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ABSTRACT 

Elevated temperatures impair pollen performance and reproductive success, resulting in 

lower crop yields. The Solanum lycopersicum anthocyanin reduced (are) mutant has a defect in 

the FLAVANONE 3 HYDROXYLASE (F3H) gene and impaired synthesis of flavonol 

antioxidants. We identified multiple aspects of pollen performance in are that were 

hypersensitive to elevated temperatures relative to the VF36 parental line, including heat-

increased accumulation of reactive oxygen species (ROS). Transformation of are with an F3H 

transgene, or chemical complementation with flavonols, prevented temperature-dependent ROS 

accumulation in pollen and restored pollen performance to VF36 levels. Transformation of this 

F3H construct into VF36 (VF36-F3H-T3) prevented both temperature driven ROS increases and 

impaired pollen performance. RNA-Seq was performed at optimal and stress temperatures in are, 

VF36, and VF36-F3H-T3 at multiple timepoints across pollen tube emergence and elongation. 

All genotypes had increasing numbers of differentially expressed genes with duration of elevated 

temperature, with the largest number in are at all time points. These analyses also identified 

upregulated transcripts in are, relative to VF36, even at optimal temperatures, revealing a 

flavonol-regulated transcriptome. These findings suggest potential agricultural interventions to 

combat the negative effects of heat-induced ROS in pollen that leads to reproductive failure and 

crop loss. 
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INTRODUCTION 

Global climate change has the potential to profoundly impact agriculture with increasing 

frequency of droughts, floods, and elevated temperatures. Global average temperatures are 

predicted to rise by as much as 3°C by the end of this century (Raftery et al., 2017), which is 

sufficient to negatively impact the yield of numerous crop species. Temperature-induced 

reductions in crop yields of rice, wheat, corn, and tomatoes have been shown to be as high as 30-

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, it is imperative 

understand the molecular and cellular mechanisms by which elevated temperatures deleteriously 

affect pollen growth and development 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), 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, unchecked ROS accumulation 

due to abiotic stresses, such as heat, can yield deleterious cellular effects including irreversible 

oxidative 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 its biochemical targets have yet to be fully 

defined, the damaging effects that oxidative stress has on pollen performance are clear.  
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Plants employ various antioxidant mechanisms to maintain ROS homeostasis. This 

allows for localized ROS increases for signaling, while preventing ROS accumulation from 

reaching damaging 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 glutathione, that function as cellular antioxidants (Considine and Foyer, 

2021). Plants also synthesize several classes of specialized metabolites that contain antioxidant 

capacity including carotenoids, tocochromanols, and flavonoids (Chapman et al., 2019; 

Daryanavard et al., 2023). The flavonoid class of metabolites include 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 reproductive 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 sequences leads to variation in which flavonoids accumulate in 

different species as well as in different tissues. For example, the flavonol myricetin is 

synthesized in Solanum lycopersicum (tomato), and many other species, but is not synthesized in 

Arabidopsis due to the absence of the gene encoding the branchpoint 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 three most abundant 

flavonols: kaempferol, quercetin, and myricetin. Additional modifications of flavonol backbones 

include methylation, 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 distinct flavonols (Alseekh et al., 2020; Ku et al., 2020). Flavonols and 

anthocyanins differentially localize to distinct organs during various 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 biosynthetic pathway that lead to anthocyanin 

synthesis (Maloney et al., 2014; Muhlemann et al., 2018). 
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An important role of flavonols in pollen has also been demonstrated 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 of the first enzyme of the flavonol biosynthetic 

pathway (see Figure 1), resulted in parthenocarpic (or seedless) fruits (Schijlen et al., 2007). The 

are mutant has a recessive point mutation in the single gene encoding Flavanone 3-Hydroxylase 

(F3H) gene. This mutation causes a loss of F3H activity (Yoder et al., 1994; Maloney et al., 

2014) and has been shown to have reduced levels of flavonols in roots and leaves using Liquid 

Chromatography-Mass Spectroscopy (LC-MS) (Maloney et al., 2014). This mutant also 

contained reduced levels of flavonols in pollen (Muhlemann et al., 2018). The are mutant has 

significantly reduced pollen viability and pollen tube elongation at optimal temperatures 

compared to its parental line, which can be reversed by complementation with an F3H transgene 

(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 

temperature 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 and its wild-type parental background, VF36 and provided evidence for 

potential avenues of intervention. These analyses revealed the negative impact of elevated 

temperature on pollen yield, viability, germination, tube integrity, and tube elongation, with 

significantly more impact in are than its parental line. Additionally, both genetic and chemical 

complementation of are reversed the temperature hypersensitivity in are and overexpression of 

F3H conferred thermotolerance in pollen. Exogenous flavonols also protected pollen from 

temperature-impaired germination and tube elongation and prevented heat-dependent ROS 

accumulation, consistent with flavonols providing protection from temperature stress through 

their ROS scavenging capabilities. Additionally, the inhibition of enzymes that synthesize ROS 

reveal mechanisms that drive temperature stress induced ROS. Finally, we examined the 

transcriptional response to elevated temperature in wild-type, the are mutant, and the wild-type 

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 associated with impaired heat stress response. This work provides new insight into 

the mechanisms by which plants respond to heat stress which has the potential to translate to the 
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development of novel strategies to protect crops from elevated temperatures that result from our 

changing climate.  

RESULTS 

The are mutant has reduced pollen yield and viability and is hypersensitive to elevated 

temperatures    

The effects of reduced flavonol synthesis on pollen yield were assessed using the are 

mutant, which contains a point mutation in the gene encoding flavanone 3-hydroxylase (F3H). 

The position of this enzyme in the flavonoid biosynthetic pathway is highlighted in Figure 1. To 

evaluate pollen yield in this mutant grown under standard greenhouse conditions, we harvested 

pollen from individual flowers. Pollen was resuspended in pollen viability solution (PVS) which 

allows pollen to hydrate without germinating, labeled with trypan blue, and quantified with a 

Countess II automated cell counter to determine the number of living grains in each flower. The 

quantification of pollen yield in both lines revealed that are had formed only 22% of the number 

of living pollen grains that were formed in VF36 (Figure 2A). These results are consistent with 

flavonol deficiency resulting in reduction of pollen yield. 

To examine the effects of the are mutation on pollen viability at optimal and elevated 

temperatures, pollen samples were collected from plants grown under optimal conditions and 

incubated in PVS at 28°C (optimal temperature) or 34°C (heat stress) for 2 hours. At the end of 

this incubation, pollen grains were co-stained with 0.001% fluorescein diacetate (FDA) and 10 

µM propidium iodide (PI) for 15 minutes to mark viable and non-viable grains, respectively 

(Figure 2B). Imaging with a laser scanning confocal microscope (LSCM) revealed that 70% of 

the VF36 grains were viable after exposure to optimal temperatures, while only 29% of are 

grains were viable (Figure 2C). When pollen from each genotype were exposed to temperature 

stress (34°C for 2 hours), these percentages fell to 51% for VF36, while only 3.5% of are pollen 

grains were viable. We also examined pollen viability in pollen directly after hydration in PVS 

using the same staining methods (Supplemental Figure 1). The percent viability of these pollen 

grains was similar to those hydrated for 2 hours, consistent with PVS incubation at optimal 

temperatures not affecting pollen viability over a 2-hour time course.    

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 23, 2023. ; https://doi.org/10.1101/2023.12.23.573189doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.23.573189
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

Genetic complementation of are with an 35S-F3H transgene reversed pollen yield reduction 

and impaired viability and conveyed thermotolerance to VF36 

We evaluated pollen yield in are and VF36 previously transformed with an 35S:F3H 

transgene (Maloney et al., 2014). The total yield of viable pollen in all three genotypes was 

quantified in individual flowers. The are transformant, are 35S:F3H Transgenic line 5 

(abbreviated are-F3H-T5 or are-T5), produces 5 times more pollen than are, with a yield that is 

not significantly different than VF36. Flowers from VF36 35S:F3H Transgenic line 3 (VF36-

F3H-T3 or VF36-T3) contained 2-fold greater yield of live pollen grains as compared to VF36 

flowers and 9.1-fold greater yield than are (Figure 2A).  

The viability of pollen at optimal and elevated temperatures was also examined in these 

transgenic lines. The are F3H-T5 line had significantly greater pollen viability than the are 

mutant, with pollen viability at levels equivalent to VF36 at both optimal and elevated 

temperatures (Figure 2B-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 hours at 34°C the 

VF36-F3H-T3 line showed no reductions in pollen viability at this elevated temperature (Figure 

2B-C), consistent with this transgene conferring thermotolerance.   

To verify that both the are and VF36 lines transformed with the 35S-F3H transgene had 

changes in pollen flavonol levels, we extracted flavonols from all four genotypes. Pollen from 

are contains 10-fold more of the F3H substrate, naringenin, than VF36 or the genotypes 

transformed with this construct (Supplemental Table 1). Pollen from are also had a significant 

reduction in the flavonol kaempferol, which is a metabolite downstream of the nonfunctional 

F3H enzyme in are (Figure 1). In the are-T5 line, both of these changes were reversed, resulting 

in levels of naringenin and kaempferol not being significantly different from VF36.  

In are, pollen germination and tube elongation are hypersensitive to elevated temperatures 

and this effect is reversed by an F3H transgene  

 

We asked whether impaired pollen germination under temperature stress was also 

accentuated in are and reversible by the 35S-F3H transgene. Pollen from all four genotypes was 

hydrated in pollen germination medium (PGM) for 30 min at either 28°C or 34°C and images 

were captured using an inverted light microscope. Representative images of pollen grains from, 
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are, VF36, are-T5 and VF36-T3 are shown in Figure 3A revealing a great number of 

ungerminated pollen grains and pollen grains or tubes that have burst. The percent germination is 

quantified in Figure 3B. There is only 61% germination of are pollen grains at optimal 

temperature relative to the other three genotypes that have ~80% germination. The impaired 

germination of are is accentuated at elevated temperature, where germination is reduced to 44%. 

In contrast, both the are-T5 and VF36-T3 lines have similar germination rates to VF36 at 

optimal temperature, but significantly greater germination than VF36 at elevated temperatures, 

suggesting that engineering plants to increase flavonol levels can enhance thermotolerance 

during pollen germination.  

To verify that these effects were linked to the presence of the F3H transgene, we 

quantified germination in multiple separate 35S-F3H transformants in the are and VF36 

genotypes (Supplemental Figure 2). These transgenics line have similar ability to reverse the 

poor germination in are and convey thermotolerance to VF36. These findings are consistent 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 transgene is sufficient to complement the mutant 

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 resistant to 

the negative effect of elevated temperature on pollen germination (Figure 3B). 

We also examined pollen tube elongation at optimal and elevated temperature in the are 

mutant, and asked whether impaired pollen tube elongation in are could be reversed with the 

F3H transgene. Pollen from the same four genotypes (VF36, are, are-T5, and VF36-T3) was 

hydrated in PGM before incubation at 28°C for 30 min to germinate pollen tubes. Half the 

samples 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 minutes. Pollen tubes were then imaged via brightfield 

microscopy and tube length was measured. 

At optimal temperatures, VF36 pollen tubes elongated 1.3-fold more than are pollen 

tubes after the 2-hour time course (Figure 3). Pollen tube length was significantly greater in are-

F3H-T5 when compared to are with lengths not significantly different from VF36 (Figure 3D). 

We also observed that VF36-F3H-T3 pollen tubes were significantly longer than VF36 following 
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incubation at optimal temperatures, consistent with elevated flavonols protecting pollen 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 (Figure 3D). 

Tube extension 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 (Figure 3D). 

These data are consistent with the thermotolerance of pollen being dependent on the levels of 

flavonols, with reduced pollen tube length in are and VF36, while the are-T5 and the VF36-T3 

transgenic lines displayed enhanced pollen 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 also evaluated the ability of flavonols to prevent pollen tube rupture. To assess this, 

we utilized a GFP construct driven by the pollen-specific promoter, pLAT52, that was 

transformed into the VF36 background (Zhang et al., 2008) and which we crossed into are. This 

allowed for pollen from VF36 pLAT52:GFP and are to be incubated together and tube rupture to 

be quantified for both samples simultaneously. Pollen tubes were elongated as described 

previously and the percentage of ruptured pollen tubes were quantified at both optimal and 

elevated temperatures. Incubation at 34°C significantly increased rates of pollen tube rupturing 

in both lines, though pollen tubes from VF36 pLAT52:GFP showed significantly lower rates of 

rupture when compared to are at both temperatures (Figure 4A-B). To verify that the 

discrepancy in pollen tube rupture seen between VF36 pLAT52:GFP and are was not due to the 

insertion of the transgene, we performed the reciprocal experiment (are pLAT52:GFP). 

Coincubation of are pLAT52:GFP with VF36 pollen once again showed higher rates of rupture 

in the are background regardless of temperature, suggesting that the presence of flavonols 

protects pollen tubes from bursting during elongation (Figure 4C). This data is also consistent 

with these constructs driving flavonol synthesis inside the pollen grain, as accumulation of 

flavonols on the outside of VF36 pollen grains/tubes have the potential to chemically 

complement the are pollen in close proximity and restore germination. However, since 
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coincubation of pollen from these two lines did not rescue impaired germination in are it appears 

that the flavonols are produced in the pollen interior.   

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 germination 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 accumulation in germinating pollen grains and elongating pollen tubes in these four 

genotypes under optimal and elevated temperatures.  

ROS accumulation was examined during germination, pollen grains were hydrated in 

PGM at 28° or 34°C for 10 minutes and then further incubated in PGM containing CM-

H2DCFDA for an additional 20 minutes at the same temperatures to monitor ROS levels during 

the early stages of germination. The fluorescence intensity of pollen grains was then examined 

with a Zeiss 880 LSCM (Figure 5A), 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 fluorescence intensity of VF36 at 28°C. At 28°C, pollen 

grains from the are mutant had a significant 1.4-fold higher DCF fluorescence than VF36 

(Figure 5B). 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, 

respectively. The are transgenic line, are-F3H-T5, exhibited a significant 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°C and 34°C, consistent 

with enhanced thermotolerance and the absence of response to this acute heat stress (Figure 5B). 

To evaluate ROS accumulation in elongating pollen tubes, pollen grains were allowed to 

germinate for 30 minutes at 28°C and then transferred to elevated temperature stress of 34°C for 

90 minutes, while control samples remained at 28°C for the additional 90-minute period. Pollen 

tubes were then labeled with CM-H2DCFDA for an additional 20 minutes and imaged as 
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described above (Figure 5C). 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. It is also evident that 

the tube length of are is shorter, especially at elevated temperatures, while VF36-T3 tubes are 

longer than other genotypes, consistent with observations of pollen tube length in Figure 3C-D. 

DCF fluorescence was quantified in these pollen tubes revealing that heat stress significantly 

increased ROS accumulation in VF36 and are relative to VF36 at 28°C by 1.8- and 2.7-fold, 

respectively (Figure 5D). This substantially higher level of DCF signal in are at 34°C is 

consistent with elevated ROS leading to reduced pollen tube length at elevated temperature. 

These results indicate that increased flavonol synthesis maintains ROS homeostasis at elevated 

temperatures, high temperature driven ROS accumulation in elongating pollen tubes was 

observed in both VF36 and are but was absent in are-F3H-T5 and VF36-F3H-T3 (Figure 5D). 

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 flavonol antioxidants. 

Exogenous flavonols reduce the effect of heat stress on germination and tube length of 

VF36 and are pollen 

The data described above reveals the positive effect of endogenously synthesized 

flavonols on maintaining ROS homeostasis, improved pollen yield, viability, germination, and 

tube growth, especially under temperature stress. However, this data does not reveal which 

flavonols have this effect, at what stage flavonols 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 protection 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 (Figure 1). We 

harvested pollen grains and placed them in PGM containing solvent or flavonols at doses of 5 

and 30 µM and assessed germination after 30 minutes at 28 or 34°C. Chemical supplementation 

with 5 μM kaempferol reversed the impaired pollen germination in are at 28°C to levels 
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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 

germination with VF36 germination at 34°C significantly increased with treatment with either 5 

or 30 µM kaempferol from 62% in untreated 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 levels and reduced the effect of elevated 

temperatures in both VF36 and are (Supplemental Figure 3). The new findings that even grains 

detached from the flower are still protected from heat stress by flavonols suggest that flavonols 

function specifically within pollen grains and that all 3 flavonols can protect mature pollen from 

temperature stress. This broad action of all 3 flavonols differs from other cases were specific 

flavonols have unique functions, such as in the control lateral root and root hair 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 exogenous 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 

(Figure 6B). 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.   

Inhibition of respiratory burst oxidase homolog (RBOH) enzymes prevented heat stress 

induced ROS and impaired pollen tube elongation 

We tested the hypothesis that elevated ROS in response to temperature stress was 

mediated by NADPH oxidase/RBOH enzymes. RBOHs are plasma membrane localized 

enzymes that produce superoxide in the extracellular space. Superoxide can be converted to 

hydrogen peroxide by way of superoxide dismutase (SOD) and enter cells via aquaporins 

(Chapman et al., 2019). Consistent with this enzyme being made in pollen, we examined an 

RNA Seq dataset (described below) and identified two RBOH genes (SlRBOHE and SlRBOHH) 

whose transcripts are expressed in tomato pollen, with SlRBOHH being the most highly 

expressed of the two (Supplemental Table 2). Intriguingly, temperature stress did not result in 
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increased expression of either of these RBOHs, suggesting that their activity may be regulated 

post-transcriptionally.  

We used VAS2870, a highly specific 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 enhance 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 additional 90 minutes and then labeled with CM-H2DCFDA for 20 minutes (Figure 

7A). 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 blunted after inhibitor treatment (Figure 7B). 

We also observed significant decreases in DCF fluorescence in VAS2870 treated are pollen 

tubes at both 28°C and 34°C. These results are consistent with the ROS increases at elevated 

temperature being driven by increased activity (but not synthesis) of RBOH enzymes in pollen.  

This reduction in temperature-dependent ROS synthesis in pollen tubes treated with 

VAS2870 was also reflected by decreased temperature effects on the length of pollen tubes. 

VF36 and are 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 (Figure 7C). However, the 

disruption 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 requirement 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 indicated that 

ROS synthesis in this genotype may have been decreased 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 (Figure 7D). These findings are consistent with 
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RBOH enzymes driving elevated ROS synthesis in response to temperature stress and as the 

source of damaging ROS that impairs pollen tube growth.  

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 minutes of gemination at either 28°C 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 minutes of total growth), representing the pollen 

tube elongation phase (Supplemental Figure 4). These time points are when are had impaired 

pollen germination and pollen tube growth and elevated ROS levels as indicated by light 

microscopy of pollen morphology and DCF fluorescence, respectively.   

RNA was then isolated for each sample and samples were shipped for paired-end, strand-

specific RNA sequencing. We uploaded 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 genome version SL4), we verified the presence of the 

are point mutation, which is in the 47,450,716 position in the F3H gene in which a C is replaced 

with a T (Supplemental Figure 5). This mutation is absent in all other samples.  

We conducted a principal component analysis (PCA) plot using the top 500 most variable 

samples to investigate similarities in the transcriptome-wide expression profiles (Figure 8A). 

Principal component 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 time points and higher 

temperature stress in all three genotypes distinct from earlier and non-heat stressed  samples. 

Analysis of are samples separately shows a strong PC1 (69% explained) that again correlates 

with time and temperature (Figure 8B). Similarly, analyses of VF36 and VF36-T by themselves 

separate on PC1 by time and PC2 by elevated temperature (Figure 8C,D). This difference is 
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accentuated in the time points taken during the pollen tube elongation phase, which were 

exposed to the 34°C temperature for 45 or 75 minutes. 

Differentially expressed genes (DEGs) significant at adjusted P < 0.05 and log2-fold 

change of greater than or less than 1 between 28°C 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 time 

point  (Figure 9A).  Differential gene expression analysis of the 75-minute pollen tube samples at 

34°C to 28°C for are, VF36, and VF36-T3 detected only DEGs that were upregulated at the 

higher temperature in all three genotypes (Figure 9B-D). This pattern of a strong majority of 

significant DEGs being upregulated is similarly found at all time points (Supplemental Figures 

6–8).  

We generated volcano plots of VF36, are, and VF36-F3H-T3 at all four time points. The 

DE genes within genotype in 34°C samples relative to 28°C samples are shown at the 75-minute 

time point (105 minutes total growth) (Figure 9B-D). These volcano plots demonstrate that the 

majority of the heat-dependent DE genes are upregulated and the greater number of DE genes in 

are than the other two genotypes. The volcano plots for all the other time points are available as 

Supplemental Figures 6-8. These additional plots illustrate that the majority of temperature-

dependent DE genes are increased at the higher temperature across all time points.   

The number and rate of transcript abundance changes are greater in are than other 

genotypes  

 To further compare how the heat-dependent transcriptional responses 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 temperature at the 

75 min timepoint (105 min total growth), as this timepoint contained the largest number of 

DEGs. The UpSet plot in Figure 10A shows that the largest group of DEGs are 74 are-specific 

DEGs, followed by 41 DEGs shared among all three genotypes, after which the DEG overlaps 

are trivially smaller (Figure 10A). This result illustrates that a strong majority of VF36 andVF36-

T3 DEGs were also differentially expressed in are, but that are also had a substantial number of 

additional DEGs not found in VF36 orVF36-T3. 
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Functionally, DEGs for the 34°C-28°C contrast at 75 minutes 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 biochemical results that 

showed the treatment elevated ROS. The other enriched GO terms include “protein folding,” 

“protein complex formation,” and “chaperone dependent protein folding,” which reflect the 

expected synthesis of proteins that function to reduce the effects of heat that denatures proteins. 

The notable number of are-specific temperature-responsive DEGs is accompanied by several 

are-specific functional enrichments, such as “protein-containing complex assembly,” “protein 

complex oligomerization,” “chaperone cofactor-dependent refolding,” and “response to 

hydrogen peroxide” (Figure 10B). The are-specific DEGs also include a variety of antioxidant 

enzymes belonging to the glutathione-S-transferase, ascorbate peroxidase, and thioredoxin 

families, a very intriguing finding that may indicate an alternative mechanism of ROS 

homeostasis are activated in are pollen to compensate for the lack of flavonol antioxidants.  

To determine if there were genotype-specific differences in the heat stress response of 

temperature responsive DEGs, we calculated the log2-fold change (log2FC) at 34°C relative to 

the 28°C sample for each timepoint and then evaluated transcripts that were DE in at least two 

genotypes at the 75 min time point (105 min total growth). In the 56 DEGs found in two or more 

genotypes, it is evident that they are upregulated more rapidly and to a higher magnitude in are 

than in VF36 and VF36-T3. Notably, most DEGs are regulated similarly in VF36 and VF36-T3 

with few unique genes in either genotype, 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 a large number of unique genes that were not found to be differentially regulated in the 

other two genotypes (Figure 10A). This group of genes may yield important candidates 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 elevated in are when compared to VF36 and VF36-F3H-T3 at 

all time points and temperatures (Supplemental Table 2). This is consistent with the point 

mutation in are producing a full transcript, and with the absence of a flavonol intermediate that 

acts as a negative feedback signal to decrease F3H transcription. Together, these data indicate 
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that heat-driven transcriptional responses 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 from this genotype at elevated temperatures. 

However, this analysis does not explain the impaired pollen performance observed in are at 

optimal temperatures. To understand how are differs from its parental line at each time point and 

temperature, another DE analysis was performed comparing VF36 to are at each developmental 

time point and temperature. 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 time points, with 

a maximum of 79 at 34°C at two time points (Supplemental Table 3). As shown here in other 

analyses, genotype-dependent DEGs increased with elevated temperature, particularly at the later 

stages of the time course. The relative abundance of transcripts in are relative to VF36 was 

calculated for the 20 DEGs that had significant differences at all 4 time points, with a majority of 

these genes having higher abundance in are (Supplemental Figure 12). 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 Figure 10C). 

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 (Figure 11). Of these 36 

genes, 29 were upregulated in are pollen at optimal temperatures at all developmental stages 

beginning with the 15-minute timepoint. This analysis suggests that, even at a near-optimal 

28°C, are contains a different transcriptional setpoint than VF36 and are pollen transcriptionally 

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 

reductions 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 4-6°C above 
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optimal temperatures during pollen germination and tube elongation both increases reactive 

oxygen species (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 development (Potocký et al., 2007; Johnson et al., 2019; Daryanavard et al., 2023), 

ROS overaccumulation at inappropriate development stages can reduce crop yield (Mittler, 2002; 

Speranza et al., 2012; Muhlemann et al., 2018). Plants synthesize antioxidant proteins and 

specialized metabolites, including flavonols, as a protective measure against these damaging 

ROS changes, and mutants that make no flavonols 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 the impaired pollen performance of are at optimal temperatures was 

reversed by complementation with an F3H transgene, showing that pollen germination, tube 

elongation, and tube integrity, as well as ROS levels, were restored to wild-type levels 

(Muhlemann et al., 2018). This article evaluated the hypersensitivity of are to elevated 

temperature and asked whether flavonols protect a broad range of pollen processes, including 

pollen development, germination, and tube extension, from the negative effects of heat stress by 

examination of a complemented 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 transcriptome remodeling.  

We examined pollen temperature responses using the tomato mutant anthocyanin 

reduced (are), which contains a point mutation in the gene encoding the flavanone 3-hydroxylase 

(F3H) enzyme. This mutant has reduced synthesis of flavonoids including flavonols and the 

downstream metabolites, anthocyanins (Maloney et al., 2014). The are mutant has alterations in 

root development including reduced lateral root formation 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), with aspects of both of these phenotypes tied to higher level of ROS in the 

are mutant. The performance of are pollen is impaired in optimal growth conditions, resulting in 

a significant reduction in seed set when compared to VF36, its parental line (Muhlemann et al., 

2018). Previous studies in rice, tomato, and petunia have also found that mutations that disrupt 

flavonol biosynthesis impaired pollen development and function, as well as reduced fruit yield 
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and seed set (Mo et al., 1992; Schijlen et al., 2007; Wang et al., 2020). A recent paper also found 

that the Arabidopsis tt4 mutant, which makes no flavonols also has impaired performance at 

elevated temperature (Xue et al., 2023). The molecular mechanisms by which heat stress leads to 

impaired pollen performance, the effects that flavonols play in the alteration of these 

mechanisms, and whether increased flavonol synthesis can be used as a strategy to enhance 

pollen growth and development during exposure to elevated temperatures were not previously 

reported. 

We evaluated the effects of flavonols on pollen yield, as well as pollen viability when 

exposed to temperature stress. The are mutant contained a significant reduction in the number of 

viable pollen grains when compared to VF36 at both optimal temperatures (28°C) and after a 2-

hour exposure to heat stress (34°C) resulting in only 4% of are grains being viable, while 51% of 

the grains from the parental line were able to survive this temperature stress. Additionally, we 

examined the effect of a 30 min treatment at these two temperatures on pollen germination, 

revealing that only 44% of are pollen grains germinated at the elevated temperature, while 62% 

of VF36 germinated. Premature pollen tube rupture was also increased in are at elevated 

temperature relative to VF36, in co-culture experiments using either genotype marked with a 

LAT52-GFP pollen reporter. We also evaluated pollen tube elongation to find that are displayed 

1.3-fold shorter tubes at 28°C and a 1.2-fold decrease in tube length at 34°C relative to VF36 at 

these same temperatures. These results highlight how diminished flavonol synthesis results in 

impaired pollen production, germination, tube extension and that these aspects are critically 

impaired with elevated temperature. 

To demonstrate that this impaired pollen production and germination in are were directly 

tied to flavonol levels in these genotypes, and whether exogenous application of flavonols could 

enhance pollen heat tolerance, we incubated both are and VF36 with the three most prevalent 

flavonols in tomato: kaempferol, quercetin, and myricetin. As little as 5 μM of each flavonol was 

able to reverse the impaired germination in are, with the most profound effects evident in the 

presence of temperature stress. These findings are consistent with a previous report utilizing a 

petunia chs mutant that showed that chemical complementation with these three same flavonols 

at optimal temperatures partially rescued pollen germination (Mo et al., 1992), with kaempferol 

being the most potent at restoring germination with chemical supplementation (Pollak et al., 
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1993). This study is the first to show that chemical application of flavonols to tomato pollen can 

confer heat tolerance and reverse the temperature hypersensitivity in a mutant with impaired 

endogenous flavonol synthesis. 

The effect of genetic complementation of the are mutant and overexpression of the F3H 

gene on pollen performance was also examined. 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 overproduce 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 temperatures. Pollen of the are-F3H-T5 transgenic lines showed 

improved yield, viability, germination, and tube growth when compared to are, resulting in 

performance that was similar to or better than wild-type pollen, consistent with the reduced 

levels of flavonols being causative of the pollen performance defects. Of greatest note, 

transformation with an F3H gene in VF36 resulted in protection of pollen from temperature 

stress in these same assays, resulting in substantially higher viability, germination, tube growth, 

and pollen tube integrity than in VF36.   

We asked whether flavonols are protecting pollen from heat stress through their action as 

antioxidants (Daryanavard et al., 2023) by examining ROS levels in are, VF36 and the are-F3H-

T5 line using the general ROS indicator CM H2DCF-DA, which is oxidized by multiple forms of 

ROS to become the fluorescent product DCF. At both elevated and optimal temperatures, are 

pollen showed elevated DCF fluorescence in both pollen grains and tubes relative to VF36 

pollen. Both genotypes had elevated ROS at 34°C compared 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°C and 34°C 

relative to are at those same temperatures and relative to VF36 at 34°C. Additionally treatment 

with kaempferol had a similar effect on ROS levels and pollen germination. These results 

demonstrate that both genetic and chemical complementation reversed the effect of the are 

mutation on ROS accumulation and pollen performance and even raised germination to levels 

that were more optimal than in the VF36 parental line under heat stress. These observations 

suggest that the impairments in VF36 at elevated temperatures and the reductions in pollen 
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germination and tube elongation in are at both temperatures were due to the overaccumulation of 

ROS. 

The ability of the VF36-F3H-T3 line to be insensitive to the effects 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 elongation phases, are 

exciting results. These findings provide evidence for the mechanism by which the F3H transgene 

enhances thermotolerance when exposed to high-temperature stress. Collectively, these data 

suggest that increasing flavonol biosynthesis 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 resulting impairments to pollen performance. 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, including 

electron transport in metabolic organelles and enzymes such as Respiratory Burst Oxidase 

Homologs (RBOH)/NADPH Oxidase (NOX) (Møller et al., 2007; Martin et al., 2022; 

Postiglione and Muday, 2022). We detected transcripts encoding two RBOH enzymes that are 

expressed in tomato pollen. Previous results indicate that RBOHs function in multiple stages of 

pollen growth using both Arabidopsis mutants and chemical inhibition with DPI, a nonspecific 

flavoprotein inhibitor (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).  

Therefore, we asked whether temperature-induced ROS acted via RBOH enzymes by 

incubating pollen with the selective, pan-RBOH inhibitor, VAS2870, which targets an active-site 

cysteine that is conserved 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 four core genotypes. This inhibitor reduced the 

negative effect of high temperature on pollen tube length when compared to pollen at elevated 

temperature that did not receive the inhibitor. VAS2870 treatment reduced formation of elevated 

ROS by high temperatures, improving impaired pollen germination and tube length under these 

circumstances.  
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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 elevated 

temperatures at four time points during pollen germination (15 or 30 min after hydration) and 

pollen tube elongation (75 and 105 minutes after hydration) reflecting the peak rate of pollen 

tube elongation. We identified differentially expressed (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 number 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 

revealing 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, who 

have significantly enriched annotations as revealed by a GO annotation analysis. These groups of 

DE genes are, consistent with the previously reported transcriptional response to heat stress in 

tomato pollen (Frank et al., 2009). The differential remodeling of the transcriptome of male 

reproductive tissues after exposure to elevated temperatures between tomato lines with different 

levels of thermosensitivity 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 Figure 

10. We also found that the DE genes in are also had enriched annotations not found in the other 

genotypes including chaperone cofactor-dependent refolding and response to hydrogen peroxide, 

suggesting 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.     

To explore whether there are differential transcriptional responses in are in the absence 

of temperature stress, we performed a DE analysis between are and VF36 at all time points and 

temperatures. 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 
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the greater temperature dependent increases in DE genes in are when comparisons were made 

within genotypes. When comparing the transcriptional 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-minute timepoint. This finding suggests that are pollen 

may have altered protein 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 a 

novel avenue to protect tomato pollen from the deleterious effects of elevated temperature stress. 

Consistent with this finding, a 2-fold increase in flavonols was detected in tomato pollen after 

growth at 38ºC has been reported (Paupière et al., 2017), and pollen of two 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 mutant, such as are, critically 

reduces tolerance to elevated temperatures in pollen reducing both pollen performance tied to 

elevated levels of ROS consistent with the reduced levels of flavonol antioxidants. These 

temperature-dependent effects can be rescued with both exogenous flavonol treatment as well as 

engineering plants with the F3H transgene to increase flavonol biosynthesis and protect pollen 

from heat stress. We also demonstrated a role for RBOH enzymes in temperature-dependent 

ROS synthesis. 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 recover from the detrimental effects of heat stress 

in male reproductive tissue. Our findings provide an intriguing potential avenue to engineer crop 

plants with elevated flavonols to improve tolerance to elevated temperatures.  

Methods and Materials 

Plant material and growth conditions 
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Seeds of wild-type (VF36) and the are mutant were obtained from the Tomato Genetic 

Resource Center (https://tgrc.ucdavis.edu), and 35S:F3H transgenic lines in the are and VF36 

background including are-F3H-T5 and 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 

LAT52:GFP line were from Sheilla McCormack (Zhang et al., 2008) and this transgene was 

crossed into are and VF36-F3H-T3 and the homozygosity of transgenes and the mutations were 

verified. Seeds were surface sterilized by soaking for 25 minutes in 50% bleach (v/v) followed 

by 4 washes with autoclaved DI water. Sterilized tomato seeds were then germinated in Sunshine 

MVP RSi soil and then transferred to the Wake Forest University greenhouse, where they began 

to flower after 6 weeks of additional growth. Pollen was also obtained from plants that were 

propagated by cuttings. Unless noted otherwise, all pollen was harvested from greenhouse grown 

seedlings with day temperatures set to 28°C and night temperature to 21°C. 

Quantification of Pollen yield 

Pollen from three flowers for each line were 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 pollen viability solution (PVS, 290 mM sucrose, 1.27 mM Ca(NO3)2, 0.16 

mM boric acid, 1 mM KNO3), then equal volume of trypan blue 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). 

Four technical replicates were taken from each tube and averaged, then pollen concentrations 

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 three flowers at anthesis from each genotype were harvested by agitation 

with an electric toothbrush modified for efficient pollen harvesting into a 0.7 µL microcentrifuge 

tube. Pollen was then resuspended in pollen viability solution (PVS, 290 mM sucrose, 1.27 mM 

Ca(NO3)2, 0.16 mM boric acid, 1 mM KNO3) which included 0.001% (wt/vol) fluorescein 

diacetate (FDA), and 10 µM propidium iodide (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 
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pollen was placed on a microscope slide and imaged by confocal microscopy on a Zeiss 880 

LSCM microscope. FDA was excited with a 488-nm laser and intensity was collected with an 

emission window of 493–584 nm. PI was excited with a 561-nm laser line while its fluorescent 

signal was collected within a 584–718 nm emission window. Maximum laser power was 0.7% 

and 0.07% for FDA and PI, respectively. Quantifications of viable and dead pollen grains were 

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 some 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 resuspended in 300 μL of pollen germination media 

(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 pre-equilibrated to either 

28°C 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 fitted with a Tokai HIT 

heated stage. 

For pollen germination analysis, pollen was incubated at either 28°C or 34°C for 30 

minutes and images were collected every 2 minutes. Percent germination was then quantified 

using FIJI (ImageJ) in which the number of germinated grains were reported relative to viable 

mature grains, as judged by proper size, shape, and hydration. For pollen tube elongation, pollen 

was incubated at 28°C for 30 minutes, heat treated samples were then moved to an incubator at 

34°C for 90 minutes while control samples remained at 28°C for an additional 90 minutes. 

Pollen tube length was measured from the tip of the pollen tube to the point of emergence on the 

grain. 

Exogenous chemical treatments 

Flavonol chemical complementation was achieved through the addition of quercetin, 

kaempferol, or myricetin (Indofine chemicals) to PGM at final concentrations of 1, 5, 15, or 30 

μM (diluted from stock solutions of 0.1, 0.5, 1.5, 3 mM in DMSO). An equivalent volume of 
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DMSO was added to the controls. For VAS2870 treatment, a 50 μM stock solution (using diH2O 

as a solvent) 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°C or 34°C containing flavonols or VAS2870 at the indicated concentrations and germination 

and tube length were quantified as described above. 

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 germinate for 10 minutes in PGM alone at 28°C or 

34°C and then 5 μM 2’-7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Thermo-

Fisher), diluted from a stock solution of 500 μM in DMSO, was added for another 20 min at 

28°C 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, harvested pollen was incubated 

at 28°C for 30 minutes. Heat treated samples were then incubated at 34°C for 90 minutes 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 laser scanning confocal microscope 

(LSCM) using the 488 nm laser and an emission spectrum of 490-606 nm. Laser settings were 

uniform for all samples within each experiment, but for each separate experiment settings were 

optimized to make sure all samples were below saturating levels of fluorescence. Laser power 

ranged from 0.9-1.5%, a 1 Airy Unit pinhole aperture yielding a 1.2 µm section was utilized and 

gain ranged from 974-1034. The DCF fluorescence intensity was quantified in FIJI and each 

experiment was normalized to fluorescence of VF36 at 28°C. 

Extraction and quantification of aglycone flavonols 

For flavonol extractions, pollen was harvested, immediately frozen in liquid nitrogen and 

stored at -80°C until extraction. On the day of the extraction, pollen was suspended in 300 µL 
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pollen viability solution (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). The PVS was removed and replaced with 300 

µL extraction buffer (containing 500 nM formononetin internal standard that was dissolved in 

acetone). Samples were incubated in the extraction buffer at 4°C for 20 minutes. 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 

microcentrifugation at 17,000 xg for 10 min. The top organic (ethyl acetate) phase was isolated, 

and the ethyl acetate phase separation was repeated. The collected organic phases were pooled. 

Samples were dried by airflow using a mini-vap evaporator (Supelco Inc) and resuspended in 50 

µl of acetonitrile before LCMS analysis.  

Following resuspension in acetonitrile, samples were analyzed on a TSQ Triple 

Quadrupole Mass Spectrometer with an electrospray ionization source, coupled to a Thermo 

Accela 1250 pump and autosampler (Thermo Fisher). For analysis of flavonol extracts, 10 µl of 

each sample was injected on a Luna 150 x 3 mm C18 column with a Security guard precolumn 

with a solvent of water: acetonitrile, both containing 0.1% (v/v) formic acid. The solvent 

gradient was 90% water: 10% acetonitrile (v/v) to 10% water: 90% acetonitrile (v/v) in a time 

span of 18.5 min. From 18.5 min to 20 min, the gradient moved from 10% water: 90% 

acetonitrile (v/v) back to 90% water: 10% acetonitrile (v/v) and held at those concentrations for 

another 2 min to recondition 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 chemicals). Total 

flavonol level was calculated by averaging the total flavonol value of each sample. MS2 

fragmentation spectra were collected to confirm flavonol identity/structure. Fragmentation was 

induced using 24-41-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 flavonol content in each sample was normalized to the number of live 

grains in the sample and reported in units of fmoles/10000 grains. 
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Pollen sample preparation and RNA isolation for sequencing 

Pollen was harvested as described above from VF36, are, and VF36-F3H-T3  using 4-7 

flowers of VF36 and VF36-T3 and three times as many flowers from are to result in similar 

yields of pollen across genotypes. For the 15- and 30-minute timepoints, pollen was resuspended 

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 equilibrated at 

either 28°C or 34°C (15- and 30-minute 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°C 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°C or 34°C for 15 minutes, then samples for the corresponding timepoint were removed and 

pelleted by centrifugation at 10,000x g for 1 minute.  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-minute timepoint after the completion of incubation. 

For the 45- and 75-minute timepoints, pollen was resuspended in 100 µL PGM 

equilibrated to 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 that were all equilibrated to 

28°C and incubated in the 28°C water bath for 30 minutes. 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 minutes. After 30-minute incubation at 28°C, two microcentrifuge tubes from 

each genotype were transferred to the 34°C water bath to be incubated for an additional 45- or 

75-minutes while the other two 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 incubated at either 28°C or 34°C for 45 additional minutes (75 minutes total growth), then 

samples for the corresponding timepoint were removed and pelleted by centrifugation at 10,000x 

g for 1 minute. 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 75-minute 

timepoint (105 minutes total growth) after the completion of incubation. 
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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) completed paired-end, strand-specific RNA sequencing through utilization of the 

Illumina HiSeq platform. 

Analysis of RNA Seq samples  

All analysis and data processing code, along with documentation 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 NCI: Sequencing Read Archive (SRA) under the 

project name: SRP460750. The RNA sequencing data was processed through the nf-core/rnaseq 

pipeline version 3.4 (Ewels et al., 2020). Sequences were aligned to the two most recently 

published tomato genome assemblies and annotation 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 library. 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-line programs for 

processing and analyzing RNA-Seq and other high-throughput sequence datasets (Ramírez et al., 

2016). This produced scaled coverage graphs reporting the number of aligned RNA-Seq 

fragments per genomic base pair position, scaled by library 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 deployed to an IGB Quickload site for visualization in the 

Integrated Genome Browser (IGB) (Freese et al., 2016). Code used to create the IGB Quickload 
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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 pipeline produced a gene 

expression counts table reporting the number of RNA-Seq fragments observed per gene, per 

sample, with each column representing a different experimental sample consisting of different 

time, temperature, genotype, and replicate. The time course consisted of two timepoints in the 

germination phase (15 and 30 minutes), and two time points in the pollen tube elongation phase 

(45 and 75 minutes of heat treatment for a total of 75 and 105 minutes of growth, respectively) at 

28 or 34°C. Genotypes sequenced 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 differentially expressed genes either between elevated temperature 

treatment (34°C) and optimal (control) samples germinated at 28°C within genotype and length 

of growth or between genotypes at each temperature and time point. The DESeq2 model 

internally corrects for library size and sequencing depth. Thus, pre-processing the counts file by 

transforming or normalizing count-based expression values was not necessary as input. 

However, for visualization and validation of differential expression results, we created scaled 

expression data files using “counts per million” units, by dividing counts values by the total 

number of aligned fragments and multiplying 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 EnhancedVolcano 

plot package (https://github.com/kevinblighe/EnhancedVolcano). 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 differentially expressed genes that are impacted by heat stress. To 

facilitate exploration and validation of results, RShiny apps were created that show barplots 

summarizing gene expression values across all samples.  

Statistics 
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All statistical analyses of growth and fluorescence were performed using Graph Pad 

Prism 9 with a 2-way ANOVA followed by a Tukey post hoc test. For the quantification of 

flavonol abundance by LC-MS, a one-way ANOVA was used followed by a Sidak post hoc test. 
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Figures 

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 are indicated. This paper focuses on the are mutant with a defect in the 

flavanone 3-hydroxylase (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; F3’H: flavonoid 3′‐
hydroxylase; F3’5’H: flavonoid 3′5’‐hydroxylase; FLS: flavonol synthase; DFR: dihydroflavonol 
reductase; ANS: anthocyanin synthase.  
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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 35S-F3H transgene (are-T5), and VF36 

transformed with this same transgene (VF36-T3). Pollen grains incubated at either 28°C or 34°C 

for 2 hrs and then co-stained with FDA (denoting live grains in green) and PI (denoting dead 

grains in magenta). Scale Bar: 50 µm. C) Quantification of the percentage of viable grains of 

VF36, are, are-T5, and VF36-T3 after 2 hr incubation at 28°C or 34°C from four independent 

experiments is reported with each replicate containing 3 flowers per genotype. 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 two-way ANOVA 

followed by a Tukey post hoc test with a p<0.05. 
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Figure 3. 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 

are-F3H-T5, 

and VF36-

F3H-T3 

pollen 

germination 

after 30 min at 

either 28°C or 

34°C. Arrows 

denote 

ruptured 

pollen. Scale 

bar: 50 µm B) 

Quantification 

of percent 

pollen 

germination 

that exhibited intact tubes after 30 min. C) Representative images of pollen tubes 

elongating for 120 min at 28°C, or at 30 min at 28 °C 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. D) Quantification of mean pollen tube length is shown. 

Error bars represent standard error of the mean. 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 two-way 

ANOVA followed by a Tukey post hoc test with a p<0.05 (n> 90 grains or 200 pollen 

tubes per genotype and treatment). 
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Figure 4. The heat accentuated rupturing of are pollen tubes is not improved by culturing 

with the parental line.  

A) Representative images of pollen tubes of VF36 pLAT52: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 

pLAT52:GFP and are (n> 500 pollen grains for each genotype from 3 biological replicates with 

6 technical replicates within each sample). Error bars represent standard error of the mean. C) 

Representative images of pollen tubes of VF36 germinated with are pLAT52:GFP (green). D) 

Mean percent pollen tube rupture ± SEM for VF36 and are pLAT52:GFP (n> 500 pollen grains 

for each genotype from 3 biological replicates with 6 technical replicates within each sample). 

Scale bar: 100 µm. Arrows denote ruptured pollen in are.  
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Figure 5. Heat-induced ROS accumulation in germinating pollen grains and elongating 

pollen tubes is reduced with increased flavonol synthesis.  

A) Representative confocal micrographs of pollen grains germinated for 10 minutes and then 

stained with CM-H2DCFDA for 20 mins. DCF fluorescence has been converted to a LUT scale 

for visualization. Scale Bar: 50 µm. B) The mean fluorescence of germinating pollen relative to 

VF36 at 28°C across 4-5 independent experiments is reported with the error bars representing the 

standard error of the mean (n> 89 grains per genotype and treatment). C) Representative 

fluorescent images of pollen tubes germinated for 30 mins at 28°C, and then transferred to 28°C 

or 34°C for an additional 90 min. Pollen tubes were then stained with CM-H2DCFDA for 20 

mins. DCF fluorescence has been converted to a LUT scale for visualization. The VF36-T3 

images are zoomed out as these pollen tubes are longer. Scale Bars: 100 µm. D) The mean 

fluorescence of elongating pollen tubes relative to VF36 at 28°C across 3 independent 

experiments is reported with the error bars representing the standard error of the mean (n> 85 

tubes per genotype and treatment). Fluorescence values were normalized to the VF36 pollen 

germinated at 28°C. 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 two-way ANOVA followed by a Tukey post hoc test with a p<0.05. 
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Figure 6. Impaired pollen germination in are is reversed by supplementation with the 

flavonol, kaempferol. 

A) Percent pollen germination of VF36 and are after exogenous kaempferol treatment at doses 

of 0, 5, or 30 μM at 28°C or 34°C. The effect of these three flavonols on percent germination 

was determined in 3-4 independent experiments with n> 80 grains. B) The mean DCF intensity 

of germinating pollen grains incubated with 0, 5, or 30 μM kaempferol relative to VF36 at 28°C 

across 4 independent experiments is reported (n> 40 grains per genotype and treatment) Error 

bars represent standard error of the mean. Asterisks denote significant differences from 0 μM 

flavonol treatment within that genotype and temperature treatment according to a two-way 

ANOVA followed by a Tukey post hoc test with a p<0.05. 
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Figure 7. 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. 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°C or 34°C. Asterisks denote significant 

differences from 0 μM VAS2870 treatment within a particular genotype and temperature 

treatment according to two-way ANOVA followed by a Tukey post hoc test with a p <0.05. 
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Figure 8. PCA plots highlight distinct transcriptional responses between are and the other 

two 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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Figure 9. Transcriptional responses increase across the duration of temperature stress and 

are accentuated in the are mutant.  

A) The number of differentially expressed (DE) genes at 34°C relative to 28°C within each 

genotype as determined using EdgeR are 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-value 

<0.05 and log fold change greater than or less than 1. B-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 cut-offs 

of 0.05 and Log2 fold change of 1. B) are, C) VF36 and D) VF36-F3H-T3. Blue circles denote 

genes that are down-regulated (Log2 fold change below 1), red crosses indicate genes that are 

upregulated (Log2 fold change above 1), while gray circles denote genes that do not display a 

Log2 fold change above or below the cutoff of 1.  
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Figure 10. The heat-dependent transcriptional response of are occurs more rapidly and 

contains a greater number of unique transcripts. 

A) Upset plot of temperature-dependent differentially expressed (DE) genes within each 

genotype after 75 min heat treatment (105 minutes total growth). Numbers above bars represent 

the number of temperatures 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 were determined for 

the other genotypes. * Indicates the groups for which enrichment was significant relative to 

genome. C) Heatmap of the 56 genes that were found to be DE in two or more genotypes after 75 

min heat treatment (105 minutes total growth) as shown on the Upset plot). The temperature-

dependent log2 Fold Change (log2FC) of 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 minutes total growth). Gray boxes represent no detected expression at that timepoint. All 

genes IDs utilized in all figures refer to the SL5 version of the tomato genome (Zhou et al., 

2022). 
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Figure 11. are displays an upregulated heat response even at optimal temperatures. 

A) Heatmap of the 36 genes encoding heat shock factors that were found between are and VF36 

at 28°C. log2 Fold Change (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 minutes total growth). Gray boxes represent no detected expression 

at that timepoint. 
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