF36 and the are mutant
using maximum intensity projections of z-stacks. Data are the mean + SEM.
n = 30 tubes measured across three independent experiments. The asterisk
indicates a significant difference between VF36 and the are mutant, according
to a Student’s t test with P < 0.05.

We evaluated whether the are mutant has reduced flavonols
in pollen grains and tubes. Previous analysis of flavonol me-
tabolite pools by LC-MS in roots, hypocotyls, and leaves of the
are mutant showed that the mutation in F3H reduces flavonol
biosynthesis and increases the pool size of the F3H substrate
naringenin (24, 25). Similar LC-MS analyses are not feasible
in are pollen, as the proportions of viable pollen in VF36 and
the are mutant are different and we would thus not compare
similar populations of pollen. However, quantification of DPBA
fluorescence intensity in pollen grains and tubes of the are
mutant revealed that flavonol levels were significantly reduced
by 1.8- and 1.4-fold, respectively, compared with wild-type grains
and tubes (Fig. 4). As pollen grains did not accumulate an-
thocyanins (SI Appendix, Fig. S1), the metabolic changes and
phenotypic defects in the are mutant are linked to altered
flavonol levels.

ROS Levels Are Regulated by Flavonols in Tomato Pollen Grains
and Tubes. We examined the distribution of ROS in pollen
grains and tubes using two ROS sensors. The general ROS sensor
5-(and 6)-chroromethyl-2’,7’-dichlorodihydrofluorescein diacetate
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(CM-H,DCFDA), which is converted to the highly fluorescent
2',7'-dichlorofluorescein (DCF) upon oxidation by ROS, was
used to visualize and quantify total ROS. Using LSCM, we
collected single optical slices to visualize ROS in pollen grains
and quantified DCF signal in the entire grain from these images.
For pollen tubes, z-stacks were collected and DCF signal was
quantified in the complete pollen tube using maximum intensity
projections of the z-stacks. We detected bright DCF signal in-
tensity in grains, with elevated levels at the germination pores
(Fig. 54). The DCF signal was also evident in the pollen tube
where it was brightest at the tip (Fig. 5 E and F). To determine
whether flavonols modulate ROS levels in tomato pollen grains
and tubes, we compared DCF fluorescence in the are mutant to
VE36. DCF fluorescence intensity was 2.6- and 4.0-fold higher
in are mutant pollen grains and tubes, respectively, than in wild-
type (Fig. 5 B and E). DCF fluorescence intensity was reduced to
wild-type levels in the are mutant genetically complemented with
the 358:F3H construct (Fig. 5E).

Prior reports have indicated that there is tip-localized ROS
production driven by tip-localized NADPH oxidases that are
necessary for pollen tube growth (5-7). Quantification of ROS
gradients along the pollen tube—from tip to shank—allowed us
to ask whether flavonols play a role in establishing these gradi-
ents. In wild-type, DCF fluorescence intensity at the tip was 1.2-
fold higher 0-30 pm from the tip than 100-130 pm behind the tip
(Student’s ¢ test: t = 6.99, P < 0.001). Reduced flavonol levels in
the are mutant led to a steeper gradient in CM-H,DCFDA
staining along the pollen tube compared with VF36 (Fig. 5F),
with a 1.4-fold difference from tip to base. The largest genotypic
differences in fluorescence intensity was observed at the tip of
the pollen tube, with a 3.6-fold difference in DCF fluorescence
intensity between VF36 and the are mutant 0-25 pm from the tip.
This difference was smaller 125-150 pm behind the tip, where it
is reduced to a 2.9-fold difference (Fig. 5F).

To eliminate the possibility that there were differences in dye
uptake between VF36 and are genotypes, we performed staining
with the dye FDA. FDA is structurally similar to CM-H,DCFDA,
but has not been reported to be ROS sensitive. FDA fluores-
cence intensity in VF36 and are pollen tubes was not significantly
different (P = 0.35), consistent with similar dye uptake in both
genotypes (SI Appendix, Fig. S2). Additionally, we asked if there
was a tip-focused FDA gradient in VF36 by comparing the best-
fit values from one phase decay modeling of the gradient and
find that the FDA gradient is significantly shallower than the
DCF gradient (Dataset S1). Additionally, the reduced DPBA
fluorescence in are further supports the hypothesis that dye up-
take is not enhanced in this mutant. These results suggest that
the increase in DCF signal in are is due to elevated ROS, not a
dye uptake difference.

To visualize localization of hydrogen peroxide, we used the
H,0,-specific probe Peroxy Orange 1 (PO1) (Fig. 5 C, D, and
G). PO1 fluorescence is pronounced at the cell membrane and
cell wall of pollen grains (Fig. 5C). Compared with DCF, which
localizes to the pore, PO1 fluorescence is visible around the pore
and absent at the pore itself (Fig. 5C). This localization is con-
sistent with a prior report suggesting that hydrogen peroxide
accumulates around these structures (4). PO1 was used to image
pollen tubes as well (Fig. 5G). Because the signal is much weaker
in the tubes, images were captured with the pollen grains
showing saturating levels of PO1. In contrast to DCEF, this dye
shows more uniform distribution of hydrogen peroxide along the
growing pollen tube (Fig. 5H). PO1 fluorescence in are pollen
grains and tubes was 1.2- and 1.3-fold increased, respectively,
compared with the levels in VF36 pollen grains and tubes (Fig. 5
D and G). PO1 also showed a gradient from tip to shank in
VEF36 and are, with a 1.2- and 1.3-fold difference from tip to
shank, respectively (Student’s ¢ test: £ = 9.46, P < 0.001). How-
ever, when PO1 fluorescence was compared at either end of the
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ROS levels are increased in the are mutant. (A) Confocal micrograph of a VF36 (wild-type) pollen grain stained with the generic ROS sensor CM-

H,DCFDA. (Scale bar, 10 pm.) (A and C) Arrows point to the pollen aperture. (B) Confocal micrographs of VF36 and are mutant pollen grains stained with CM-
H,DCFDA. (Scale bar, 50 um.) The graph represents quantification of DCF fluorescence in pollen grains of VF36 and the are mutant. (B, D, and G) Data are the
mean + SEM. Asterisks indicate significant differences between VF36 and the are mutant, according to a Student’s t test with P < 0.05. (C) Confocal mi-
crograph of a VF36 pollen grain stained with the hydrogen peroxide-specific probe PO1. (Scale bar, 10 pm.) (D) Confocal micrographs of VF36 and are mutant
pollen grains stained with PO1. (Scale bar, 10 pm.) The graph represents quantification of PO1 fluorescence in pollen grains of VF36 and the are mutant. (E)
Confocal micrographs of VF36, are and are-355:F3H complementation line #5 pollen tubes stained with CM-H,DCFDA. (Scale bar, 50 pm.) Quantification of
DCF fluorescence in pollen tubes of VF36, are, and are-355:F3H complementation lines. Data are shown as the mean + SEM. n = 20-26 tubes measured across
two independent experiments. Asterisks indicate significant differences between VF36 and other genotypes and plus signs differences between are and
complementation lines, according to an ANOVA followed by a Sidak post hoc test with P < 0.05. (F and H) Quantification of CM-H,DCFDA and
PO1 fluorescence along pollen tubes of VF36 and are, respectively. Dotted lines represent the average fluorescence for 10 pollen tubes, while lightly shaded
areas represent the SEM. (G) Confocal micrographs of pollen tubes stained with PO1. (Scale bar, 100 pm.) The graph represents quantification of

PO1 fluorescence in maximum intensity projections of z-stacks in pollen tubes of VF36 and the are mutant.

gradient, there was less difference between VF36 and the are
mutant (1.6- and 1.9-fold difference at the tip and 125-150 pm
behind the tip, respectively) (Fig. 5H) than observed with
DCEF staining.

Pollen Tube Growth and Integrity Defects in the are Mutant Are
Rescued by Scavenging of Excess ROS and Inhibition of ROS
Production, Respectively. To test if the increased levels of ROS
underlie tube growth and integrity defects in are mutant pollen,
we scavenged excess ROS using the antioxidant ascorbic acid or
reduced ROS synthesis by inhibition of NADPH oxidase with
diphenylene iodinium (DPI) and examined the effect of these
treatments. The statistical significance of these treatments was
determined by ANOVA followed by a Fisher’s least-significant

E11192 | www.pnas.org/cgi/doi/10.1073/pnas.1811492115

difference (LSD) post hoc test and the output of those statistical
tests is reported in Dataset S2. Supplementing the pollen ger-
mination medium with ascorbic acid significantly increased the
length of are pollen tubes (P = 0.03), consistent with an in-
hibition of pollen tube length by excess ROS (Fig. 64). However,
this treatment significantly decreased length of VF36 pollen
tubes, consistent with reductions of ROS to suboptimal levels in
this genotype (Fig. 64). Treatment with the NADPH oxidase
inhibitor DPI did not significantly change pollen tube length in
VFE36 and the are mutant (P = 0.19 and 0.79, respectively)
(Fig. 64).

To examine effects of flavonols and ROS on pollen tube in-
tegrity, we quantified the percentage of intact pollen tubes after
4 h of pollen tube growth in pollen germination medium with
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Fig. 6. Antioxidant treatment and inhibition of ROS synthesis rescue defects in pollen tube growth and integrity caused by reduced flavonol levels. (A)
Quantification of in vitro tube growth in VF36 and the are mutant grown for 4 h at 28 °C. Supplementation of the pollen germination medium with the
nonenzymatic antioxidant ascorbic acid or the NADPH oxidase inhibitor DPI occurred after 90 min of growth. Data represent mean + SEM. n = 80 tubes
measured across two independent experiments. (B) Quantification of pollen tube integrity in VF36 and the are mutant. Data originate from the same pollen
samples as in Fig. 5A, but have different solvent controls, as outlined in the methods. Data represent mean + SEM. The error bar is shorter than the height of
the symbol for tube integrity in the are mutant treated with 0 pM DPI. Integrity was assessed in more than 150 pollen tubes for each condition and genotype
across two independent experiments. In A and B, asterisks indicate significant differences between VF36 and are within the same concentration of ascorbic
acid or DPI, and pound signs highlight differences between concentrations within the same genotype, according to two-way ANOVA followed by a Fisher’s
LSD test with P < 0.05.

and without ascorbic acid or DPI. Treatment with DPI resulted
in a significant increase in pollen tube integrity in the are mutant
compared with untreated are (P = 0.005), with the effects of DPI
converting the number of intact pollen tubes to levels not sig-
nificantly different from untreated VF36 (P = 0.92) (Fig. 6B and

Dataset S3). These results suggest that tip-localized ROS syn-
thesized by NADPH oxidases cause the rupture of are pollen
tubes. Ascorbic acid and DPI treatments compromised pollen
tube integrity in VF36 (Fig. 6B and Dataset S3), again consistent
with reduction in ROS to suboptimal levels.
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Fig. 7. Flavonols regulate pollen viability, tube length, and ROS levels during heat stress. (A) Quantification of pollen viability in VF36 and the are mutant
grown in two different greenhouse temperature regimes. (A-C) Data are shown as the mean + SEM. Asterisks indicate significant differences between
VF36 and are and pound signs indicate differences between temperature treatments, according to two-way ANOVA followed by a Fisher’s LSD test with P <
0.05. (B) Quantification of in vitro tube growth in VF36 and the are mutant at two different temperature regimes. Pollen tubes were grown in germination
medium for 90 min at 28 °C and then for 150 min at 34 °C or kept at 28 °C for another 150 min. n = 166-168 tubes measured across three independent
experiments. (C) Quantification of DCF fluorescence in pollen tubes of VF36 and are grown in vitro at the two different temperature regimes described above.
n = 97-123 tubes measured across four independent experiments. (D) Quantification of pollen tube length in VF36 and the are mutant. Pollen tubes of
VF36 and the are mutant were grown for 90 min at 28 °C and then transferred for 150 min to 34 °C (red symbols) or kept for another 150 min at 28 °C (blue
symbols). Supplementation of the pollen germination medium with the nonenzymatic antioxidant ascorbic acid or the NADPH oxidase inhibitor DPI occurred
after 90 min of growth at 28 °C. Data represent mean + SEM. n = 80 tubes measured across two independent experiments. Gray, dotted lines with asterisks
indicate significant differences between control and treatment within the same genotype and temperature regime. Pound signs indicate significant dif-
ferences in pollen tube length between 28 °C and 34 °C within the same genotype and treatment. (E) Model for the role of heat stress and flavonols in pollen
viability, germination, and tube growth. Flavonols scavenge ROS produced in pollen at normal and increased temperatures, thereby regulating pollen via-
bility, germination, and tube growth. Solid arrows depict relationships described in our study, whereas dashed arrows highlight relationships reported for
vegetative tissues in the literature. Green dots represent viable pollen grains, while magenta dots are dead grains.
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Flavonols Regulate Heat-Stress-Induced Reduction in Pollen Viability
and Tube Growth and Increase in ROS. We examined the effects of
prolonged heat stress on pollen viability. Pollen viability was
assessed in VF36 and are mutant plants grown in a greenhouse in
spring and summer, which exposed the plants to different tem-
perature conditions. Average temperatures measured 7-15 d
before anthesis in spring greenhouse conditions were 22 °C and
21 °C, for day and night, respectively, and in summer greenhouse
conditions day and night temperatures were 37 °C and 25 °C,
respectively. Elevated growing temperatures significantly de-
creased pollen viability in the wild-type VF36 by 33%, while el-
evated temperatures reduced pollen viability in the are mutant by
82% (Fig. 7A4).

To analyze the role of ROS in the response to high temper-
ature during pollen tube growth, we exposed pollen tubes of the
wild-type VF36 to acute temperature stress. Pollen tubes of wild-
type VF36 were exposed to 34 °C for 2.5 h after growing for 1.5 h
at 28 °C. This treatment resulted in a 1.4-fold reduced tube
length in VF36 compared with samples grown continuously at
28 °C for 4 h (Fig. 7B). Furthermore, high-temperature stress
increased DCF fluorescence by 1.4-fold, as quantified by staining
of pollen tubes with CM-H,DCFDA (Fig. 7C). The are mutant
had a 1.2-fold reduced pollen tube elongation at higher tem-
perature compared with the 28 °C control, and this was associ-
ated with 1.5-fold higher levels of DCF fluorescence (Fig. 7 B
and C), consistent with greater temperature sensitivity in this
flavonol mutant.

To ask if the enhanced sensitivity of are to high-temperature—
impaired pollen tube growth and integrity was due to elevated
ROS, the antioxidant ascorbic acid was added to pollen tube
growth media. Ascorbic acid ameliorated pollen tube growth
defects caused by acute heat stress in the are mutant, leading to
tube length that was not significantly different from the are 28 °C
control (P = 0.41) or from the VF36 34 °C treatment (P = 0.84),
but that were significantly increased over the are 34 °C control
sample (P = 0.0002). Ascorbic acid significantly reduced pollen
tube growth in VF36 at 28 °C, but not at 34 °C (Fig. 7D and
Dataset S2), but these tubes were much longer than are tubes
under this acute heat stress. In addition to inhibiting pollen tube
growth, heat stress compromised pollen tube integrity in
VF36 and the are mutant (SI Appendix, Fig. S3 and Dataset S3).
However, this effect was not rescued by treatments with the same
or higher doses of ascorbic acid (SI Appendix, Fig. S3 and
Dataset S3).

The effect of treatments with the NADPH oxidase inhibitor
DPI on tube length and integrity were examined in high-
temperature—treated VF36 and are (Fig. 7D and SI Appendix,
Fig. S3). DPI did not significantly change tube length or pollen
tube integrity in VF36 and the are mutant grown at 34 °C (Fig.
7D and Datasets S2 and S3). The absence of a DPI effect on
pollen tube growth and tube integrity during acute heat stress
suggests that ROS produced through mechanisms other than
NADPH oxidases are responsible for pollen tube growth in-
hibition and rupture during heat stress. This result differs from
the DPI response at 28 °C where DPI decreased pollen tube
integrity in VF36 pollen tubes grown at 28 °C (Fig. 6B and
Dataset S3). This indicates that DPI has a net positive effect on
pollen tube integrity during acute heat stress and that NADPH
oxidase-derived ROS play a role in pollen tube integrity during
this stress.

Discussion

Flavonols are plant specialized metabolites that occur ubiqui-
tously across plant species (12). Characterization of flavonol
biosynthetic mutants has highlighted the involvement of flavo-
nols in diverse plant growth, developmental, and physiological
processes (16). Flavonols have been shown to reduce levels of
ROS and to affect signaling and development in guard cells,
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root, and leaf development (17-24). Interestingly, several studies
have linked reduced flavonol levels to impaired fertility in pe-
tunia, maize, tobacco, and tomato. In these species, reduced
flavonols resulted in decreased pollen viability, germination, and
tube growth (26-30, 45). However, neither the localized accu-
mulation of flavonols in pollen grains and tubes nor the mech-
anism linking reduced flavonol levels to impaired pollen function
were reported in these studies. Here, we tested the hypothesis
that flavonols help maintain ROS homeostasis, thereby con-
trolling pollen viability, germination, and tube growth.

The accumulation and function of flavonols were examined in
wild-type and the are tomato mutant, which has a defect in the
F3H gene that leads to reduced flavonol and downstream an-
thocyanin accumulation (25). Because tomato pollen does not
produce anthocyanins, this mutation only affects accumulation of
flavonol pools in this tissue. We find that flavonols accumulate in
pollen grains and tubes and that flavonol levels are decreased in
are mutant pollen. The reduction in flavonol levels in the are
mutant is associated with decreases in pollen quantity and via-
bility, impaired pollen germination and tube growth, and com-
promised pollen tube integrity. These results suggest that in
tomato, flavonols play important roles at diverse stages of pollen
development. The pollen developmental and differentiation
defects we observed in the are mutant translate into profound
effects on reproductive success in the mutant, yielding fruits with
substantially reduced seed set. This fruit phenotype was also
observed in chalcone synthase (CHS) RNAi tomato plants,
where reduction in CHS expression resulted in production of
parthenocarpic fruit (28).

A central question of our study is whether flavonols control
pollen viability and tube growth and integrity by regulating ROS
levels. Flavonols possess potent in vitro antioxidant activity due
to the presence of hydroxyl groups on their ring moieties (13,
14). ROS are important players in male gametophyte develop-
ment (2), as well as in pollen germination and tube growth (5-7).
However, excess ROS levels impair pollen tube germination (4,
7). These findings led to our hypothesis that maintenance of
ROS homeostasis is a central determinant of normal pollen
germination and tube growth. Consistent with this hypothesis,
pollen grains and tubes of are have higher signal from a general
ROS sensor CM-H,DCFDA and the hydrogen peroxide-specific
dye PO1. In tubes, ROS accumulated in a tip-focused gradient,
which was accentuated in are. This gradient has been reported
previously and suggested to result from production of ROS by
tip-localized NADPH oxidases (5). The more substantial in-
creases in DCF than PO1 in are suggest that ROS other than
hydrogen peroxide might be the ROS scavenged by flavonols.

To determine whether elevated ROS levels measured in the
are mutant cause the reduced pollen tube growth and integrity,
we applied treatments that lower ROS levels. The nonenzymatic
antioxidant ascorbic acid enhanced pollen tube growth in the are
mutant (Fig. 54), consistent with compensation for the absence
of flavonol antioxidants. In contrast, the NADPH oxidase in-
hibitor DPI did not lead to statistically significant changes in are
tube growth. These results suggest that overaccumulation of
ROS produced through mechanisms other than NADPH oxidase
inhibits tube growth in the are mutant. In contrast, DPI treat-
ment in the are mutant restored pollen tube integrity to the levels
observed in VF36, while ascorbic acid had a minimal effect on
pollen tube integrity in the are mutant (Fig. 5B). This is consis-
tent with localized overaccumulation of ROS at the pollen tube
tip, likely the NADPH oxidase product, superoxide, driving in-
creased tip rupture and with reduction in flavonols mediating
this response. Our results on pollen tube growth and integrity
suggest that different ROS may control different aspects of
pollen differentiation.

Our results are consistent with other recent studies that in-
dicated that ROS are a central signaling molecule at the junction
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of different signaling pathways that mediate pollen tube growth
and integrity. NADPH oxidase-derived ROS at the pollen tube
tip were shown to dampen pollen tube growth rates, thereby
allowing deposition of new cell wall material (6). This result
suggests the intriguing possibility that increased ROS levels in
the are mutant might greatly perturb coordination between
pollen tube growth and cell wall deposition at the tip, thereby
compromising cell wall integrity. NADPH oxidases are regulated
by the Rho-related GTPase from plants (ROP) signaling path-
way (46, 47). In pollen tubes, the ROP signaling pathway is ac-
tivated by pollen-specific receptor(-like) kinases through Rho
guanine nucleotide exchange factors (RopGEFs) (48-50). In-
terestingly, mutations in different components of the ROP sig-
naling pathway display are mutant-like phenotypes, including
reduced pollen germination and tube length, as well as isotropic
growth (swelling) at the pollen tube tip (see, for example, refs.
49-53).

NADPH oxidases at the pollen tube tip were shown to act
downstream of the receptor-like kinases (RLKs) ANXUR1 and
ANXUR?2, which are localized to the plasma membrane at the
pollen tube tip (54) and regulate pollen tube integrity. In-
terestingly, overexpression of the ANXUR RLKs in pollen tubes,
which likely increased ROS through NADPH oxidase activation,
resulted in reduced pollen germination and swollen tube tips
(54). The ANXUR overexpression thus phenocopied the are
mutant with its increased ROS levels. ANXUR overexpression
also led to overaccumulation of vesicles and cell wall precursors
inside the pollen tube (54). Accumulation of vesicles has also
been observed in pollen tube tips of a flavonol-deficient petunia
mutant (55), suggesting that increased ROS lead to perturbed
trafficking toward the plasma membrane and membrane fusion.
Based on recent advances in identification of signaling pathways
involved in pollen tube growth and integrity, combined with our
findings on flavonols as regulators of ROS levels in pollen tubes,
we propose that flavonols regulate pollen tube integrity by
dampening signaling by NADPH oxidase-dependent ROS sig-
naling pathways, and pollen tube growth by controlling ROS
produced in an NADPH oxidase-independent manner.

Male reproductive plant tissues are more sensitive to high-
temperature stress than vegetative tissue, both during male
gametophyte development and pollen tube growth (33-37).
We found that prolonged heat stress during tomato pollen
development inhibits pollen viability, with the inhibitory effect
on are pollen being dramatically enhanced, consistent with
the reduction in an important antioxidant defense system.
High-temperature stress in vegetative tissues increases tran-
script abundance and enzyme activity of genes involved in ROS
metabolism (39, 41), resulting in elevated ROS (39, 41, 56, 57),
which causes oxidative damage to cellular macromolecules (11).
However, ROS levels in heat-stressed reproductive tissues have
not been widely examined. Several studies have suggested that
flavonols are part of the heat-stress response in vegetative and
reproductive tissues. Indeed, transcript abundances and enzyme
activities of flavonol biosynthetic genes (39), as well as flavonol
pools (39, 42), increase during heat stress in tomato leaves and
pollen grains. Therefore, we analyzed the effect of acute heat
stress on tomato pollen tube growth and ROS levels. Transfer
of in vitro-grown pollen tubes to 34 °C for 2.5 h increased signal
from a ROS sensor and reduced elongation of wild-type and are
pollen tube growth, with more profound effects shown for are in
both assays. To test if heat-stress—induced inhibition of tube
growth was a ROS-dependent process, we reduced ROS levels
by antioxidant treatment, which reversed the effect of elevated
temperature on pollen tube growth in are, restoring growth to
wild-type levels. Together, these results implicate flavonols as
important scavengers of heat-induced ROS needed to protect
plants from this damage.

Muhlemann et al.

In conclusion, we provide important mechanistic insights into
how flavonols modulate pollen development at normal and in-
creased temperatures, as outlined in a model in Fig. 7E. Our
study demonstrates that flavonols play critical roles in pollen
development and fertility in tomato. It reveals that flavonols act
as antioxidants to regulate ROS levels, thereby modulating pol-
len production, viability, germination, and tube growth. Finally,
we show that flavonols protect pollen from prolonged and acute
temperature stress and from elevations of ROS during acute
heat stress. Flavonols are therefore critical metabolites involved
in the adaptation to heat stress and their synthesis is an excellent
target for rational metabolic engineering in pollen to maintain or
improve crop yields in a changing climate.

Materials and Methods

Plant Materials and Growth. Wild-type (VF36) and are mutant seeds were
obtained from the Tomato Genetic Resource Center (https:/tgrc.ucdavis.
edu/). Transgenic lines expressing the F3H gene in the are mutant under the
control of the CaMV 35S promoter were generated by Maloney et al. (25).
Plants were grown from seed to flowering in the greenhouse. The green-
house temperature was set to 26 °C during the day and to 22 °C at night. For
pollen viability quantification illustrated in Fig. 7A, pollen was harvested
from plants grown in spring or summer. During the spring, the average day
and night greenhouse temperatures measured 7-15 d before anthesis were
22 °C and 21 °C, respectively, while the average day and night temperatures
in the summer were 37 °C and 25 °C, respectively. Temperatures were de-
termined using a temperature monitoring sensor (Minus 80 Monitoring).

Pollen Viability Assay. Anthers were detached from flowers at anthesis and
placed in a 5- or 15-mL conical tube. Pollen was released from the anthers by
vortexing. The released pollen was resuspended in pollen viability solution
[PVS, 290 mM sucrose, 1.27 mM Ca(NOs),, 0.16 mM boric acid, 1 mM KNOs3)
containing 0.001% (wt/vol) fluorescein diacetate, and 10 pM propidium
iodide (stock solutions: 1% (wt/vol) fluorescein diacetate in acetone; 2 mM
Pl in water]. Pollen was stained for 15 min at 28 °C and then centrifuged.
The PVS containing FDA and Pl was replaced with PVS alone, the stained
pollen placed on a microscope slide, and then imaged by confocal micros-
copy on a Zeiss 880 LSCM microscope. FDA was excited with a 488-nm laser
and its signal collected at 493-584 nm. Pl was excited with a 561-nm laser
and its signal collected at 584-718 nm. Maximum laser power was 0.025%
and 0.02% for FDA and P, respectively. Quantification of viable and dead
pollen grains was performed using Fiji (58).

Quantification of Pollen Grains by Flow Cytometry. Anthers from three flowers
were detached at anthesis and placed in a 5-mL conical tube. Pollen was
released from the anthers by vortexing. Anthers were removed from the tube
and the released pollen resuspended in 310-pL PVS containing 50,000
CountBright Absolute Counting Beads (ThermoFisher). Pollen grains were
quantified by analyzing a known volume of pollen grain-containing solution
by flow cytometry (BD Accuri C6 Analyzer) using forward and sideways
scatter to quantify grains and differentiate pollen grains and beads. To ac-
count for differences in flow between flow-cytometry runs, pollen counts
were normalized by the number of counting beads measured in each run.

Pollen Tube Germination, Growth, and Integrity Assays and Temperature-Stress
Experiments. Pollen grains were harvested as described above and resus-
pended in pollen germination medium [PGM: 24% (wt/vol) PEG4000, 0.01
(wt/vol) boric acid, 2% (wt/vol) sucrose, 20 MM Hepes pH 6.0, 30 mM Ca(NOs),,
0.02% (wt/vol) MgSO,4, 0.01% (wt/vol) KNOs]. The pollen in PGM was
transferred to a 24-well plate and incubated at 28 °C for 4 h. For heat-stress
treatment, pollen in PGM was incubated at 28 °C for 1.5 h and then at 34 °C
for 2.5 h.

Chemical inhibition of NADPH oxidase was achieved by adding DPI (0.05,
0.25 and 1.25 mM stock solutions in DMSO; 0.5-, 2.5-, and 12.5-uM final
concentrations) to growing pollen tubes germinated for 1.5 h in unsupple-
mented PGM. The solvent control consisted of an equivalent volume of
DMSO as used in the DPI treatments. Ascorbic acid treatments were per-
formed using 25-, 50-, and 100-mM stock solutions in water that were di-
luted to 250-, 500-, and 1,000-pM final concentrations) which were added to
growing pollen tubes germinated for 1.5 h in unsupplemented PGM. The
solvent control consisted of an equivalent volume of water as used in the
ascorbic acid treatments.
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Pollen tubes were imaged by bright-field illumination using an inverted
Olympus IX83 microscope equipped with a digital CMOS camera (ORCA-FLASH4.0;
Hamamatsu). Images were taken with a 4x objective. Temperature during
imaging was controlled using an AirTherm SMT system (World Precision
Instrument) and a custom-built microscope enclosure.

Quantification of pollen tube length was performed using in Fiji (58).
Pollen tube integrity, as judged by quantifying the percentage of intact
pollen tubes, was assessed in images captured for analysis of pollen
tube length.

DPBA Staining of Pollen Grains and Tubes. Pollen grains were harvested as
described above and resuspended in PVS containing 2.5 mg/mL DPBA (Sigma-
Aldrich) and 0.005% (vol/vol) Triton X-100. Pollen was stained for 20 min at
28 °C and then centrifuged. The PVS containing DPBA and Triton X-100 was
replaced with PVS alone, the stained pollen affixed on a microscope slide,
and then imaged by confocal microscopy on a Zeiss 880 LSCM microscope.
Pollen tubes were grown in PGM for 2 h on a 35-mm glass-bottom dish
coated with poly-p-lysine. After 2 h, PGM was replaced with PGM containing
2.5 mg/mL DPBA and 0.005% (vol/vol) Triton X-100 and pollen tubes in-
cubated for another 20 min at 28 °C. Tubes were then imaged by confocal
microscopy on a Zeiss 880 LSCM microscope.

DPBA in grains and tubes was excited with 0.025% maximum laser power
at 458 nm and fluorescence collected between 472 and 615 nm. The gain
settings were selected to maximize DPBA signal intensity in VF36 while
preventing signal saturation. Grains and tubes were imaged with a pinhole of
1 Airy unit. Sequences of z-stack images were acquired for pollen tubes. All
images for VF36 and the are mutant of each biological replicate were ac-
quired using identical laser, pinhole, gain, and offset settings. Laser power
and gain were adjusted between different biological replicates. Nonstained
samples were used to verify the absence of autofluorescence with the
fluorescence-capture settings used for DPBA imaging.

Quantification of DPBA fluorescence intensity was performed in Fiji (58).
Images of maximum intensity projections produced from z-stacks were used
for fluorescence quantifications in tubes. Regions of interest (ROI) for DPBA
fluorescence quantification in grains were defined as the area within the
perimeter of the ungerminated grain, while they were restricted to the tube
only for DPBA fluorescence quantification in pollen tubes. Average fluo-
rescence intensities within each ROI were used for statistical analyses.

CM-H,DCFDA, PO1, and FDA Staining of Pollen Grains and Tubes. Pollen grains
were harvested as described above and resuspended in PVS containing 5 pM
CM-H,DCFDA (stock solution: 500 pM CM-H,DCFDA in DMSO; Thermo-
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Fisher). Pollen was stained for 20 min at 28 °C and then centrifuged. The PVS
containing CM-H,DCFDA was replaced with PVS alone, the stained pollen
affixed on a microscope slide for imaging. Pollen tubes were grown in PGM
for 2 h on a 35-mm glass-bottom dish coated with poly-p-lysine. After 2 h,
PGM was replaced with PGM containing 5 pM CM-H,DCFDA and pollen
tubes incubated for another 20 min at 28 °C. Grains and tubes were then
imaged by confocal microscopy on a Zeiss 880 LSCM microscope. Staining
with PO1 (Tocris Bioscience) and FDA was performed as described for CM-
H,DCFDA. However, final concentrations for PO1 and FDA were 5 uM and
0.001% (wt/vol), respectively.

Laser settings for CM-H,DCFDA and FDA were the following: CM-
H,DCFDA and FDA were excited with a 488-nm laser with 0.02% maxi-
mum laser power and fluorescence collected between 490 and 606 nm. For
PO1, the excitation wavelength was 488 nm with 0.025% maximum laser
power and the emission wavelengths were collected between 544 and
624 nm. Nonstained samples were used to verify absence of autofluorescence
with the fluorescence-capture settings used for CM-H,DCFDA, PO1, and FDA
imaging. Quantification of CM-H,DCFDA, PO1, and FDA fluorescence intensity
in ungerminated pollen grains and pollen tubes was performed as described
above for DPBA fluorescence intensity.

Statistical Analysis. All of the data were analyzed using the statistical software
GraphPad Prism 7. A Student’s t test was performed to detect statistical
differences between VF36 and the are mutant. An ANOVA with a Sidak post
hoc test was used to compare VF36, the are mutant, and the are-F3H com-
plemented lines. A two-way ANOVA followed by a Fisher’s post hoc test was
used in all other analyses. Each figure legend describes the statistical tests
employed to analyze the illustrated data.
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