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Abstract
Elevated temperatures impair pollen performance and reproductive success, resulting in lower crop yields. The tomato (Solanum lycopersicum) 
anthocyanin reduced (are) mutant harbors a mutation in FLAVANONE 3-HYDROXYLASE (F3H), resulting in impaired flavonol antioxidant 
biosynthesis. The are mutant has reduced pollen performance and seed set relative to the VF36 parental line, phenotypes that are 
accentuated at elevated temperatures. Transformation of are with the wild-type F3H gene, or chemical complementation with flavonols, 
prevented temperature-dependent reactive oxygen species (ROS) accumulation in pollen and restored the reduced viability, germination, 
and tube elongation of are to VF36 levels. Overexpression of F3H in VF36 prevented temperature-driven ROS increases and impaired pollen 
performance, revealing that flavonol biosynthesis promotes thermotolerance. Although stigmas of are had reduced flavonol and elevated 
ROS levels, the growth of are pollen tubes was similarly impaired in both are and VF36 pistils. RNA-seq was performed at optimal and stress 
temperatures in are, VF36, and the F3H overexpression line at multiple timepoints across pollen tube elongation. The number of differentially 
expressed genes increased over time under elevated temperatures in all genotypes, with the greatest number in are. These findings suggest 
potential agricultural interventions to combat the negative effects of heat-induced ROS in pollen that lead to reproductive failure.
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Introduction
Global climate change has the potential to profoundly impact 
agriculture with increasing frequency of droughts, floods, and ele
vated temperatures. Global average temperatures are predicted to 
rise by as much as 3 °C by the end of this century (Raftery et al. 
2017; Lee et al. 2019), which is sufficient to negatively impact 
the yield of numerous crop species. Temperature-induced reduc
tions in crop yields of rice, wheat, corn, and tomato have been 
shown to be as high as 30% to 50% (Sato et al. 2006; Fahad et al. 
2017). Plant sexual reproduction is considered to be one of the 
weakest links in terms of susceptibility to increased temperature 
(Lohani et al. 2019). Elevated temperature can impair formation of 
viable pollen grains in the anthers, germination of mature pollen 
grains, pollen tube elongation, and fertilization of the ovules 
(Paupière et al. 2014; Rieu et al. 2017; Begcy et al. 2019; Raja 
et al. 2019; Chaturvedi et al. 2021). In tomato, heat stress impairs 
the development and function of pollen, with temperature- 
dependent effects observed at every step in this crucial process 
(Pressman et al. 2002; Firon et al. 2006; Sato et al. 2006; Lohani 
et al. 2019; Wu et al. 2020; Rutley et al. 2021). Therefore, under
standing the molecular and cellular mechanisms by which ele
vated temperatures deleteriously affect pollen growth and 
development is imperative, so that innovative strategies can be 
developed to prevent reproductive failure.

A major plant response to heat stress in reproductive tissues is 
increased accumulation of reactive oxygen species (ROS) (De 
Storme and Geelen 2014; Muhlemann et al. 2018; Jahan et al. 
2019; Torun 2019; Ali and Muday 2024; Gong et al. 2024), which 
may play a critical role in the observed reproductive impairments. 
ROS signaling is also necessary for both productive pollen tube 
germination and elongation, as well as coordinated tube lysis at 
the site of fertilization (Potocký et al. 2007; Speranza et al. 2012; 
Kaya et al. 2014; Jimenez-Quesada et al. 2019). However, un
checked ROS accumulation due to abiotic stresses, such as heat, 
can yield deleterious cellular effects including irreversible oxida
tive damage to nucleic acids, lipids, and proteins. Thus, oxidative 
stress has the ability to impact cellular processes and potentially 
lead to cell death (Møller et al. 2007). Although the mechanisms 
for synthesis of heat-dependent ROS and the biochemical targets 
oxidized by ROS have yet to be fully defined, the damaging effects 
that oxidative stress has on pollen performance are clear.

Plants employ various antioxidant mechanisms to maintain 
ROS homeostasis. This allows for localized ROS increases for sig
naling while preventing ROS accumulation from reaching damag
ing levels (Chapman et al. 2019; Martin et al. 2022). These include 
the synthesis of enzymes that detoxify ROS such as superoxide 
dismutases (SODs), as well as small molecules, such as gluta
thione, that function as cellular antioxidants (Considine and 
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Foyer 2021). Plants also synthesize several classes of specialized 
metabolites that contain antioxidant capacity including carote
noids, tocochromanols, and flavonoids (Chapman et al. 2019; 
Daryanavard et al. 2023). The flavonoid class of metabolites 
includes flavones, flavanone, flavonols, and anthocyanins, with 
flavonols and anthocyanins having the highest radical scavenging 
abilities (Chapman et al. 2019; Daryanavard et al. 2023). Flavonols 
are found in many species, and plants with mutations that alter 
flavonol synthesis have been shown to have impaired reproduc
tive success in rice, corn, petunia, and tomato (Mo et al. 1992; 
Pollak et al. 1993; Schijlen et al. 2007; Wang et al. 2020).

Flavonol biosynthesis is conserved across the plant kingdom, 
although the presence, or absence, of specific metabolic sequen
ces leads to variation in which flavonoids accumulate in different 
species as well as in different tissues. For example, the flavonol 
myricetin is synthesized in tomato (Solanum lycopersicum), and 
many other species, but is not synthesized in Arabidopsis thaliana 
(Arabidopsis) due to the absence of the gene encoding the branch 
point enzyme that produces this flavonol (Gayomba et al. 2017). 
Figure 1 illustrates the flavonol biosynthesis pathway in tomatoes, 
highlighting the metabolic sequence for synthesizing the 3 
most abundant flavonols: kaempferol, quercetin, and myricetin. 

Additional modifications of flavonol backbones include methyla
tion, as seen when O-methyl transferase 1 (OMT1) methylates 
quercetin to produce isorhamnetin, and addition of glycosyl 
groups to many flavonols, which produces a diverse array of dis
tinct flavonols (Alseekh et al. 2020; Ku et al. 2020). Flavonols and 
anthocyanins differentially localize to distinct organs during var
ious stages of development in tomatoes and other plants due to 
transcriptional regulation of pathway enzymes (Schijlen et al. 
2007; Agati et al. 2012; Falcone Ferreyra et al. 2012; Pourcel et al. 
2012; Groenenboom et al. 2013; Kovinich et al. 2014; Maloney 
et al. 2014; Gonzali and Perata 2020). For instance, anthocyanins 
are not synthesized in tomato pollen and roots, due to the absence 
of expression of genes encoding enzymes that are late in the bio
synthetic pathway that lead to anthocyanin synthesis (Maloney 
et al. 2014; Muhlemann et al. 2018).

An important role of flavonols in pollen has also been demon
strated in tomato (Schijlen et al. 2007; Muhlemann et al. 2018; 
Rutley et al. 2021). Silencing the expression of the Chalcone 
Synthase (CHS) gene, which encodes the first enzyme of the flavo
nol biosynthetic pathway (see Fig. 1), resulted in parthenocarpic 
(or seedless) fruits (Schijlen et al. 2007). The anthocyanin reduced 
(are) mutant has a recessive point mutation in the single 
Flavanone 3-Hydroxylase (F3H) gene. This mutation causes a loss 
of F3H activity (Yoder et al. 1994; Maloney et al. 2014), and the mu
tant has been shown to have reduced levels of flavonols in roots 
and leaves using liquid chromatography-MS (LC-MS) (Maloney 
et al. 2014). This mutant also contained reduced levels of flavonols 
in pollen (Muhlemann et al. 2018). The are mutant has reduced 
pollen viability and pollen tube elongation at optimal tempera
tures compared to its parental line, which can be reversed by com
plementation with a wild-type copy of the F3H gene (Muhlemann 
et al. 2018). Although that work reported impaired pollen tube 
elongation in the are mutant at elevated temperatures, there 
were many unanswered questions about the impacts of tempera
ture on other aspects of pollen performance and whether these 
temperature effects were tied to flavonol levels.

This work explored the impact of elevated temperatures on 
multiple features of pollen performance in are, a flavonol- 
deficient mutant, and its wild-type parental background, VF36, 
and these genotypes transformed with a F3H overexpression con
struct. These analyses revealed the negative impact of elevated 
temperature on pollen yield, viability, germination, tube integrity, 
and tube elongation, with greater impact in are than its parental 
line. Additionally, both genetic and chemical complementation 
of are reversed the temperature hypersensitivity in are and overex
pression of F3H conferred thermotolerance in pollen. We visual
ized are pollen tube growth through VF36 and are pistils and 
found a reduced number of are pollen tubes in both genotypes, 
as compared to VF36 pollen tubes, highlighting the importance 
of pollen flavonols for reproductive success. Exogenous flavonols 
were able to protect pollen from temperature-impaired germina
tion and tube elongation and prevent heat-dependent ROS accu
mulation, consistent with flavonols providing protection from 
temperature stress through their ROS scavenging capabilities. 
Additionally, the inhibition of enzymes that synthesize ROS re
vealed mechanisms that drive temperature stress-induced ROS. 
Finally, we examined the transcriptional response to elevated 
temperature in wild-type, the are mutant, and the transgenic 
line engineered to over produce flavonols across a time course 
of control and temperature stress treatments, to reveal genes 
whose expression is heat-regulated, flavonol-regulated, and asso
ciated with impaired heat stress response. This work provides in
sight into the mechanisms by which plants respond to heat stress, 

Figure 1. The flavonoid biosynthetic pathway in tomato. Pathway 
intermediates and enzymes that interconvert them are shown. The 
major intermediates of flavonoid metabolism are indicated with the 
enzymes catalyzing the biosynthetic reactions indicated. This paper 
focuses on the are mutant (in red) with a defect in the F3H enzyme, 
indicated in the green box. The chemical structures of the most 
abundant flavonols in tomato are shown within the yellow box. Enzyme 
abbreviations are as follows: CHS, chalcone synthase; CHI, chalcone 
isomerase; F3H, flavanone 3 hydroxylase, F3′H, flavonoid 
3′-hydroxylase; F3′5′H, flavonoid 3′5′-hydroxylase; FLS, flavonol 
synthase; DFR, dihydroflavonol reductase; ANS, anthocyanin synthase. 
The solid lines indicate single reactions, while the dotted line indicates 
multiple enzymatic steps.
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which has the potential to translate to the development of strat
egies to protect crops from elevated temperatures that result 
from our changing climate.

Results
Transformation of are with an F3H overexpression 
construct reversed pollen yield reduction and 
impaired viability and conveyed thermotolerance 
to VF36
We previously reported that the are mutant, which contains a 
point mutation in the gene encoding F3H, has a reduced pollen 
yield (Muhlemann et al. 2018). However, our previous study did 
not test whether this phenotype could be complemented with a 
wild-type F3H gene or investigate whether overproducing flavo
nols in VF36 containing this gene would increase pollen yield. To 
evaluate pollen yield in this mutant grown under standard green
house conditions, we harvested pollen from individual flowers. 
Pollen was resuspended in pollen viability solution (PVS), which 
allows pollen to hydrate without germinating. Viable pollen was 
then labeled with 0.4% (w/v) trypan blue in a 1:1 ratio of pollen 
suspension and quantified with a Countess II automated cell 
counter to determine the number of living grains in each flower. 
The ability of this method to detect live pollen is discussed in 
the Materials and methods section. The quantification of pollen 

yield in these lines revealed that are had formed only 22% of the 
number of living pollen grains that were formed in VF36 
(Fig. 2A). The are transformant with a Pro35S:F3H transgene (are 
Pro35S:F3H Transgenic line 5 [abbreviated are-F3H-T5 or are-T5]) 
produced 5 times more pollen than are, with a yield that was not 
significantly different from VF36. Flowers from VF36 Pro35S:F3H 
Transgenic line 3 (VF36-F3H-T3 or VF36-T3) contained 2-fold 
greater yield of viable pollen grains as compared to VF36 flowers 
and 9.1-fold greater yield than are (Fig. 2A).

The viability of pollen at optimal and elevated temperatures 
was also examined in these 4 lines. Previously, we showed that 
growth of tomato plants under several days of temperature stress 
reduced the viability of are pollen more than VF36 (Muhlemann 
et al. 2018), but we did not examine the effect of short-term high- 
temperature treatments on viability of pollen grains. Pollen sam
ples were collected from plants grown under optimal conditions 
and incubated in PVS at 28 °C (optimal temperature) or 34 °C 
(heat stress) for 2 h. At the end of this incubation, pollen grains 
were costained with 0.001% fluorescein diacetate (FDA) (w/v) 
and 10 µM propidium iodide (PI) to mark viable and nonviable 
grains, respectively (Fig. 2B). Imaging with a laser scanning confo
cal microscope (LSCM) revealed that 70% of the VF36 grains were 
viable after exposure to optimal temperatures, while only 29% of 
are grains were viable (Fig. 2C). When pollen from each genotype 
was exposed to temperature stress (34 °C for 2 h), viability fell to 

Figure 2. Flavonols positively regulate pollen yield and protect pollen viability during heat stress. A) Quantification of the average number of live pollen 
grains per flower ± SEM in each genotype immediately upon harvesting. Three independent replicates were quantified with each replicate containing 
4 flowers per genotype. B) Representative confocal micrographs of pollen grains of VF36, are, are complemented with a Pro35S:F3H transgene (are-T5), 
and VF36 transformed with this same transgene (VF36-T3). Pollen grains incubated at either 28 or 34 °C for 2 h and then costained with FDA (denoting 
live grains in green) and PI (denoting dead grains in magenta). Scale bar: 50 µm for all panels. C) Quantification of the percentage of viable pollen grains 
of VF36, are, are-T5, and VF36-T3 after 2-h incubation at 28 or 34 °C from 4 independent experiments with > 850 pollen grains for each sample. Error bars 
represent SE of the mean. Asterisks denote significant differences from VF36 at the same temperature, and hash marks denote significant differences 
between temperatures within the same genotype according to a 2-way ANOVA followed by a Tukey post hoc test with a P < 0.05.
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51% for VF36, with only 3.5% viability of are pollen grains. The 
are-F3H-T5 line had significantly greater pollen viability than the 
are mutant, at levels equivalent to VF36 at both optimal and ele
vated temperatures (Fig. 2, B and C). The VF36-F3H-T3 transgenic 
line had similar percentages of viable pollen as VF36 at optimal 
temperatures, but when pollen was treated for 2 h at 34 °C, the 
VF36-F3H-T3 line showed no reductions in pollen viability at this 
elevated temperature (Fig. 2, B and C), consistent with this gene 
conferring thermotolerance. We also examined viability in pollen 
directly after hydration in PVS using the same staining methods 
(Supplementary Fig. S1). The percent viability of these pollen 
grains was similar to those hydrated for 2 h, consistent with PVS 
incubation at optimal temperatures not affecting pollen viability 
over a 2-h time course.

Lines transformed with an F3H overexpression 
construct have increased F3H expression and 
flavonol levels in anther tissue and increased 
flavonol accumulation in pollen tubes
Multiple transgenic lines of are and VF36 lines transformed with a 
Pro35S:F3H gene were previously shown to have increased flavonol 
accumulation in roots and leaves in comparison to the untrans
formed lines and similar root developmental phenotypes 
(Maloney et al. 2014), though flavonol accumulation was not 
quantified in reproductive tissues. The plants used in these ex
periments have F3H driven by the 35S promoter because these 
transformants were originally made to examine the effect of 
this F3H gene in vegetative tissues (Maloney et al. 2014). There is 
conflicting evidence in the literature on whether the 35S promoter 
is expressed in pollen (Eyal et al. 1995; Sunilkumar et al. 2002; 
de Mesa et al. 2004; Koul et al. 2012), which we elaborate upon in 
the Materials and Methods section. Additionally, published evidence 
suggests that flavonol accumulation in pollen is deposited during 
pollen development by tapetum cells within the anther (van Eldik 
et al. 1997; Shi et al. 2021; Xue et al. 2023); therefore, we evaluated 
F3H expression in anther tissue of VF36 and VF36-F3H-T3. Using re
verse transcription quantitative PCR (RT-qPCR) of anther samples, 
we found 1.5-fold higher levels of F3H transcript in VF36-F3H-T3 
than in VF36, consistent with elevated transcript synthesis in 
anthers driven by the 35S promoter (Supplementary Fig. S2).

We also extracted flavonols from anthers and isolated pollen of 
all 4 genotypes. Anthers from are contain 21-fold more naringenin 
(the F3H substrate) than either VF36 or the genotypes transformed 
with this construct (Supplementary Table S1). The are pollen had 
16-fold more naringenin than VF36. The are anthers and pollen 
also had significant reductions in the flavonol kaempferol relative 
to VF36 (1.4- and 1.6-fold, respectively), which is downstream of 
the nonfunctional F3H enzyme in are (Fig. 1) and has previously 
been shown to be an important metabolite in pollen growth (Mo 
et al. 1992; Pollak et al. 1993). In the are-T5 line, both the increased 
naringenin and reduced kaempferol were reversed in pollen and 
anthers, resulting in levels of naringenin and kaempferol not being 
significantly different from VF36. Additionally, VF36-T3 anthers 
contained significantly increased kaempferol levels, which were 
1.4-fold higher than VF36 (Supplementary Table S1). In contrast, 
this construct did not lead to significant detectable increases in 
kaempferol in pollen (Supplementary Table S1). These results par
allel the change in F3H levels in VF36 due to the presence of Pro35S: 
F3H transgene, which are more profound in anthers than in pollen.

To verify that levels of flavonol synthesis in anthers resulted in 
the expected differences in flavonol levels within pollen tubes, 
and to determine the distribution of flavonols in pollen tubes, 

we visualized flavonols via the fluorescent chemical probe diphe
nylboric acid 2-aminoethyl ester (DPBA). Pollen from each geno
type was hydrated in pollen germination medium (PGM) and 
incubated at 28 °C for 60 min to allow for pollen tube elongation. 
Pollen was then labeled with DPBA for 30 min and imaged under 
high magnification, and flavonol distribution was quantified in 
the region 40 µm from the pollen tip. Representative images of 
pollen tubes are shown in Fig. 3A, and DPBA fluorescence was 
quantified with a line profile from the tip of the pollen tube back 
(Fig. 3B). The DPBA fluorescence shows an interesting distribution 
along the pollen tube. The signal is low at the pollen tube tip (in 
the clear zone that is the 7 µm closest to the tip), and the signal in
creases as the distance from the tip increases. Flavonol levels 
were significantly reduced by 1.6-fold in are pollen tubes when 
the average of the line was compared to VF36 tubes. Both are-T5 
and VF36-T3 showed significant increases in flavonol accumula
tion relative to the parental lines, with VF36-T3 displaying the 
highest flavonol levels.

In are, pollen germination and tube elongation are 
hypersensitive to elevated temperatures and this 
effect is reversed by a wild-type F3H gene
The effect of temperature stress on pollen germination had not 
been examined previously in either are and VF36, or the lines 
transformed with our Pro35S:F3H construct. Therefore, we asked 
whether impaired pollen germination under temperature stress 
was also accentuated in are and reversible by the Pro35S:F3H 
gene. Pollen from all 4 genotypes was hydrated in PGM for 
30 min at either 28 or 34 °C, and images were captured using an 
inverted light microscope. Representative images of pollen grains 
from are, VF36, are-T5, and VF36-T3 are shown in Fig. 4A, revealing 
many ungerminated pollen grains and pollen grains or tubes that 
had burst. The percentage of live pollen grains that germinated 
was quantified in Fig. 4B, using criteria defined and elaborated 
in the Materials and methods section. Only 61% of are pollen 
grains germinated at optimal temperature relative to the other 
3 genotypes that have ∼80% germination. The impaired germina
tion of are is accentuated at elevated temperature, where germina
tion is reduced to 44%. In contrast, both the are-T5 and VF36-T3 
lines have similar germination rates to VF36 at optimal tempera
ture, but significantly greater germination than VF36 at elevated 
temperatures, suggesting that engineering plants to increase flavo
nol levels can enhance thermotolerance during pollen germination.

To verify that these effects were linked to the elevated expres
sion of the F3H gene, we quantified germination in an additional 
Pro35S:F3H transformant for each of the are and VF36 genotypes 
(Supplementary Fig. S3), which were part of a larger set of trans
genics that were shown to have altered flavonoid metabolites 
and root developmental defects (Maloney et al. 2014). These trans
genics lines have similar ability to reverse the poor germination in 
are and convey thermotolerance to VF36. These findings are con
sistent with a model that the impaired pollen germination in are 
is linked to the F3H mutation and flavonols synthesized by a 35S 
promoter-driven F3H gene are sufficient to complement the mu
tant temperature hypersensitivity phenotype. In both VF36-T3 
and VF36-T5 lines, we observed no reductions in germination at 
the higher temperature, consistent with these lines being resist
ant to the negative effects of elevated temperature on pollen ger
mination (Fig. 4B, Supplementary Fig. S3).

We had previously reported that elevated temperatures im
paired pollen tube elongation in the are mutant relative to optimal 
temperature and to the VF36 parental line (Muhlemann et al. 
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2018). We asked whether temperature-impaired pollen tube elon
gation in are could be reversed with a wild-type copy of the F3H 
gene and abolished when the 35S promoter-driven F3H gene is 
in the VF36 background. Pollen from the same 4 genotypes 
(VF36, are, are-T5, and VF36-T3) was hydrated in PGM before incu
bation at 28 °C for 30 min to germinate pollen tubes. Half the sam
ples from each genotype remained at 28 °C for 90 min to allow 
pollen tube elongation and half were then transferred to 34 °C 
for 90 min. Pollen tubes were then imaged via brightfield micro
scopy and tube length was measured.

At optimal temperatures, VF36 pollen tubes elongated 1.3-fold 
more than are pollen tubes after the 2-h time course (Fig. 4, C and 
D). Pollen tube length was significantly greater in are-F3H-T5 when 
compared to are with lengths not significantly different from VF36 
(Fig. 4D). We also observed that VF36-F3H-T3 pollen tubes were 
significantly longer than VF36 following incubation at optimal 
temperatures, consistent with elevated flavonols protecting pol
len tube growth from temperature stress.

Heat treatment significantly reduced pollen tube length in 
VF36 and are, relative to optimal temperature, with heat stressed 
are pollen having the shortest pollen tubes (Fig. 4D). Tube exten
sion at elevated temperatures was still decreased in the 
are-F3H-T5 line, though tube length was not significantly different 
than VF36 at this temperature. Additionally, pollen tube length in 
VF36-F3H-T3 was not significantly impaired by exposure to 
heat stress (Fig. 4D). These data are consistent with the 

thermotolerance of pollen being dependent on the levels of flavo
nols, with reduced pollen tube length in are and VF36, while the 
are-T5 and the VF36-T3 transgenic lines displayed enhanced pol
len tube elongation, especially under elevated temperature.

Pollen tube rupture is more prevalent in are 
at both temperatures and is not rescued via 
coincubation with VF36 pollen
We had previously reported that pollen tubes rupture at greater 
levels in are relative to VF36 at optimal temperatures 
(Muhlemann et al. 2018), but we had not examined the effect of 
elevated temperature on this response or how this response was 
affected in the F3H transgenic lines. To assess the impact of the 
are mutation on this process, we simultaneously measured pollen 
tube rupture in are and VF36 in the same wells. To make this si
multaneous analysis possible, we utilized a GFP construct driven 
by the pollen-specific promoter, ProLAT52, that was originally 
transformed into the VF36 background (Zhang et al. 2008) and 
that we crossed into are. This allowed for pollen from VF36 
ProLAT52:GFP and untransformed are to be incubated together 
and tube rupture to be quantified for both samples simultane
ously. We also performed the reciprocal experiment with are 
ProLAT52:GFP incubated with untransformed VF36 pollen. Pollen 
tubes were elongated as described previously and the percentage 
of ruptured pollen tubes was quantified at both optimal and 
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elevated temperatures. Incubation at 34 °C significantly increased 
rates of ruptured pollen tubes in both lines, though pollen tubes 
from VF36 ProLAT52:GFP showed significantly lower rates of rup
ture when compared to are at both temperatures (Fig. 5, A and 
B). Coincubation of are ProLAT52:GFP with VF36 pollen also showed 
higher rates of rupture in the are background regardless of tem
perature, suggesting that the reduced levels of flavonols in are 
lead to greater pollen tube bursting during elongation than in 
VF36 (Fig. 5, C and D).

ROS levels in pollen grains and tubes are inversely 
proportional to levels of flavonol antioxidants 
and are increased at elevated temperature
To determine whether the protective effect of flavonols on pollen 
performance was due to their ROS scavenging activity in the pollen 
interior, we monitored ROS accumulation during the pollen germina
tion and pollen tube elongation phases in VF36, are, are-F3H-T5, 
and VF36-F3H-T3 lines. We used 2′-7′-dichlorodihydrofluorescein 

diacetate (CM-H2DCFDA, DCF), a chemical probe that can be oxidized 
by multiple ROS species, to quantify the relative levels of ROS accu
mulation in germinating pollen grains and elongating pollen tubes 
in these 4 genotypes under optimal and elevated temperatures.

ROS accumulation was examined during germination, and pol
len grains were hydrated in PGM at 28 or 34 °C for 10 min and then 
further incubated in PGM containing CM-H2DCFDA for an addi
tional 20 min at the same temperatures to monitor ROS levels dur
ing the early stages of germination. The fluorescence intensity of 
pollen grains was then examined with a Zeiss 880 LSCM (Fig. 6A), 
and these values are reported as a LUT, which makes the brighter 
fluorescence in are pollen easier to visualize. DCF fluorescence in 
mature, viable grains was then quantified and normalized to flu
orescence intensity of VF36 at 28 °C. At 28 °C, pollen grains from 
the are mutant had a significant 1.4-fold higher DCF fluorescence 

Figure 4. The negative effects of high temperature on tomato pollen 
germination and tube length are accentuated in are and reversed by an 
F3H transgene. A) Representative brightfield images of VF36, are, 
are-F3H-T5, and VF36-F3H-T3 pollen germination after 30 min at either 
28 or 34 °C. Arrows denote ruptured pollen. Scale bar: 50 µm in all 
panels. B) Quantification of percent pollen germination that exhibited 
intact tubes after 30 min and the average and SE of the mean from 3 
independent experiments (n > 90 pollen grains per genotype and 
treatment). C) Representative images of pollen tubes elongating for 
120 min at 28 °C, or at 30 min at 28 °C, and then transferred to 34 °C for 
an additional 90 min. Five pollen tubes from each image are highlighted 
in blue to enhance visibility. Scale bar: 100 µm in all panels. D) 
Quantification of mean pollen tube length is shown for >200 pollen 
tubes per genotype and treatment. Error bars represent SE of the mean. 
B and D) Asterisks denote significant differences from VF36 at the 
corresponding temperature, and hash marks denote significant 
differences between temperatures within the same genotype according 
to a 2-way ANOVA followed by a Tukey post hoc test with a P < 0.05.
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Figure 5. The heat accentuated rupturing of are pollen tubes is not 
improved by culturing with the VF36 parental line. A) Representative 
images of pollen tubes of VF36 ProLAT52:GFP (green) germinated along 
with untransformed are. Pollen was germinated in vitro and for 
120 min at 28 °C or for 30 min at 28 °C followed by 90 min at 34 °C. 
B) Quantification of mean percent pollen tube rupture for VF36 
ProLAT52:GFP and are (n > 500 pollen grains for each genotype from 3 
biological replicates with 6 technical replicates within each sample). 
Error bars represent SE of the mean. C) Representative images of pollen 
tubes of VF36 germinated with are ProLAT52:GFP (green). D) Mean 
percent pollen tube rupture ± SEM for VF36 and are ProLAT52:GFP 
(n > 500 pollen grains for each genotype from 3 biological replicates 
with 6 technical replicates within each sample). A and C) Scale bar: 
100 µm in both panels. Arrows denote ruptured pollen in are. Square 
insets show a magnified view of ruptured pollen tubes with a 40 µm 
scale bar in both inserts. Asterisks denote significant differences 
between genotype at the same temperature, and hash marks denote 
significant differences between temperatures within the same 
genotype according to a 2-way ANOVA followed by a Tukey post hoc 
test with a P < 0.05.
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than VF36 (Fig. 6B). At 34 °C, both genotypes exhibited significantly 
higher ROS levels relative to VF36 at 28 °C. Heat stressed VF36 and 
are showed 1.4-fold and 1.7-fold higher fluorescence than at 28 °C, 
respectively. The are transgenic line, are-F3H-T5, exhibited a sig
nificant 1.2-fold reduction in DCF relative to are at 28 °C. are-T5 
also had significantly reduced DCF fluorescence at 34 °C relative 
to are at 34 °C. The DCF fluorescence in pollen grains of the 
VF36-T3 line was not increased by elevated temperatures, with 
similar fluorescence at both 28 and 34 °C, consistent with en
hanced thermotolerance and the absence of response to this 
acute heat stress (Fig. 6B).

To evaluate ROS accumulation in elongating pollen tubes, pollen 
grains were allowed to germinate for 30 min at 28 °C and then trans
ferred to elevated temperature stress of 34 °C for 90 min, while con
trol samples remained at 28 °C for the additional 90-min period. 
Pollen tubes were then labeled with CM-H2DCFDA for an additional 
20 min and imaged as described above (Fig. 6C). This signal is bright 
throughout most of the tube, and the swollen tube tip in are at 34 °C 
is consistent with a tube that is close to rupturing. Pollen tube 

length of are is shorter, especially at elevated temperatures, while 
VF36-T3 pollen tubes are longer than other genotypes, consistent 
with observations of pollen tube length in Fig. 4, C and D. DCF fluo
rescence was quantified in these pollen tubes revealing that heat 
stress significantly increased ROS accumulation in VF36 and are rel
ative to VF36 at 28 °C by 1.8- and 2.7-fold, respectively (Fig. 6D).

To gain more detailed insight into the type of ROS increased 
with elevated temperature and the distribution of this ROS in pol
len tubes, we also labeled pollen tubes with the hydrogen peroxide 
(H2O2) selective probe, Peroxy Orange 1 (PO1). Consistent with our 
DCF results, heat stress significantly increased PO1 intensity in 
both VF36 and are, with the most substantial increase observed 
in are (Fig. 7). The levels of H2O2 in are-T5 and VF36-T3 were 
unaffected by elevated temperatures, consistent with flavonol 
antioxidants conveying thermotolerance via maintaining ROS ho
meostasis. PO1 fluorescence was at the highest levels at the tip of 
the pollen tube, especially in VF36 and are which showed slightly 
increased H2O2 within this region. This is consistent with the low
est levels of flavonol antioxidants at the pollen tube tip in these 2 
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genotypes. The magnitude difference in PO1 signal between geno
types is less than for DCF, which may be consistent with multiple 
ROS changing in response to elevated temperature or could reflect 
difference in the chemistry of PO1, which is less sensitive than oth
er dyes or biosensors (Martin et al. 2022).

The substantially higher levels of PO1 and DCF signal in are pollen 
tubes, especially at 34 °C, are consistent with elevated ROS leading to 
reduced pollen tube length at elevated temperature. These results 
indicate that increased flavonol synthesis maintains ROS homeosta
sis at elevated temperatures, and high-temperature-driven ROS ac
cumulation in elongating pollen tubes was observed in both VF36 
and are but was absent in are-F3H-T5 and VF36-F3H-T3 (Figs. 6D
and 7). These results are consistent with elevated ROS in a mutant 
impaired in synthesis of flavonol antioxidants. This finding also 
sheds light on the mechanism for the enhanced thermotolerance 
of the are-F3H-T5 and VF36-F3H-T3 lines as temperature-induced 
ROS increases can be mitigated through increased production of fla
vonol antioxidants.

Exogenous flavonols reduce the effect of heat 
stress on germination and tube length of VF36 
and are pollen
The data described above reveal the positive effect of endoge
nously synthesized flavonols on maintaining ROS homeostasis, 
improved pollen yield, viability, germination, and tube growth, 

especially under high-temperature stress. However, these data 
do not reveal which flavonols have this effect, at what stage flavo
nols function, and whether exogenous flavonols can be taken up 
by pollen to reverse the are phenotypes. To further demonstrate 
that the impaired germination in the are mutant is tied to reduced 
flavonol levels, and to ask whether specific flavonols confer pro
tection to pollen, we performed chemical complementation of 
are using exogenous flavonols.

We utilized the flavonols kaempferol, quercetin, and myricetin, 
whose synthesis occurs in the biosynthetic pathway after the F3H 
enzyme, which is nonfunctional in are (Fig. 1). We harvested pol
len grains and placed them in PGM containing solvent or flavonols 
at doses of 5 and 30 µM and assessed germination after 30 min at 
28 or 34 °C (Fig. 8A). Chemical supplementation with 5 μM kaemp
ferol reversed the impaired pollen germination in are at 28 °C to 
levels equivalent to VF36. Kaempferol also significantly improved 
the germination of are pollen at 34 °C. Additionally, kaempferol 
was also able to protect VF36 from temperature-impaired germi
nation with VF36 germination at 34 °C significantly increased 
with treatment with either 5 or 30 µM kaempferol from 62% in un
treated controls to 80%. We also examined the effect of treatment 
with similar doses of quercetin and myricetin and found that both 
of these flavonols also restored germination in are to wild-type lev
els and reduced the effect of elevated temperatures in both VF36 
and are (Supplementary Fig. S4). The findings that even pollen 
grains detached from the flower are still protected from heat 
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stress by flavonols suggest that flavonols function specifically 
within pollen grains and that all 3 flavonols can protect mature 
pollen from high-temperature stress. This broad action of all 3 fla
vonols differs from other cases where specific flavonols have 
unique functions, such as in the control of root hair and lateral 
root formation in Arabidopsis (Gayomba and Muday 2020; 
Chapman and Muday 2021).

We examined the ability of exogenous flavonols to enter pollen 
and scavenge ROS within the grains by incubating are and VF36 in 
PGM supplemented with kaempferol at 0, 5, or 30 µM at optimal 
and elevated temperatures and visualized ROS in pollen grains 
with CM-H2DCFDA as described above. Treatment with exoge
nous kaempferol did not alter DCF levels in VF36 grains at either 
concentration at 28 °C, though both concentrations were able to 
significantly decrease DCF levels in are at this temperature when 
compared to untreated controls (Fig. 8B). In pollen germinated 
at 34 °C, kaempferol at both 5 and 30 µM was also able to diminish 
the elevated DCF intensity in both VF36 and are pollen grains.

The are stigma has reduced flavonol levels 
and elevated H2O2 levels
We asked whether levels of flavonol antioxidants and ROS were 
altered in stigmas of are and VF36 to gain an understanding of 
how this mutation affected redox balance in female reproductive 
organs. VF36 and are pistils were stained with DPBA to detect fla
vonols and the resulting representative epifluorescence micro
graphs of the stigmas are shown in Fig. 9A. Quantification of 
DPBA fluorescence intensity of these images is reported relative 
to VF36 revealing a 2-fold reduction in signal in the are pistils 
(Fig. 9B). This result is consistent with the reduced flavonol levels 
in pollen, roots, and leaf tissues of this mutant (Maloney et al. 
2014; Watkins et al. 2017; Muhlemann et al. 2018). The DPBA sig
nal was most striking at the top of the pistil in stigmatic tissue. 
The less intense DPBA fluorescence along the stigma also reveals 
puncta of DPBA on the pistil that are the size and position of nu
clei, consistent with prior reports that reveal nuclear accumula
tion of flavonols in leaf and roots of Arabidopsis and tomato 
(Saslowsky et al. 2005; Lewis et al. 2011; Watkins et al. 2014, 
2017). We also observed that the styles of are appeared thinner 
than those of VF36, suggesting a role for flavonols in female tissue 
development.

To determine if reduced levels of flavonols resulted in elevated 
ROS, we used the H2O2 selective stain PO1 to ask whether reduced 
stigma flavonols in are relative to VF36 led to elevated levels of 
ROS in this tissue. PO1 signal is also concentrated in the stigma 
at substantially higher levels than along the pistil in both geno
types (Fig. 9C), with brighter signal in are. The fluorescence levels 
were quantified by drawing a region of interest around stigmas 
and quantifying the mean gray values. This analysis revealed 
1.4-fold higher PO1 fluorescence in are than in VF36 (Fig. 9D). 
Consistent with the understanding that flavonols provide essen
tial antioxidant capacity to plant tissues, these results demon
strate an inverse relationship between flavonols and ROS on the 
stigma in both VF36 and are (Fig. 9, A and C), which mirrors the dif
ference in pollen tubes, as shown in Fig. 3. We therefore asked how 
these differences in flavonols and ROS affect pollen tube growth 
in vivo.

Pollen flavonols enhance tube growth through 
the stigma
To examine the role that the balance between flavonols and ROS 
plays in the interaction between male and female reproductive 
tissue, pollen tubes were allowed to grow through pistil explants 
for 7 h at 28 °C and then visualized with 0.1% decolorized aniline 
blue (w/v). The are self-cross contained half the number of pollen 
tubes penetrating through the stigma tissue as VF36, and this re
duction was significant (P < 0.05). This defect in pollen tube pene
tration was reversed by pollinating are pistils with VF36 pollen. 
However, the reciprocal cross (using are pollen to pollinate VF36 
pistils) resulted in similar numbers of pollen tubes as the are self- 
cross and thus had no rescuing effect (Fig. 9, E and F). Taken 
together, these findings highlight the importance of flavonols in 
the tomato pollen grain for a successful pollen–stigma interaction.

Inhibition of respiratory burst oxidase homolog 
enzymes prevented heat stress-induced ROS 
and impaired pollen tube elongation
We tested the hypothesis that elevated ROS in response to tem
perature stress was mediated by NADPH oxidase (NOX)/respira
tory burst oxidase homolog (RBOH) enzymes. RBOHs are plasma 
membrane localized enzymes that produce superoxide in the 

Figure 8. Impaired pollen germination in are is reversed by 
supplementation with the flavonol kaempferol. A) The percentage of 
VF36 and are pollen grains that germinate with and without exogenous 
kaempferol treatment was examined at doses of 0, 5, or 30 μM at 28 or 
34 °C. The mean and SE are reported for percent germination in the 
presence and absence of flavonols were determined in 3 to 4 
independent experiments with n > 80 grains per sample. B) The mean 
and SE of fluorescence intensity of DCF in germinating pollen grains 
incubated with 0, 5, or 30 μM kaempferol are reported relative to VF36 at 
28 °C across 4 independent experiments (n > 40 grains per genotype 
and treatment). A and B) Asterisks denote significant differences 
from 0 μM flavonol treatment within genotype and temperature 
treatment according to a 2-way ANOVA followed by a Tukey post hoc 
test with a P < 0.05.
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extracellular space. Superoxide can be converted to H2O2 by way 
of SOD and enters cells via aquaporins (Chapman et al. 2019). 
Consistent with this enzyme being made in pollen, we examined 
an RNA-seq data set (described below) and identified 2 RBOH 
genes (SlRBOHE and SlRBOHH) whose transcripts are expressed 
in tomato pollen, with SlRBOHH being the most highly expressed 
of the 2 (Supplementary Table S2). Temperature stress did not 
result in increased expression of either of these RBOHs, but the 
activity of this class of enzymes is frequently regulated posttran
scriptionally (Chapman et al. 2019).

To determine if RBOH enzymes function in increasing ROS in 
response to elevated temperature we used VAS2870, a highly spe
cific inhibitor of mammalian RBOH activity (Reis et al. 2020) that 
also inhibits plant RBOH enzymes (Postiglione and Muday 2022), 
and examined the ability of this inhibitor to reduce ROS and to en
hance pollen tube germination and elongation. We germinated 
pollen grains from VF36 and are flowers in PGM containing 1 µM 

VAS2870, or in PGM with a solvent control for 30 min at 28 °C. 
Pollen was then transferred to 34 °C or kept at 28 °C for an addi
tional 90 min and then labeled with CM-H2DCFDA for 20 min 
(Fig. 10A). Treatment of VF36 pollen with VAS2870 during the 
28 °C incubation did not alter the levels of DCF fluorescence. In 
contrast, at elevated temperatures, the 2.2-fold increase in DCF 
fluorescence in VF36 at 34 °C relative to 28 °C was diminished after 
inhibitor treatment (Fig. 10B). We also observed significant de
creases in DCF fluorescence in VAS2870 treated are pollen tubes 

at both 28 and 34 °C. These results are consistent with the ROS in
creases at elevated temperature being driven by increased activity 
(but not synthesis) of RBOH enzymes in pollen.

This reduction in temperature-dependent ROS synthesis in pol
len tubes treated with VAS2870 was also reflected by decreased 
temperature effects on the length of pollen tubes. VF36 and are 
treated with VAS2870 exhibited a 1.3-fold and a 1.5-fold increase, 
respectively, in pollen tube length at 34 °C as compared to tubes in 
each genotype without inhibitor (Fig. 10C). However, the disrup
tion of ROS synthesis did not increase pollen tube length in VF36 
at 28 °C, but rather led to a 1.5-fold reduction in the length of tubes 
incubated with VAS2870. This result is consistent with a require
ment for RBOH mediated ROS synthesis at the tip of pollen tubes 
that are required for tip growth as shown using mutants in both 
Arabidopsis and tomato (Potocký et al. 2007; Kaya et al. 2014; 
Jiménez-Quesada et al. 2016; Dai et al. 2021). These results indi
cated that ROS synthesis in this genotype may have been de
creased to suboptimal levels for successful tube extension.

We also examined the effects of RBOH inhibition during heat 
stress on pollen germination rates. Incubation with VAS2870 did 
not affect VF36 germination at either temperature, but treatment 
with this inhibitor significantly improved germination of are 
pollen grains by 1.2-fold at 28 °C and 1.6-fold at 34 °C (Fig. 10D). 
These findings are consistent with RBOH enzymes driving ele
vated ROS synthesis in response to temperature stress and as 
the source of damaging ROS that impairs pollen tube growth.
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Figure 9. Flavonols in the pollen are necessary for pollen tube penetration through the stigma. A) Representative images of flavonol levels in VF36 and 
are stigmas as visualized by DPBA staining (yellow). B) The mean and SE of DPBA fluorescence intensity in VF36 and are stigmas are reported relative to 
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to a Student’s t test with P < 0.05. C) Representative images of VF36 and are stigmas stained with PO1 to detect H2O2 (orange). D) The mean and SE of the 
mean of PO1 fluorescence intensity are reported relative to the VF36 stigma in VF36 and are stigmas (n ≥ 11 stigmas per genotype from 4 independent 
experiments). Asterisk denotes a significant difference between VF36 and are according to a Student’s t test with P < 0.05. E) Representative confocal 
micrographs of pollen tubes growing through the female reproductive tract as visualized by decolorized aniline blue. The contrast and brightness of 
each image were adjusted differently to maximize visualization of pollen tubes to allow for accurate counting. F) Quantification of the number of pollen 
tubes that penetrated through the stigma region ± SEM. Different letters denote significant differences according to a 1-way ANOVA followed by a 
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4520 | The Plant Cell, 2024, Vol. 36, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/10/4511/7727725 by W

ake Forest U
niversity - Law

 Library user on 13 O
ctober 2024

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae222#supplementary-data


At elevated temperatures, the are mutant has 
more differentially expressed genes than VF36 
and VF36-F3H-T3
To provide insight into the mechanisms by which flavonols and 
elevated temperatures, individually or jointly, control pollen 
tube germination and elongation, we performed a time course 
RNA-seq analysis using VF36, are, and VF36-F3H-T3. For each 
line, mRNA was collected from pollen at 15 and 30 min of germi
nation at either 28 or 34 °C, representing the pollen germination 
phase. Additionally, we collected mRNA samples from pollen 
tubes that were germinated at 28 °C for 30 min and then either 
kept at that temperature or transferred to 34 °C for an additional 
45 or 75 min (75 or 105 min of total growth), representing the pol
len tube elongation phase (Supplementary Fig. S5). These time
points are when are had impaired pollen germination and pollen 
tube growth and elevated ROS levels as indicated by light micro
scopy of pollen morphology and DCF fluorescence, respectively.

RNA was then isolated for each sample, and samples were uti
lized for paired-end, strand-specific RNA sequencing. We up
loaded the reads of all samples into Integrated Genome Browser 
(Freese et al. 2016) and examined the F3H gene (PRAM_26184.1 
in tomato genome version SL5, formerly solyc02g083860 in ge
nome version SL4). We verified the presence of the are point muta
tion, which is in the 47,450,716 position in the F3H gene in which a 
C is replaced with a T (Supplementary Fig. S6). This mutation is 
absent in all other samples.

We conducted a principal component analysis (PCA) using the 
top 500 most variable genes to investigate similarities in the 
transcriptome-wide expression profiles (Fig. 11A). Principal com
ponent 1 (PC1) explains 58% of the variance in expression profiles 
and clearly separates the are samples from VF36 and VF36-T3 
samples. PC2 explains 18% of the variance and clearly separates 
samples by time and temperature stress, with later timepoints 
and higher temperature stress in all 3 genotypes distinct from ear
lier and nonheat-stressed samples. Analysis of are samples sepa
rately shows a strong PC1 (69% explained) that again corresponds 
with time and temperature (Fig. 11B). Similarly, analyses of VF36 
and VF36-T3 by themselves separate on PC1 by time and PC2 by 
elevated temperature (Fig. 11, C and D). This difference is accentu
ated in the timepoints taken during the pollen tube elongation 
phase, which were exposed to the 34 °C temperature for 45 or 
75 min.

Differentially expressed genes (DEGs) significant at adjusted 
P < 0.05 and log2 fold change (log2FC) of greater than or less than 
1 between 28 and 34 °C increased over the time course, with at 
least twice as many DEGs detected in are than VF36 or VF36-T3 
at every timepoint (Fig. 12A, Supplementary Data Sets 1 to 3). 
Differential gene expression analysis of the 75-min pollen tube 
samples at 34 to 28 °C for are, VF36, and VF36-T3 detected only 
DEGs that were upregulated at the higher temperature in all 3 gen
otypes (Fig. 12, B to D). This pattern of a strong majority of signifi
cant DEGs being upregulated is similarly found at all timepoints 
(Supplementary Figs. S7 to S9).

Figure 10. Inhibition of RBOH activity reduces heat-induced ROS accumulation and impaired pollen performance. A) Representative confocal 
micrographs of DCF fluorescence intensity of elongating pollen tubes treated with 1 μM of the pan-RBOH inhibitor VAS2870 (green). Quantification of 
average and SEM of B) DCF fluorescence intensity, C) pollen tube length, and D) germination in PGM containing VAS2870 across 4 independent 
experiments is reported (n > 200 grains or 62 tubes per genotype and treatment). Pollen was incubated at 28 or 34 °C. Asterisks denote significant 
differences from 0 μM VAS2870 treatment within a particular genotype and temperature treatment according to 2-way ANOVA followed by a Tukey post 
hoc test with a P < 0.05. The scale bar is 100 µm for all images.
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We generated volcano plots of VF36, are, and VF36-F3H-T3 at all 
4 timepoints. The differentially expressed (DE) genes within geno
type in 34 °C samples relative to 28 °C samples are shown at the 
75-min timepoint (105 min total growth) (Fig. 12, B to D). These 
volcano plots demonstrate that the majority of the heat- 
dependent DE genes are upregulated and there are greater 
numbers of DE genes in are compared to the other 2 genotypes. 
The volcano plots for all the other timepoints are available as 
Supplementary Figs. S7 to S9. These additional plots illustrate 
that the majority of temperature-dependent DE genes are in
creased at the higher temperature across all timepoints.

The number and rate of transcript abundance 
changes are greater in are than other genotypes
To further compare how the heat-dependent transcriptional re
sponses differed between are, VF36, and VF36-T3, we determined 
how many DE genes were shared between these genotypes. For 
this comparison, we evaluated the significant DEGs based on tem
perature at the 75 min timepoint (105 min total growth), as this 
timepoint contained the largest number of DEGs. The UpSet plot 
in Fig. 13A shows that the largest group of DEGs are 74 are-specific 
DEGs, followed by 41 DEGs shared among all 3 genotypes, after 
which the DEG overlaps are trivially smaller (Fig. 13A). This result 
illustrates that a strong majority of VF36 and VF36-T3 DEGs were 
also DE in are, but that are also had a substantial number of addi
tional DEGs not found in VF36 or VF36-T3.

We examined the functional annotation of the DEGs in the 
75 min are samples when the transcript abundance was compared 
between the 28 and 34 °C samples and found that these DEGs 

were enriched in Gene Ontology (GO) annotation for “response 
to stress,” “response to heat,” and other GO categories relating 
to H2O2, as expected given the experimental treatment and our bi
ochemical results that showed the treatment elevated ROS. The 
other enriched GO terms include “protein folding,” “protein com
plex formation,” and “chaperone dependent protein folding,” 
which reflect the expected synthesis of proteins that functions 
to reduce the effects of heat that denatures proteins. The notable 
number of are-specific temperature-responsive DEGs is accompa
nied by several are-specific functional enrichments, such as 
“protein-containing complex assembly,” “protein complex oligo
merization,” “chaperone cofactor-dependent refolding,” and “re
sponse to hydrogen peroxide” (Fig. 13B). The are-specific DEGs 
also include a variety of antioxidant enzymes belonging to the glu
tathione S-transferase, ascorbate peroxidase, and thioredoxin 
families, an intriguing finding that suggests alternative mecha
nisms of ROS homeostasis are activated in are pollen to compen
sate for the lack of flavonol antioxidants (Fig. 13B).

To determine if there were genotype-specific differences in the 
heat stress response of temperature-responsive DEGs, we calcu
lated the log2FC at 34 °C relative to the 28 °C sample for each 
timepoint and then evaluated transcripts that were DE in at least 
2 genotypes at the 75 min timepoint (105 min total growth) 
(Supplementary Figs. S10 to S12). Using these 56 transcripts that 
were DE in at least 2 genotypes, we sought to identify groups 
of transcripts with highly similar temporal responses to each 
other in VF36 and are, as these groups might represent 
temperature-responsive functional subnetworks. To achieve this 
analysis, we employed the Partitioned Local Depths (PaLD) ap
proach (Berenhaut et al. 2022; Khoury et al. 2023), which uses 

Figure 11. PCA plots highlight distinct transcriptional responses between are and the other 2 genotypes and in response to elevated temperature. 
A) PCA plot for all samples analyzed via RNA-seq. The samples in the right cluster are all are samples, while the group on the left contains both VF36 and 
the VF36-T3 samples. Individual PCA plots for each genotype reveal the time and temperature response within each genotype with B) are, C) VF36, 
and D) VF36-T3 samples.
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values of cohesion to generate a network of the relationships 
among a set of genes including local (i.e. direct connections be
tween transcripts) and global relationships (i.e. indirect connec
tions among larger communities of transcripts).

PaLD analysis of the 56 DEGs revealed a network consisting of 2 
communities whose members had similar responses to each other 
in VF36 and are and 7 isolated transcripts that had unique re
sponses in these genotypes (Fig. 13C). Among the largest group, 
Group 1, we observed 3 smaller subnetworks which we 
denoted as 1A, 1B, and 1C on the network (Fig. 13C) and heatmap 
(Fig. 13D, Supplementary Data Set 4). These subgroups were de
fined by transcripts that had relatively slower upregulation in 
VF36 and faster upregulation in are and mostly consisted of tran
scripts that encoded heat shock proteins (Fig. 13D). On the other 
hand, the second largest group, Group 2, was defined by tran
scripts that responded relatively quickly in both VF36 and 
are (Fig. 13D). Unlike Group 1, Group 2 had several transcripts 
that encoded proteins involved in metabolism, representing 
heat-responsive metabolic genes that are independent of the 
abundance of flavonols. The 56 DEGs are upregulated more rap
idly and to a higher magnitude in are than in VF36 and VF36-T3 
(Fig. 13D). Notably, most DEGs are regulated similarly in VF36 
and VF36-T3 with few unique genes in either genotype 

(Fig. 13D), suggesting the improved pollen performance seen in 
VF36-T3 is not based on a differential regulation in response to 
heat. On the other hand, are contains many unique genes that 
were not found to be differentially regulated in the other 2 geno
types (Fig. 13A). This group of genes may yield important candi
dates for future targets to prevent the damaging effects of 
elevated temperatures.

We also examined the transcriptional regulation of the F3H 
gene in are and VF36 pollen. Intriguingly, F3H expression was ele
vated in are when compared to VF36 and VF36-F3H-T3 at all time
points and temperatures (Supplementary Table S2). This is 
consistent with the point mutation in are producing a full tran
script, and with the absence of a flavonol intermediate that acts 
as a negative feedback signal to decrease F3H transcription. 
Together, these data indicate that heat-driven transcriptional re
sponses in tomato pollen differ with levels of flavonols, as well as 
the length of exposure to increased temperature.

Pollen from are exhibits a differential 
transcriptional baseline than VF36
Our finding of increased transcriptional response of are to heat 
stress provides greater insight into the poor performance of pollen 

Figure 12. Transcriptional responses increase across the duration of temperature stress and are accentuated in the are mutant. A) The number of DE 
genes at 34 °C relative to 28 °C within each genotype as determined using EdgeR is graphed as a function of time of pollen tube growth for VF36, are, and 
VF36-F3H-T3. These genes were defined as DE if they had an adjusted P < 0.05 and log fold change greater than or less than 1. B to D) Volcano plots of the 
log fold change at 34 °C relative to 28 °C and P-values for all samples. The dotted lines represent P-value cutoffs of 0.05 and log2FC of 1. B) are, C) VF36, 
and D) VF36-F3H-T3. Blue circles denote genes that are downregulated (log2FC below 1), red crosses indicate genes that are upregulated (log2FC above 1), 
while gray circles denote genes that do not display a log2FC above or below the cutoff of 1.
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from this genotype at elevated temperatures. However, this anal
ysis does not explain the impaired pollen performance observed in 
are at optimal temperatures. To understand how are differs from 
its parental line at each timepoint and temperature, another DE 
analysis was performed comparing VF36 to are at each develop
mental timepoint and temperature (Supplementary Data Set 5). 
This comparison revealed consistent differences in transcript 
abundance between these genotypes at all pollen developmental 
stages across this time course. Across the time course, we found 20 
are-specific DEGs in common among all timepoints, with a maxi
mum of 79 at 34 °C at 2 timepoints (Supplementary Table S3). 
As shown here in other analyses, genotype-dependent DEGs in
creased with elevated temperature, particularly at the later stages 
of the time course. The relative abundance of transcripts in are rel
ative to VF36 was calculated for the 20 DEGs that had significant 
differences at all 4 timepoints, with a majority of these genes hav
ing higher abundance in are (Supplementary Fig. S13).

We also examined a core set of genes encoding 36 heat 
shock proteins, heat shock transcription factors, or molecular 
chaperones that were temperature-dependent DEGs within each 
genotype (shown in Fig. 13C). We calculated the log2FC for these 
genes when the transcript abundance at 28 °C in are was reported 
relative to VF36 in time and temperature matched samples 

(Fig. 14, Supplementary Data Set 5). Of these 36 genes, 29 were 
upregulated in are pollen at optimal temperatures at all develop
mental stages beginning with the 15-min timepoint. This analysis 
suggests that, even at a near-optimal 28 °C, are contains a differ
ent transcriptional setpoint than VF36 and are pollen transcrip
tionally reflects the stress of elevated ROS and the resulting 
protein unfolding.

Discussion
Exposure of plants to temperatures above the optimal range can 
have a deleterious effect on multiple stages of reproductive and 
vegetative growth and development, resulting in critical reduc
tions in crop yield at elevated temperatures (Sato et al. 2006; 
Fahad et al. 2017; Rieu et al. 2017; Begcy et al. 2019; Chaturvedi 
et al. 2021). An increase of as little as 4 to 6 °C above optimal tem
peratures during pollen germination and tube elongation both in
creases ROS and reduces pollen performance (Muhlemann et al. 
2018; Wu et al. 2020). While localized, temporally coordinated 
ROS bursts are required at each stage of pollen growth and devel
opment (Potocký et al. 2007; Johnson et al. 2019; Daryanavard 
et al. 2023; Ali and Muday 2023), ROS overaccumulation at inap
propriate development stages can reduce crop yield (Mittler 

Figure 13. The heat-dependent transcriptional response of are occurs more rapidly and contains a greater number of unique transcripts. A) Upset plot 
of temperature-dependent DE genes within each genotype after 75 min heat treatment (105 min total growth). Numbers above bars represent the 
number of temperature-regulated DE genes that are shared between genotypes connected by lines. Set size refers to the number of DE genes at this 
specific timepoint for each genotype. B) Biological processes that are significantly enriched in transcripts that are DE at the elevated temperature in the 
are mutant were determined using String. Groups that were significantly enriched in the are mutant are reported. The number of genes in each group 
was determined for the other genotypes. Asterisk indicates the groups for which enrichment was significant relative to genome. C) PaLD generated 
network of 56 genes that were found to be DE in 2 or more genotypes after 75 min heat treatment (105 min total growth) with nodes color coded for each 
group of like responding transcripts. D) Heatmap of the 56 genes used in the PaLD analysis, with the first column representing the PaLD groups from C) 
(Khoury et al. 2023). The temperature-dependent log2FC of these genes was then mapped back to pollen samples taken at the earlier timepoints. Gray 
boxes represent no detected expression at that timepoint.
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2002; Speranza et al. 2012; Muhlemann et al. 2018; Gong et al. 
2024). Plants synthesize antioxidant proteins and specialized me
tabolites, including flavonols, as a protective measure against 
these damaging ROS changes, and mutants that make no flavo
nols have impaired or failed reproduction (Schijlen et al. 2007; 
Muhlemann et al. 2018; Wang et al. 2020; Daryanavard et al. 2023).

Muhlemann et al. (2018) reported that under optimal temper
ature conditions, the impaired pollen performance of are was 
reversed by complementation with a wild-type copy of the F3H 
gene, showing that pollen germination, tube elongation, and 
tube integrity, as well as ROS levels, were restored to wild-type 
levels (Muhlemann et al. 2018). In this article, we evaluated 
the hypersensitivity of are to elevated temperature and asked 
whether flavonols protect a broad range of pollen processes, in
cluding pollen development, germination, and tube extension, 
from the negative effects of heat stress by examination of a com
plemented mutant line and plants engineered to overproduce 
flavonols or treated with exogenous flavonols. We examined 
temperature effects on ROS levels in each of the genotypes and 
treatments to determine if the protection conveyed by flavonols 
is to maintain ROS homeostasis. Finally, we asked whether 
heat-dependent changes in the pollen transcriptome were 

amplified in are, consistent with elevated ROS driving transcrip
tome remodeling.

The tomato mutant are contains a point mutation in the gene 
encoding the F3H enzyme resulting in reduced synthesis of flavo
noids, which include flavonols and the downstream metabolites, 
anthocyanins (Maloney et al. 2014). The are mutant has altera
tions in root development including reduced lateral root forma
tion and increased root hair formation (Maloney et al. 2014) as 
well as altered guard cell closure in response to ABA treatment 
(Watkins et al. 2017). Aspects of each of these are phenotypes 
can be attributed to higher levels of ROS relative to VF36, its pa
rental line. The performance of are pollen is impaired under opti
mal growth conditions, resulting in a significant reduction in seed 
set when compared to VF36 (Muhlemann et al. 2018). Previous 
studies in rice, tomato, and petunia have also found that muta
tions that disrupt flavonol biosynthesis impaired pollen develop
ment and function, as well as reduced fruit yield and seed set 
(Mo et al. 1992; Schijlen et al. 2007; Wang et al. 2020). A recent pa
per also found that the Arabidopsis transparent testa (tt4) mutant, 
with a mutation in the single gene encoding the first enzyme of fla
vonoid synthesis, chalcone synthase, which produces no flavo
nols, also has impaired performance at elevated temperature 
(Xue et al. 2023). In this study, we focus on the molecular mecha
nisms by which heat stress leads to impaired pollen performance, 
the effects that flavonols play in the alteration of these mecha
nisms, and whether increased flavonol synthesis can be used as 
a strategy to enhance pollen growth and development during ex
posure to elevated temperatures.

We evaluated the effects of flavonols on pollen yield, pollen vi
ability, and pollen tube elongation when exposed to temperature 
stress, using the are mutant, its wild-type parental line, VF36, and 
each genotype transformed with a Pro35S:F3H gene. Previously, are 
was transformed with an F3H gene driven by the constitutive 
CaMV-35S promoter, with the line are-F3H-T5 (are-T5) being the 
best characterized transformation, as well as the VF36-F3H-T3 
(VF36-T3) line transformed with this same construct to overpro
duce flavonols (Maloney et al. 2014). We utilized these same lines 
and demonstrated that genetic complementation rescued the 
impaired pollen performance in are, especially at elevated tem
peratures. The significant reduction in the pollen yield in are 
was reversed in the are-F3H-T5 transgenic lines, while the 
VF36-F3H-T3 line had greater yield. The number of viable pollen 
grains and the elongation of pollen tubes at optimal and elevated 
temperatures were also evaluated in these 4 genotypes, revealing 
negative effects in VF36 that were accentuated in are, were re
versed in are-F3H-T5, and were abolished in the VF36-F3H-T3 
line. Of greatest note, transformation with an F3H gene in VF36 re
sulted in protection of pollen from temperature stress in these 
same assays, resulting in substantially higher viability, germina
tion, tube growth, and pollen tube integrity than in VF36. This re
sult suggests that engineering or breeding plants to have elevated 
flavonols in pollen may protect plants from temperature stress.

We also examined whether the impaired pollen germination in 
are was directly tied to reduced levels of flavonols in these geno
types, rather than elevated levels of naringenin, a flavonol precur
sor and the metabolite directly before the F3H enzyme. We 
compared rates of pollen germination at optimal and elevated 
temperatures in are and VF36 in the absence and presence of exog
enous application of flavonols. We incubated both are and VF36 
with the 3 most prevalent flavonols in tomato: kaempferol, quer
cetin, or myricetin. As little as 5 μM of each flavonol was able to re
verse the impaired germination in are, with the most profound 
effects evident in the presence of temperature stress. These 

Figure 14. The are mutant displays an upregulated heat response even 
at optimal temperatures. Heatmap of the 36 genes encoding heat shock 
factors that were found between are and VF36 at 28 °C. log2FC of are 
relative to VF36 for these genes was then mapped back to pollen 
samples taken at the earlier timepoints. Genes are ranked by highest 
logFC in are at the 75 min timepoint (105 min total growth). Gray boxes 
represent no detected expression at that timepoint.
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findings are consistent with a previous report utilizing a petunia 
chs mutant that showed that chemical complementation with 
these 3 same flavonols at optimal temperatures partially rescued 
pollen germination (Mo et al. 1992), with kaempferol being the 
most potent at restoring germination with chemical supplemen
tation (Pollak et al. 1993). This study shows that chemical applica
tion of flavonols to pollen can confer heat tolerance and reverse 
the temperature hypersensitivity in a mutant with impaired en
dogenous flavonol synthesis.

The role of flavonols in protecting pollen from heat stress 
through their action as antioxidants (Daryanavard et al. 2023) 
was tested by examining ROS levels in are, VF36 and the 
are-F3H-T5 line using the general ROS indicator CM H2DCFDA, 
which is oxidized by multiple forms of ROS to become the fluores
cent product DCF, and with PO1, which is selective for H2O2. At 
both elevated and optimal temperatures, are pollen showed ele
vated DCF fluorescence in both pollen grains and tubes relative 
to VF36 pollen. Both genotypes had elevated ROS at 34 °C com
pared to their 28 °C controls, with are pollen at 34 °C having the 
highest overall DCF fluorescence intensity. The accumulation of 
ROS in germinating pollen grains and elongating tubes in are-T5 
was reduced at both 28 and 34 °C relative to are at those same tem
peratures and relative to VF36 at 34 °C. Additionally treatment 
with kaempferol had a similar effect on ROS levels and pollen ger
mination. Measurement of PO1 fluorescence in pollen tubes of 
these 4 genotypes followed similar trends, with statistically signif
icant increases in PO1 fluorescence in are and VF36 at 34 °C com
pared to 28 °C with higher levels at the pollen tube tip. In both 
genotypes, the presence of the Pro35S:F3H construct prevented 
temperature-induced PO1 signal increases. These results demon
strate that both genetic and chemical complementation reversed 
the effect of the are mutation on ROS accumulation and pollen 
performance and even raised germination under heat stress to 
levels that were higher than in the VF36 parental line. These ob
servations suggest that the impairments in VF36 at elevated tem
peratures and the reductions in pollen germination and tube 
elongation in are at both temperatures were due to the overaccu
mulation of ROS.

The ability of the VF36-F3H-T3 line to be insensitive to the ef
fects of high temperature on pollen viability, germination, and 
tube growth and to maintain constant levels of ROS at elevated 
temperatures during the pollen germination and pollen tube elon
gation phases are exciting results. These findings provide evi
dence for the mechanism by which the F3H overexpression 
enhances thermotolerance when exposed to high-temperature 
stress. Collectively, these data suggest that increasing flavonol bi
osynthesis reduced levels of ROS to protect pollen from oxidative 
damage, which may have applications in breeding or engineering 
crops to protect pollen from temperature-induced ROS and the re
sulting impairments to pollen performance.

We sought to understand the role of flavonols during the 
pollen–stigma interaction to determine if reduced levels of flavo
nols in maternal tissues impacted pollen tube growth in vivo 
and whether wild-type levels of stigma and pistil flavonols could 
reverse the reduction of are pollen tube growth. We demonstrated 
that in the are stigma there are reduced levels of flavonols and ele
vated levels of ROS as compared to the parental line, as quantified 
by DPBA and PO1 fluorescence, respectively. The number of pollen 
tubes that were able to penetrate through the stigma was reduced 
in an are self-cross compared to VF36 self-cross. A prior publica
tion using a parthenocarpic tomato CHS-RNAi line with reduced 
flavonol levels showed that crosses of this line with a wild-type 
line, as either the pollen donor or the pistil, led to improved 

fertility relative to the CHS-RNAi line (Schijlen et al. 2007). Their 
images of pollen tubes growing through the pistil were also consis
tent with improved performance of pollen or pistils from the 
CHS-RNAi line when crossed with wild-type. We therefore hy
pothesized that VF36 pollen and pistils would reduce the effect 
of the are mutation on pollen tube growth.

We quantified the number of pollen tubes that were able to 
transverse the stigma and found that the are mutation only re
duced the numbers of pollen tubes when are was the pollen donor 
and that are pollen tube growth was not improved when tubes 
grew through a VF36 stigma. The finding that female tissue was 
unable to biochemically complement flavonol-reduced pollen 
growing through the stigma is consistent with in vivo pollen 
growth assays in rice (Wang et al. 2020) but not with the 
CHS-RNAi tomato results (Schijlen et al. 2007). Our analysis did 
not include quantification of the tubes that reached the base of 
the pistil and the ovaries, so it is possible that the role of pistil fla
vonols is stronger as the pollen tubes elongate greater distances. 
Additional detailed analyses of are pollen growth in vivo through 
pistils with a range of flavonol levels is necessary to fully address 
this question. Another explanation for these different results 
is that the flavonol deficiency in are pistils is less extreme than 
in the CHS-RNAi tomato lines. Leaf and fruit peel extracts of the 
CHS-RNAi tomato lines had 10% of the flavonoids as the wild-type 
and formed parthenocarpic fruits. In contrast, are pollen tubes 
contain half the flavonols as wild-type as measured by DPBA 
staining and are fruits are able to form reduced numbers of seeds 
under optimal temperature conditions relative to the parental line 
(Muhlemann et al. 2018). This more subtle difference might make 
it harder to detect the role of pistil flavonols.

We also evaluated whether the inhibition of enzymatic 
drivers of ROS synthesis would be able to block temperature 
stress-induced ROS. ROS can be produced by many sources, in
cluding electron transport in metabolic organelles and enzymes 
such as RBOHs/NOX (Møller et al. 2007; Martin et al. 2022; 
Postiglione and Muday 2022). We detected transcripts encoding 
2 RBOH enzymes that are expressed in tomato pollen. Therefore, 
we asked whether temperature-induced ROS acted via RBOH 
enzymes by incubating pollen with the selective, pan-RBOH inhib
itor, VAS2870, which targets an active-site cysteine that is con
served across mammalian NOX enzymes as well as RBOHs in 
plants (Yun et al. 2011), providing increased specificity over 
other inhibitors such as DPI (Mangano et al. 2017; Postiglione 
and Muday 2022).

RBOH inhibition blunted the increased ROS accumulation after 
incubation at 34 °C in pollen tubes in our 4 core genotypes. This 
inhibitor reduced the negative effect of high temperature on pol
len tube length when compared to pollen at elevated temperature 
that did not receive the inhibitor. These findings are in agreement 
with other studies that indicate that RBOH-produced ROS at the 
tube tip is required for pollen tube growth (Potocký et al. 2007; 
Speranza et al. 2012; Kaya et al. 2014; Jiménez-Quesada et al. 
2016; Muhlemann et al. 2018; Jimenez-Quesada et al. 2019), as evi
denced by the reduced pollen tube length in VF36 at optimal tem
peratures after treatment with VAS2870. However, we also show 
that RBOHs contribute to heat-dependent ROS overaccumulation, 
and RBOH inhibitor treatment can protect are from ROS increases 
during heat stress and improve performance of this genotype at 
both optimal and elevated temperatures.

To better understand the molecular mechanisms by which 
temperature affected the function of germinating pollen grains 
and elongating pollen tubes, we examined the transcriptome in 
VF36, are, and the VF36-F3H-T3 transgenic line at optimal and 

4526 | The Plant Cell, 2024, Vol. 36, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/10/4511/7727725 by W

ake Forest U
niversity - Law

 Library user on 13 O
ctober 2024



elevated temperatures at 4 timepoints during pollen germination 
(15 or 30 min after hydration) and pollen tube elongation (75 and 
105 min after hydration) reflecting the peak rate of pollen tube 
elongation. We identified DE transcripts at 34 °C as compared to 
28 °C in all genotypes, revealing that the number of DE genes 
was substantially higher in are. There were increasing numbers 
of DE transcripts in pollen grains and tubes as the duration of 
the heat stress period increased. There was a large group of DE 
genes that were shared between all genotypes with almost all of 
them increasing with elevated temperature, with heat maps re
vealing the greater rate and magnitude of these responses in are. 
Among these shared DE genes are multiple heat shock proteins, 
chaperones, and heat shock transcription factors, which have sig
nificantly enriched annotations as revealed by a GO annotation 
analysis. These groups of DE genes are consistent with the previ
ously reported transcriptional response to heat stress in tomato 
pollen (Frank et al. 2009). The differential remodeling of the tran
scriptome of male reproductive tissues after exposure to elevated 
temperatures between tomato lines with different levels of ther
mosensitivity is in agreement with a prior report evaluating the 
transcriptome of meiotic anthers (Bita et al. 2011).

We did identify a large number of DE transcripts that were 
increased in are in response to heat stress, but not in VF36 or 
VF36-F3H-T3, which is most evident in the UpSet plot in 
Fig. 13A. We also found that the DE genes in are also had enriched 
annotations not found in the other genotypes including chaper
one cofactor-dependent refolding and response to H2O2, suggest
ing an enhanced temperature stress effect in are pollen. These 
responses may be linked to the elevated ROS in are, which through 
oxidation of cysteine residues to form cysteine sulfenic acids can 
reversibly oxidize proteins to alter their structure (Garrido Ruiz 
et al. 2022) compounding the effect of elevated temperature on 
protein denaturation. We also used a community detection algo
rithm, PaLD, to build a network revealing the groups of genes 
with the most common transcriptional response to elevated tem
perature across the are and VF36 genotypes, when we consider the 
changes in transcript abundance in response to temperature 
(Khoury et al. 2023).

To explore whether there are differential transcriptional re
sponses in are in the absence of temperature stress, we performed 
a DE analysis between are and VF36 at all timepoints and temper
atures. This analysis revealed a group of genes that were DE at all 
timepoints and temperatures, with increasing number of DE 
genes between genotypes at 34 °C, consistent with the greater 
temperature-dependent increases in DE genes in are when com
parisons were made within genotypes. When comparing the tran
scriptional baselines of are to VF36 at optimal temperatures, we 
identified a group of 36 genes that are involved in the heat stress 
response and are upregulated in are as early as the 15-min time
point. This finding suggests that are pollen may have altered pro
tein folding due to elevated ROS even at optimal temperatures 
leading to impaired pollen performance in are even at 28 °C.

These results reveal that an increase of flavonol levels above 
wild-type levels can act as an avenue to protect tomato pollen 
from the deleterious effects of elevated temperature stress. 
Consistent with this finding, a 2-fold increase in flavonols in 
tomato pollen after growth at 38 °C has been reported (Paupière 
et al. 2017), and pollen of 2 tomato cultivars ‘Saladette’ and 
‘CLN1621’ had increased pollen viability under heat stress and 
had 2-fold higher levels of flavonols than thermosensitive 
‘Money Maker’ and ‘M82’ (Dinar and Rudich 1985; Firon et al. 
2006; Xu et al. 2017), suggesting that plants may produce flavonols 
to protect against temperature-induced ROS.

We showed that diminished flavonol synthesis in a tomato mu
tant, such as are, critically reduces tolerance to elevated temper
atures in pollen reducing both pollen performance tied to 
elevated levels of ROS consistent with the diminished levels of fla
vonol antioxidants. These temperature-dependent effects can be 
rescued with both exogenous flavonol treatment as well as engi
neering plants with the F3H transgene to increase flavonol biosyn
thesis and protect pollen from heat stress. We also demonstrated 
a role for RBOH enzymes in temperature-dependent ROS synthe
sis. Additionally, our data reveal a robust transcriptional response 
to elevated temperatures that is accentuated by reduced levels of 
flavonols in pollen grains and tubes and may provide additional 
candidate genes to improve thermotolerance in crop plants. 
Flavonols are critical for plants to adequately respond to and re
cover from the detrimental effects of heat stress in male repro
ductive tissue. Our findings provide an intriguing potential 
avenue to engineer crop plants with elevated flavonols to improve 
tolerance to elevated temperatures.

Materials and methods
Plant material and growth conditions
Seeds of wild-type (VF36) tomato (S. lycopersicum) and the are mu
tant were obtained from the Tomato Genetic Resource Center 
(https://tgrc.ucdavis.edu), and Pro35S:F3H transgenic lines in 
the are and VF36 backgrounds including are-F3H-T5, are-F3H-T6, 
VF36-F3H-T3, and VF36-F3H-T5 (abbreviated are-T5, are-T6, 
VF36-T3, or VF36-T5) were from Maloney et al. (2014), where 
they were referred to as VF36 or are OE lines. The seeds of VF36 
transformed with a ProLAT52:GFP line were from Sheilla 
McCormack (Zhang et al. 2008); this transgene was crossed into 
are, and the homozygosity of transgenes and the mutations was 
verified using PCR and the loss of an Sml1 restriction site in are 
due to the G to A mutation within the F3H gene.

Tomato seeds were germinated in Sunshine MVP RSi soil and 
grown under 16 h day (150 µmol/m2/s cool white fluorescent light 
and 8 h nights at room temperature for 3 to 4 wk). Plants were then 
transferred to the Wake Forest University greenhouse where 
they were grown in the same growth media to which lime and 
Miracle-Gro Shake ‘N Feed fertilizer were added. Plants were 
grown under daylight conditions with no supplemental light, 
where they began to flower after 6 wk of additional growth. 
Pollen was also obtained from plants that were propagated by cut
tings. Unless noted otherwise, all pollen was harvested from 
greenhouse grown plants with day temperatures set to 28 °C 
and night temperature to 21 °C. Pollen was recovered from flowers 
using less than 20 s of vibration with a custom modified electric 
toothbrush with a metal bracket that surrounds the anther, col
lecting pollen into a microcentrifuge tube.

Quantification of pollen yield
Pollen from 3 flowers for each line was harvested as described 
above and placed in individual 0.7-mL microcentrifuge tubes for 
evaluation of pollen yield. Released pollen was resuspended in 
60 µL PVS (290 mM sucrose, 1.27 mM Ca(NO3)2, 0.16 mM boric 
acid, 1 mM KNO3), and then equal volume of 0.4% trypan blue 
(w/v) staining solution was added to each tube. Pollen grains 
were quantified by pipetting 10 µL pollen suspension into 
Countess Cell Counting Chamber Slides to be counted by a 
Countess II Automated Cell Counter (Invitrogen). Settings were 
adjusted to select only mature, viable grains that are, on average, 
1.5-fold larger in diameter than nonviable grains, display 2-fold 
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increased roundness, and have the ability to form a tube. Grains 
judged as dead are smaller, oblong, much darker, and do not 
have the ability to form a pollen tube and were gated out of the 
quantification (Supplementary Fig. S14). Four technical replicates 
were taken from each tube and averaged, and then pollen concen
trations were calculated to reflect the total volume of solution in 
each tube to give the number of live pollen grains per flower.

Pollen viability assay
Pollen from 3 flowers at anthesis from each genotype was 
harvested by agitation with an electric toothbrush modified for ef
ficient pollen harvesting into a 0.7-µL microcentrifuge tube. Pollen 
was then resuspended in PVS (290 mM sucrose, 1.27 mM Ca(NO3)2, 
0.16 mM boric acid, 1 mM KNO3), which included 0.001% FDA (w/v) 
and 10 µM PI. Pollen grains were stained for 15 min at 28 °C and 
then centrifuged. PVS containing FDA and PI was replaced with 
PVS alone. The stained pollen was placed on a microscope slide 
and imaged by confocal microscopy on a Zeiss 880 LSCM micro
scope using a 10×/0.5 NA Plan-Apochromat objective. FDA was ex
cited with a 488-nm laser, and intensity was collected with an 
emission window of 490 to 552 nm with maximum laser power 
of 0.7% and detector gain of 780. PI was excited with a 561-nm la
ser line while its fluorescent signal was collected within a 584 to 
718 nm emission window with maximum laser power of 0.07% 
and detector gain of 780. Quantifications of viable and dead pollen 
grains was performed using Fiji in which pollen grains with FDA 
emission peaking at 500 nm were counted as viable and pollen 
with PI emission within the grain above 600 were counted as 
dead grains.

Pollen germination and pollen tube elongation
Flowers were collected at anthesis from greenhouse grown plants, 
and, in most experiments, pollen was harvested as described 
above. In rare cases, anthers were detached, and the tips of the 
anthers were then cut and placed into a microfuge tube and pollen 
was released by agitation with a vortex. Pollen was then resus
pended in 300 μL of PGM (24% [w/v] PEG4000, 0.01 [w/v] boric 
acid, 2% [w/v] sucrose, 2 mM HEPES pH 6.0, 3 mM Ca(NO3)2, 0.02% 
[w/v] MgSO4, 0.01% [w/v] KNO3), which was preequilibrated to 
either 28 or 34 °C. The entire volume of resuspended pollen was 
transferred into a sterile 24-well plate and imaged using an 
Olympus IX2-UCB inverted microscope with a 10× objective and 
a Tucsen Dhyana CMOS camera fitted with a Tokai HIT-heated 
stage.

For pollen germination analysis, pollen was incubated at either 
28 or 34 °C for 30 min, and images were collected every 2 min us
ing this Olympus microscope. Percent germination was then 
quantified using Fiji (ImageJ) in which the number of germinated 
grains was reported relative to viable mature grains based on the 
criteria described previously. Supplementary Fig. S14 displays a 
bright field image displaying morphological differences between 
mature, viable pollen grains and nonviable dead grains. For pollen 
tube elongation, pollen was incubated at 28 °C for 30 min, heat- 
treated samples were then moved to an incubator at 34 °C for 
90 min while control samples remained at 28 °C for an additional 
90 min. Pollen tube length was measured from the tip of the pollen 
tube to the point of emergence on the grain.

PO1 staining of pollen tubes and pistils
For PO1 imaging of samples with elongated pollen tubes, harvested 
pollen was incubated in PGM at 28 °C for 30 min. Heat-treated sam
ples were then transferred to 34 °C for 90 min while control samples 

remained at 28 °C. Pollen tubes were stained with 50 μM PO1 (Tocris 
Bioscience) for the final 30 min of incubation.

PO1 fluorescence was visualized using a Zeiss 880 LSCM using 
Plan-Apochromat 63×/1.2 NA water objective at 2.4× digital 
zoom. The 488 nm laser at 0.4% power was used for excitation, 
with emission collected between 544 and 624 nm. Laser settings 
were identical for all samples within each experiment. A 1.46 
Airy Unit pinhole aperture yielding a 1.4 µm section was utilized 
and gain at 850. Line profiles of PO1 fluorescence intensity were 
quantified via a 40 µm long line (50 pixels in width) measured 
from the tip of each pollen tube in Fiji.

For PO1 staining of pistils, a 100 µM PO1 staining solution was 
prepared by dissolving 100 nmol PO1 in 20 µL DMSO, which was 
then diluted 50-fold with MES buffer (10 mM MES, 50 µM CaCl2, 
5 µM KCl, pH 6.15). Buds that were 1 d prior to anthesis (−1 DPA) 
were emasculated, and the following day, the pistils were har
vested and washed once in the MES buffer. The buffer was re
moved, and the pistils were stained with the 100 µM PO1 staining 
solution for 30 min at room temperature in the dark. The PO1 
staining solution was removed, and pistils were washed twice 
with MES buffer. The pistils were imaged under a Zeiss V16 
Stereoscope (excitation filter: 559 to 585 nm, emission: 600 to 
690 nm) using a Plan-Neofluar objective and a 3.2× zoom. Light 
levels and exposure time were uniform for each image taken. 
Representative images were maximum intensity projections tak
en with 32× to illustrate the fluorescent signal, which is concen
trated in the stigma, while images used for quantification were 
single planes taken at 12.5×. Fluorescence intensity of the stigma 
was quantified by drawing a region of interest around it in Fiji and 
measuring its mean gray value.

DPBA staining of pollen tubes and pistils
For DPBA imaging of samples with elongated pollen tubes, har
vested pollen was incubated in PGM at 28 °C for 90 min. Pollen tubes 
were then stained with 2.5 µg/ml DPBA diluted into PGM from a 
0.25 mg/mL DPBA (Sigma-Aldrich) stock dissolved in DMSO (with 
a final 1% DMSO concentration) for the final 30 min of incubation.

DPBA fluorescence was visualized using a Zeiss 880 LSCM using 
Plan-Apochromat 63×/1.2 NA water objective at 2.4× digital zoom. 
The 458 nm laser at 4% power was used for excitation, with emis
sion collected between 544 and 624 nm. Laser settings were kept 
identical for all samples within each experiment. A 2.27 Airy 
Unit pinhole aperture yielding a 2 µm section was utilized and 
gain at 850. Line profiles of DPBA fluorescence intensity were 
quantified via a 40 µm long line (50 pixels in width) measured 
from the tip of each pollen tube in Fiji.

For DPBA visualization in pistils, buds that were −1 DPA were 
emasculated, and the following day, the pistils were harvested 
and washed once in 1× PBS. The PBS was removed, and the pistils 
were stained with DPBA (2.5 mg/mL DPBA and 0.06% [v/v] Triton 
X-100 dissolved in 1× PBS) for 20 min at room temperature in 
the dark. The DPBA staining solution was removed, and pistils 
were washed twice with 1× PBS. The pistils were imaged under a 
Zeiss V16 Stereoscope (excitation: 470 nm, emission: 495 to 
575 nm) using a Zeiss Plan-Apochromat 5×/0.16 NA objective. 
Light level and exposure time were uniform for each image taken. 
Representative images were maximum intensity projections tak
en with 32× to illustrate the fluorescent signal that is concen
trated in the stigma, while images used for quantification were 
single planes taken at 12.5×. Fluorescence intensity of the stigma 
regions was quantified by drawing a region of interest around the 
stigma in Fiji and measuring its mean gray value.
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Pollen tube growth through pistil explants
Buds that were −1 DPA were emasculated, and the following day, 
the pistils were harvested. Pollen from at least 3 flowers of each 
line was collected as stated previously and pooled together in a 
microcentrifuge tube. The tube was inverted to collect the pollen 
onto the cap, and the pollen was used to pollinate the emascu
lated pistils. The pollinated pistils were placed on a Petri dish 
with solid 1× MS media (0.8% [w/v] agar, 0.05% [w/v] MES, 1% su
crose, 1 µg/mL thiamine HCl, 0.5 µg/mL pyridoxine HCl, and 
0.5 µg/mL nicotinic acid) and incubated for 7 h at 28 °C. Then, pis
tils were fixed in 3:1 (v/v) ethanol:glacial acetic acid for at least 
18 h at room temperature. The fixative was removed, and the pis
tils were sequentially washed in 70%, 30%, and then 0% ethanol 
v/v, each for at least 15 min. The pistils were cleared in a solution 
of 10 N NaOH for at least 4 h, washed in distilled water for at least 
10 min, and then stained for at least 12 h in the dark in decolorized 
aniline blue (0.1% [w/v] aniline blue in 0.1 M K3PO4, incubated for 
24 h at room temperature in the dark, which leads to loss of 
blue contaminants but not the fluorochrome that binds callose). 
After decolorization, the aniline blue solution changes from 
dark blue to a light yellow color.

Stained pistils were mounted on a glass coverslip in 100% v/v 
glycerol and then imaged with the 5× objective of a Zeiss 880 
LSCM with a Plan-Apochromat 5×/0.16 NA objective (excitation: 
405 nm, emission: 416 to 511 nm) and detector gain of 600. 
Individual images were stitched together using the MosaicJ plugin 
(Thévenaz and Unser 2007) in Fiji. The number of pollen tubes that 
penetrated through the stigma was quantified using the Cell 
Counter plugin in Fiji.

Exogenous chemical treatments
Flavonol chemical complementation was achieved through the 
addition of quercetin, kaempferol, or myricetin (INDOFINE 
Chemical) to PGM at final concentrations of 1, 5, 15, or 30 μM 

(diluted from stock solutions of 0.1, 0.5, 1.5, and 3 mM in DMSO). 
An equivalent volume of DMSO was added to the controls. For 
VAS2870 treatment, a 50 μM stock solution (using diH2O as a sol
vent) was diluted in PGM to yield a final concentration of 1 μM, 
while control samples received an equivalent volume of 
diH2O. Pollen was resuspended in PGM equilibrated to either 28 
or 34 °C containing flavonols or VAS2870 at the indicated concen
trations, and germination and tube length were quantified as de
scribed above.

Visualization and quantification of DCF 
fluorescence in pollen grains and pollen tubes
For quantification of ROS during pollen germination, pollen grains 
were harvested as described above and pollen was allowed to ger
minate for 10 min in PGM alone at 28 or 34 °C and then 5 μM 

CM-H2DCFDA (Thermo Fisher), diluted from a stock solution of 
500 μM in DMSO, was added for another 20 min at 28 or 34 °C. 
Pollen was then centrifuged, the PGM containing CM-H2DCFDA 
was removed and replaced with PGM alone, and the stained pollen 
was transferred to a microscope slide for imaging.

For DCF imaging of samples with elongated pollen tubes, har
vested pollen was incubated at 28 °C for 30 min. Heat-treated 
samples were then incubated at 34 °C for 90 min while control 
samples remained at 28 °C. Pollen tubes were then stained with 
5 μM CM-H2DCFDA (Thermo Fisher) for 20 min. Pollen was then 
centrifuged, the PGM containing CM-H2DCFDA was removed 
and replaced with PGM alone, and stained pollen tubes were 
transferred to a microscope slide for imaging.

DCF fluorescence was visualized using a Zeiss 880 LSCM with a 
Plan-Apochromat 10×/0.45 NA objective using the 488 nm laser 
and an emission spectrum of 490 to 606 nm. Laser settings were 
uniform for all samples within each experiment, but for the pollen 
germination or pollen tube assays, settings were optimized to 
make sure all samples were below saturating levels of fluores
cence. Laser power ranged from 0.9% to 1.5%, and a 1 Airy Unit 
pinhole aperture yielding a 1.2 µm section was utilized and gain 
ranged from 974 to 1,034. The DCF fluorescence intensity was 
quantified in Fiji, and each experiment was normalized to fluores
cence of VF36 at 28 °C.

Measurement of F3H transcript abundance 
by RT-qPCR
There is conflicting evidence in the literature on whether the 35S 
promoter is expressed in pollen, so we verified F3H transcript 
changes in anther tissues. Eyal et al. (1995) showed that a 500 bp 
35S promoter was not an optimal promoter for transient expres
sion in pollen. The Maloney construct used the vector pK7WG2, 
which has a 900 bp region of the 35S promoter, which may have 
different tissue-specific expression patterns (Maloney et al. 
2014). We note that Pro35S:GUS or Pro35S:GFP expression has 
been detected in tomato floral structures in stable transformants 
(Koul et al. 2012) and in both strawberry and cotton pollen 
and anthers (Sunilkumar et al. 2002; de Mesa et al. 2004). 
Additionally, published evidence suggests that flavonol accumu
lation in pollen is deposited during pollen development by tape
tum cells within the anther (van Eldik et al. 1997; Shi et al. 2021; 
Xue et al. 2023); therefore, we evaluated F3H expression in anther 
tissue of VF36, are, are-F3H-T5, and VF36-F3H-T3.

To extract total RNA from anthers, the fully mature pollen 
grains were removed from anthers by extended vibration, and 
then anthers were harvested and weighed and were immediately 
frozen in liquid nitrogen and stored at −80 °C until extraction. 
Anther samples were homogenized into a fine powder using a 
bead beater. Following homogenization, total RNA was extracted 
using QIAGEN RNeasy Plant Mini Kit. After DNase I treatment us
ing the RapidOut DNA Removal Kit (Thermo Scientific), RNA con
centration was quantified using a NanoDrop Spectrophotometer 
(Thermo Scientific). A total of 500 ng of RNA was used for cDNA 
synthesis in a total volume of 20 μL, utilizing Super Script II re
verse transcriptase. Subsequently, the cDNA underwent treat
ment with RNase H (Promega). To quantify transcript level of 
F3H gene, RT-qPCR was performed using gene-specific primer 
pairs for F3H (PRAM_26184.1) and actin (Solyc03g078400) (the refer
ence gene). Primer sequences used were as follows: F3H: Fw 
TCTTGGCGATCACGGTCATT, Rv GCAAATGTAATCGGCTCATCCA 
and Actin: Fw TCTCTGTTGGCCTTGGGATT, Rv CTTCGAGTTG 
CTCCTGAGGAA. For RT-qPCR, SYBR Green Master Mix (Life 
Technologies) was used and cDNA was amplified on an Applied 
Biosystems Real-Time PCR Instrument. The transcript abundance 
was quantified using a standard curve method using a 2-fold dilu
tion series of templates with amplification of either Actin or F3H 
with gene-specific primers. F3H transcript abundance was normal
ized relative to the Actin reference gene, and values are reported 
relative to VF36 samples. This experiment was performed using a 
total of 6 biological replicates, and each had 3 technical replicates.

Extraction and quantification of aglycone 
flavonols in pollen and anthers
For flavonol extractions, pollen was harvested, immediately fro
zen in liquid nitrogen, and stored at −80 °C until extraction. For 
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anthers, pollen grains were removed by extended vibration and 
the weight was determined before samples were frozen in liquid 
nitrogen. Pollen samples were resuspended in 300 µL PVS 
(290 mM sucrose, 1.27 mM Ca(NO3)2, 0.16 mM boric acid, 1 mM 

KNO3), and the number of live grains in the sample was quantified 
using a hemocytometer or Countess II Automated Cell Counter 
(Invitrogen). Pollen was recovered by centrifugation, and the PVS 
was removed and replaced with 300 µL extraction buffer (contain
ing 500 nM formononetin internal standard that was dissolved in 
acetone). Anther samples were homogenized into a fine powder 
using a bead beater, after which 300 µL extraction buffer was 
added to thoroughly mix the powder.

Pollen and anther samples were incubated in the extraction 
buffer at 4 °C for 20 min. A volume of 2 N HCl equal to the volume 
of the extraction buffer was added to the samples, and they were 
incubated at 75 °C for 45 min to release aglycone flavonols. An 
equal volume of ethyl acetate (Optima Grade, Fisher) was added 
to the aglycone flavonols and shaken for 5 min before microcen
trifugation at 17,000 × g for 10 min. The top organic (ethyl acetate) 
phase was isolated, and the ethyl acetate phase separation was re
peated. The collected organic phases were pooled. Samples were 
dried by airflow using a mini-vap evaporator (Supelco Inc) and re
suspended in 50 µL of acetonitrile before LC-MS analysis.

Following resuspension in acetonitrile, samples were analyzed 
on a TSQ Triple Quadrupole Mass Spectrometer with an electro
spray ionization source, coupled to a Thermo Accela 1250 pump 
and autosampler (Thermo Fisher). For analysis of flavonol ex
tracts, 10 µL of each sample was injected on a Luna 150 × 3 mm 
C18 column with a SecurityGuard precolumn with a solvent of 
water:acetonitrile, both containing 0.1% (v/v) formic acid. The sol
vent gradient was 90% water (v/v):10% acetonitrile (v/v) to 10% 
water (v/v):90% acetonitrile (v/v) in a time span of 18.5 min. 
From 18.5 to 20 min, the gradient moved from 10% water 
(v/v):90% acetonitrile (v/v) back to 90% water (v/v):10% acetoni
trile (v/v) and held at those concentrations for another 2 min to re
condition the column. Quantification of flavonols was found by 
comparing the MS1 peak area data, quantified in Thermo 
Xcalibur, to standard curves, with concentrations of 1 μM, 
500 nM, 250 nM, 125 nM, 62.5 nM, 10 nM, 5 nM, and 1 nM, generated 
using pure standards of naringenin, quercetin, kaempferol, and 
myricetin (INDOFINE Chemical). Total flavonol level was calcu
lated by averaging the total flavonol value of each sample. MS2 
fragmentation spectra were collected to confirm flavonol iden
tity/structure. Fragmentation was induced using 24- to 41-kV 
collision-induced dissociation, optimized for each compound. 
MS2 spectra of each flavonol in plant extracts were compared 
with the MS2 spectra of the standards described above. The flavo
nol content in each pollen sample was normalized to the number 
of live grains in the sample and reported in units of fmoles/10,000 
grains, while the flavonol levels in anthers were reported relative 
to mg fresh weight.

Pollen sample preparation and RNA isolation for 
sequencing
Pollen was harvested as described above from VF36, are, and 
VF36-F3H-T3 using 4 to 7 flowers of VF36 and VF36-T3 and 3 times 
as many flowers from are to result in similar yields of pollen across 
genotypes. For the 15- and 30-min timepoints, pollen was resus
pended in 100 µL PGM equilibrated at 28 °C. For each genotype, 
20 µL of pollen suspension was then transferred to 4 separate 
1.5-mL microcentrifuge tubes containing 980 µL of PGM equili
brated at either 28 or 34 °C (15- and 30-min timepoints at 28 °C 
and matching timepoints at 34 °C) and incubated in water baths 

set to the corresponding temperatures. An additional 5 µL from 
each pollen suspension was also transferred to two 24-well plates, 
equilibrated at 28 or 34 °C, to be imaged live as described earlier 
for the evaluation of pollen germination. For each replicate, we 
verified that the impaired pollen performance of are and robust 
pollen performance of VF36-T3 were evident as judged by pollen 
tube integrity and growth. Pollen was incubated at either 28 or 
34 °C for 15 min, and then samples for the corresponding time
point were removed and pelleted by centrifugation at 10,000 × g 
for 1 min. Supernatant PGM was removed from each tube until 
only the pellet remained and pollen samples were flash frozen 
in liquid nitrogen. The same procedure was repeated for the 
30-min timepoint after the completion of incubation.

For the 45- and 75-min timepoints, pollen was resuspended in 
100 µL PGM equilibrated to 28 °C. For each genotype, 20 µL of pol
len suspension was then transferred to 4 separate 1.5-mL 
microcentrifuge tubes containing 980 µL of PGM that were all 
equilibrated to 28 °C and incubated in the 28 °C water bath for 
30 min. An additional 5 µL from each pollen suspension was also 
transferred to two 24-well plates that were equilibrated to 28 °C, 
to be germinated for 30 min. After 30-min incubation at 28 °C, 
2 microcentrifuge tubes from each genotype were transferred 
to the 34 °C water bath to be incubated for an additional 45 or 
75 min while the other 2 tubes remained at 28 °C. One 24-well 
plate was also transferred to 34 °C to be imaged live as described 
earlier for the evaluation of pollen tube elongation. Pollen was in
cubated at either 28 or 34 °C for 45 additional minutes (75 min to
tal growth), and then samples for the corresponding timepoint 
were removed and pelleted by centrifugation at 10,000 × g for 
1 min. PGM was removed from each tube until only the pellet re
mained and pollen samples were flash frozen in liquid nitrogen. 
The same procedure was repeated for the 75-min timepoint 
(105 min total growth) after the completion of incubation.

Pellets were pulverized using sterile micropestles in 
liquid nitrogen (Thermo Fisher), and RNA isolation was completed 
in accordance with the QIAGEN Plant RNeasy Kit Protocol 
(QIAGEN). DNA was removed via off-column DNase treatment 
with the RapidOut DNA Removal Kit (Thermo Scientific). 
Concentrations for each sample were quantified via a NanoDrop 
Spectrophotometer (Thermo Fisher) after initial RNA isolation 
and again following DNase treatment. Each sample contained at 
least 1.5 µg of RNA. GENEWIZ, LLC (Azenta Life Sciences) com
pleted paired-end, strand-specific RNA sequencing through uti
lization of the Illumina HiSeq platform.

Analysis of RNA-seq samples
All analysis and data processing code, along with documenta
tion and RNA-seq “counts” data files, are available from the 
project “git” repository (https://bitbucket.org/hotpollen/flavonoid- 
rnaseq). The raw read files are available in the NCBI: Sequencing 
Read Archive (SRA) under the project name SRP460750. The RNA 
sequencing data were processed through the nf-core/rnaseq pipe
line version 3.4 (Ewels et al. 2020). Sequences were aligned to the 
2 most recently published tomato genome assemblies and anno
tation sets, designated SL4/S_lycopersicum_Sep_2019 and SL5/ 
S_lycopersicum_Jun_2022 (Zhou et al. 2022) using the Salmon/ 
STAR option settings (Dobin et al. 2012) for the nf-core/rnaseq 
pipeline. All gene IDs utilized in the text or in figures refer to the 
SL5 version of the tomato genome. The pipeline produced 
RNA-seq to genome assembly alignment files, one per input li
brary. To enable visual detection of differential expression across 
samples, we further processed the alignment files using the 
“bamCoverage” function from deepTools, a suite of command- 
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line programs for processing and analyzing RNA-seq and other 
high-throughput sequence data sets (Ramírez et al. 2016). This 
produced scaled coverage graphs reporting the number of aligned 
RNA-seq fragments per genomic base pair position, scaled by li
brary sequencing depth, allowing visual comparison of expression 
levels across samples. To enable visualization and assessment of 
splicing patterns, FindJunctions (https://bitbucket.org/lorainelab/ 
findjunctions/) was used to create “BED” format files reporting 
the genomic coordinates of introns inferred from the data and 
the number of alignments supporting the discovered intron. The 
RNA-seq alignment, coverage graph, and junction files were de
ployed to an IGB Quickload site for visualization in the Integrated 
Genome Browser (IGB) (Freese et al. 2016). Code used to create the 
IGB Quickload site, along with instructions on how to use IGB to 
view and explore the data, are available from https://bitbucket. 
org/hotpollen/genome-browser-visualization.

In addition to RNA-seq alignment files, the nf-core/rnaseq pipe
line produced a gene expression counts table reporting the num
ber of RNA-seq fragments observed per gene, per sample, with 
each column representing a different experimental sample con
sisting of different time, temperature, genotype, and replicate. 
The time course consisted of 2 timepoints in the germination 
phase (15 and 30 min), and 2 timepoints in the pollen tube elonga
tion phase (45 and 75 min of heat treatment for a total of 75 and 
105 min of growth, respectively) at 28 or 34 °C. Genotypes se
quenced were VF36, VF36-F3H-T3, or are. The gene expression 
counts tables were provided as inputs to differential expression 
analysis code that used DESeq2 (Love et al. 2014) to identify 
DEGs either between elevated temperature treatment (34 °C) 
and optimal (control) samples germinated at 28 °C within geno
type and length of growth or between genotypes at each temper
ature and timepoint. The DESeq2 model internally corrects for 
library size and sequencing depth. Thus, preprocessing the counts 
file by transforming or normalizing count-based expression val
ues was not necessary as input. However, for visualization and 
validation of differential expression results, we created scaled ex
pression data files using “counts per million” units, by dividing 
counts values by the total number of aligned fragments and mul
tiplying by 1,000,000. The original counts files and derived scaled 
counts files are available in the code repository, along with the 
code used to generate them.

For exploratory visualization and clustering analysis, PCA and 
volcano plots were created using DESeq library function plotPCA 
(https://www.rdocumentation.org/packages/DESeq2/versions/1. 
12.3/topics/plotPCA), plotting functions from the ggplot package 
(https://ggplot2.tidyverse.org/), and functions from the Enhanced 
Volcano plot package (https://github.com/kevinblighe/Enhanced 
Volcano). Volcano plots were produced using the DESeq2 output 
comparing samples treated at 28 °C to those treated at 34 °C for 
each timepoint to explore the DEGs that are impacted by heat 
stress. To facilitate exploration and validation of results, RShiny 
apps were created that show bar plots summarizing gene expres
sion values across all samples.

Statistics
All statistical analyses of growth and fluorescence were per
formed using GraphPad Prism 9 with a 2-way ANOVA followed 
by a Tukey post hoc test. For the quantification of flavonol abun
dance by LC-MS, a 1-way ANOVA was used followed by a 
Dunnett’s post hoc test, except as noted where t tests were used 
to compare 2 samples. For the analysis of pollen tube penetration 
through the stigma, a 1-way ANOVA was used followed by a Tukey 

post hoc test. A complete set of results from all ANOVAs are re
ported in Supplementary Data Set 6, where variables, parameters, 
degrees of freedom, and test statistics are reported. Comparisons 
of DPBA and PO1 fluorescence levels between VF36 and are stig
mas were accomplished by a Student’s t test.

Accession numbers
The tomato F3H gene is Solyc02g083860 or PRAM_26184.1 in the 
4th and 5th versions of the tomato genome, respectively. The 
accession numbers using the 4th version of the tomato genome anno
tation reported in Fig. 14 are Solyc06G000727, Solyc12G002286, 
Solyc11G002443, Solyc01G003506, Solyc08G002253, Solyc06G002092, 
Solyc03G002803, Solyc06G002439, Solyc11G002068, Solyc07G002746, 
Solyc10G002699, Solyc08G002151, Solyc03G000301, Solyc04G002402, 
Solyc01G002128, Solyc03G003038, Solyc04G000427, PRAM_26312, 
Solyc01G003823, Solyc11G002064, Solyc10G002281, Solyc12G000755, 
Solyc01G000420, Solyc07G002080, Solyc01G003554, Solyc01G003745, 
Solyc09G000013, Solyc03G001922, Solyc08G002201, Solyc12G002528, 
Solyc11G001539, Solyc01G001877, Solyc08G002146, Solyc07G001653, 
Solyc05G000603, and Solyc04G001597, and gene IDs for all other 
DEGs are reported in Supplementary Data Sets 1 to 5.
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