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Heat-stress-induced ROS in maize silks
cause late pollen tube growth arrest and sterility

Wen Gong,! Mhaned Oubounyt,? Jan Baumbach,? and Thomas Dresselhaus’>*

SUMMARY

The reproductive phase of plants is highly sensitive to ambient temperature stresses. To investigate sensi-
tivity of female reproductive organs in grass crops during the pollination phase, we exposed the elon-
gated stigma (silk) of maize to ambient environment at the silking stage. Moderate heat stress causes
cell death of silk hair cells but did not affect early pollen tube growth inside the silk. Late pollen tube
growth arrest was observed, leading to sterility. Heat stress causes elevated levels of reactive oxygen
species (ROS) in silks, whose levels can be reduced by scavengers partly restoring pollen tube growth
and fertility. A number of biological processes including hydrogen peroxide catabolic processes and
bHLH transcription factor genes are downregulated by heat stress, while some NAC transcription factor
genes are strongly upregulated. In conclusion, this study now provides a basis to select genes for engi-
neering heat-stress-tolerant grass crops during the pollination phase.

INTRODUCTION

Depending on the plant species and ecotype, a rise in temperature above a critical threshold level for a period of time results in irreversible
damage to plant growth, development, and reproduction.’” High temperature significantly decreases the yield of cereal crops such as maize
(Zea mays) and due to global climate change is predicted to occur more frequently in the future.>” Studies indicated that heat waves will
become more frequent, more intense, and longer lasting.” ' As a consequence, a significant reduction in crop yield will be caused by
heat stress if we do not manage to generate heat-stress-tolerant crop plants.""'?

The yield of agricultural crops such as maize, wheat (Triticum spec.), barley (Hordeum vulgare), rice (Oryza sativa), soybean (Glycine max),
oil seed rape (Brassica napus), and many others mainly relies on their production of seeds. Seed set relies on the production of functional
flowers containing male and female gametophytes (pollen and embryo sacs, respectively), successful fertilization mechanisms, and subse-
quent growth and development of both fertilization products, embryo and endosperm, respectively. The reproductive phase including
meiosis, pollen development, their germination, and tube growth as well as fertilization is particularly sensitive to temperature fluctua-
tions."*'® A number of studies have been performed already to understand how heat stress affects reproduction in maize and other plants.
It was shown that especially pollen development and pollination are susceptible to heat stress,'“® and pollen was even suggested to be the
most sensitive tissue/cell affected by heat stress.”* After exposure to heat stress, pollen starch content, pollen viability as well as pollen germi-
nation and sperm cell transport into tubes were decreased, which causes an increase in the rate of failed pollination.'?-2%2%-%¢

In contrast to the amount of work carried out on pollen, less research has been done on the development and sensitivity of female repro-
ductive organs under heat stress due to their protection by surrounding tissues and leaves. Maize, as a grass crop model for studying repro-
duction, is especially suited for such studies.”’~ Its stigmatic tissue (silk) is separated from male flower organs and extends outward from husk
leaves at cobs during the silking stage and thus is directly exposed to the ambient environment. Moreover, due to the separation of male and
female inflorescences, silks of stressed plants can easily be pollinated, with pollen from unstressed plants allowing to separate stresses occur-
ring during different reproductive stages and fertilization processes. So far, studies have shown that heat stress accelerates the senescence
and receptivity of maize silks,*>*" but the underlying molecular mechanisms remain unclear.

The fertilization process in maize begins when compatible pollen grains land on stigmatic papilla hairs (silk hairs). Following pollen grain
adhesion, hydration, and germination, pollen tubes penetrate silk hairs and grow through one of the two transmitting tracts toward the female
gametophyte.”’ In maize, pollen tubes grow up to 30 cm within 24 h to reach the ovule, where the double fertilization process occurs.®” Pollen
tube guidance signals and mechanical structures of female reproductive organs precisely regulate the directed growth and subsequent suc-
cessful fertilization.”®3%4

Reactive oxygen species (ROS; e.g., O%-—, H,O,, OH-, '0,) serve as signaling molecules at low to modest doses in various biological pro-
cesses including plant development and reproduction as well as stress responses but cause cell death at high concentrations.*>~*” During polli-
nation, ROS derived from both male and female tissues play regulatory roles for communication between the pollen tube and female tissues at
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various stages, such as pollen hydration and germination at the stigma, pollen tube tip growth in the pistil, pollen tube reception in the female
gametophyte, and tube burst during fertilization.*” ¢ On the other hand, ROS levels are increased in pollen tubes under heat stress conditions,
which was shown to inhibit pollen tube growth and pollen tube integrity.”” Maintenance of ROS homeostasis is crucial for functional ROS
signaling, as intermediate levels of ROS positively regulate signaling, while high levels have cytotoxic effects.”® Plants use diverse enzymatic
and nonenzymatic antioxidants, which are also called ROS scavengers to prevent toxicity and maintain ROS homeostasis.”’~? Whether ROS
signaling crosstalk exists between male and female tissues in maize and which role it might play under heat stress is not known.

This work tested the sensitivity and contribution of female reproductive organs under heat stress in maize. We exposed female reproduc-
tive organs of maize at the silking stage to moderate heat stress and studied among others cell viability and death, membrane integrity, pollen
germination, and tube growth inside the silk as well as the influence of transient heat stress on seed set. Different ROS species were inves-
tigated as well as the influence of ROS scavengers on pollen tube growth. The transcriptome of heat-stressed silks was compared with non-
stressed silks to elucidate molecular mechanisms and players regulated by heat stress, ultimately leading to sterility.

RESULTS
Heat stress causes cell death and decreases vitality of silk hair cells

To investigate the effect of heat stress on female reproductive organs of maize, we applied moderate heat stress (35°C/25°C day/night
rhythm) to plants carrying female flower organs (ears) at 3 days after the emergence of silk. Plants were exposed for 1 or 2 days (24 and 48
h, respectively) to heat stress (HS), whereas plants carrying male flower organs (tassel) were grown at non-stress (control) conditions (26°C/
21°C day/night rhythm). To investigate the effect of HS on cell vitality of silk hairs, silks were stained after HS treatment with fluorescein diac-
etate (FDA) and propidium iodide (Pl) solution. Without heat stress (NS), 98.5% (n = 67) silk hairs showed viable cells (positive) FDA staining
with Pl staining in the cell wall; 1.5% silk hairs contained dead cells, which showed Pl staining of nuclei and decreased cell vitality according to
decreased FDA staining (Figure 1A). The percentage of cell death and lack of cell vitality increased to 62.1% (n = 163) after 24 h (h) HS, and
further increased to 65.2% (n = 174) after 48 h HS (Figures 1B and 1E). HS periods longer than 48 h further increased the cell death rate. Taken
together, HS causes increased cell death and decreased cell vitality of silk hair cells.

To further study the effect of HS on silks, we analyzed plasma membrane integrity by Evans blue staining, which can also be used to show
cell vitality. At NS conditions, 89.6% (n = 66) silk hairs did not show any Evans blue staining inside cells, whereas the other 10.4% silk hairs
showed weak staining in a few cells at their tips (Figure 1C). After 24 h HS, 43.5% (n = 138) silk hairs showed Evans blue staining in the cytoplasm
of cells. The percentage of silk hairs with Evans blue staining inside cells further increased to 49.4% (n = 170) after 48 h HS (Figures 1D and 1F).

However, there was no big difference between 24 h and 48 h HS regarding cell death rate (Figure 1F), which is consistent with cell death
and vitality rates observed after Pl and FDA staining. Taken together, transient HS for only 1 to 2 days causes decreased plasma membrane
integrity and cell vitality of silk hair cells, while up to 50% cells appear damaged or dead.

To confirm that the increased cell death rate is indeed caused by HS and is not related to a process of developmental programmed cell
death (dPCD) during the 48-h treatment™ that can be observed from 7 days after silk emergence,”’ plants containing silks 3 days after emer-
gence were used and kept at control conditions for another 48 h and stained with FDA and PI; 98.8% and 98.5% silk hairs, respectively, con-
tained fully vital cells and lacked any signs of cell death (Figures STA-S1D). This is similar to the time point before the treatment, indicating that
dPCD did not play a role, and HS is indeed the cause for increased cell death and decreased cell vitality. To investigate whether HS-induced
cell death is linked to PCD, terminal deoxynucleotidyl transferase (TdT) dUTP nick end labeling (TUNEL) assay was carried out to show the
occurrence of double-strand DNA breaks. Before HS treatment, 7.9% (n = 63) silk hairs contained cells with DNA fragmentation (Figure S2C).
After 48 h HS treatment, the percentage of silk hairs with DNA fragmentation only slightly increased to 9.9% (n = 81) (Figure S2D). This finding
suggests that the type of cell death caused by HS is different from dPCD.

Heat stress on silks causes sterility due to late pollen tube growth arrest

Seed set is the most important criterion to measure fertility, which determines and limits the yield of crop plants. Therefore, we next analyzed
seed set of maize cobs after HS exposure. Full seed set was obtained in cobs from NS silks crossed with non-stressed pollen, regardless
whether silks were exposed after pollination for 1 h and 4 h to HS, respectively (Figure 2A). However, seed set was dramatically reduced
when silks were exposed for 24 h to HS before pollination and another 4 h HS after pollination compared to the removal of exposure (0 h)
or only another 1 h HS after pollination (Figure 2B). Notably, seed set was still full in cobs when silks were exposed to 48 h HS before polli-
nation, but when pollen tube growth occurred at control conditions, seed set was reduced to about one-fourth after an additional 1h HS after
pollination and even further reduced after additional 4 h HS exposure (Figures 2C and 2D). This indicates that moderate HS on silks for short
periods during the pollen germination and growth phase causes a strong reduction in seed setting and thus sterility. Sterility is increased
during longer HS periods both, before, and after pollination.

Pollen tube germination, growth, and guidance in the transmitting tract of the silk is a multi-stage process including complex interaction
between the male gametophyte (pollen tube) as well as sporophytic tissue and female gametophyte.*” Therefore, we next analyzed the effect
of HS on pollen germination and tube growth to elucidate the cause of sterility. Aniline blue staining was used to determine the penetrance of
pollen tubes into the silk and further growth toward the transmitting tract. At control conditions, NS silks were pollinated with NS pollen and
pollen tube growth into the transmitting tract observed for 1 h after pollination (1 HAP) either at NS and HS conditions. At both conditions,
multiple pollen germinated, and tubes were guided into the transmitting tract (Figures 3A and 3B; region a1 in Figure 3M). Pollen tube growth
inside the transmitting tract was observed in silks previously exposed for 24 h and 48 h to HS, respectively, and observed either directly or after
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Figure 1. Heat stress causes cell death and decreased cell vitality of maize silk hair cells

(A and B) Confocal microscopy of silk hairs stained with fluorescein diacetate (FDA) and counter-stained with propidium iodide (Pl). Silks (3 days after silk
emergence) before heat stress (NS) (A) and after 48 h heat stress (HS) treatment (B). Upper picture shows a representative silk hair lacking dead cells,
whereas the lower picture shows a silk hair with cell death indicated by Pl staining in nuclei. Pictures show the merged channels of DIC, FDA, and PI. Scale
bars: 50 um.

(C and D) Nomarski microscopy of Evans-blue-stained silk hairs. Silks (3 days after silk emergence) before heat stress (NS) (C) and after 48 h HS treatment (D).
Upper picture shows a silk hair lacking dead cells, and lower picture shows a silk hair with cell death indicated by Evans blue staining of cells. Scale bar: 50 um.
(E) Percentage of silk hairs with dead cells (PI-stained nuclei). Number of silk hairs counted are written on each column. Letters on columns indicate significantly
associated categories. p < 0.01 by the Tukey-Kramer test.

(F) Percentage of silk hairs with dead cells (Evans-blue-stained cells). Number of silk hairs counted is written on each column. Letters on columns indicate
significantly associated categories. p < 0.01 by the Tukey-Kramer test.

another 1 h HS exposure after pollination (Figures 3C, 3D, S3A, and S3B). Again, multiple pollen tubes penetrated the transmitting tract with a
slightly lower number compared to NS conditions. This suggests that moderate heat stress has no significant effect on the early phase of
pollen germination at the silk hair surface, for tube penetration as well as guidance into the transmitting tract.

After arrival in the transmitting tract, pollen tubes of grasses continue to grow through the transmitting tract until they reach the ovule and
are further guided to the micropylar region of the female gametophyte® (Figure 3). Therefore, we next investigated the effect of HS on late
growth of pollen tubes in the transmitting tract before pollen tube exit toward the ovule occurs. When NS silks were pollinated with NS pollen,
pollen tubes were able to grow through the proximal region of the silk (region directly connected with the ovule; area a2 in Figure 3M) either
with or without 4 h exposure to HS after pollination (Figures 3E and 3F). The same was observed when silks were exposed to 24 h HS before
pollination and kept at control temperature after pollination (Figure S3C). In contrast, 37% (n = 30) silks exposed for 24 h to HS before polli-
nation and an additional 4 h HS after pollination lacked pollen tubes at the proximal region at 24 h after pollination (HAP) (Figures S3C and
S3D). To further analyze whether this is caused by delayed pollen tube growth or arrest, later time points at 27 HAP and 30 HAP were also
investigated. Significant differences compared with pollen tubes at 24 HAP could not be observed (Figure 3N). Notably, 94.4% (n = 18) silks
exposed for 48 h to HS before pollination and then kept at control temperature after pollination showed pollen tube growth at the proximal
region at 24 HAP (Figure 3G), which is comparable with NS silks and silks exposed for 24 h to HS before pollination. However, only 68.4% (n =
19) silks exposed to 48 h HS before pollination and an additional 4 h after pollination showed lack of pollen tube growth at the proximal region
(Figure 3H). At 27 HAP and 30 HAP, respectively, still 57% (n = 28) and 56% (n = 25) of silks lacked pollen tubes at the proximal region (Fig-
ure 3N). These findings indicate that HS on silks before and after pollination causes late growth arrest of pollen tubes.
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Figure 2. Heat stress on silks causes seed set reduction in maize

(A-C) Cobs harvested about 1 month after indicated crossings. Representative examples of cobs are shown from crossings of silks (2) from non-stress condition
(NS) (A), or after 24 h heat stress (HS 24 h) (B), or after 48 h heat stress (HS 48 h) (C) with NS pollen (3). Plants were exposed for another 1 h or 4 h HS after pollination
(HS THAP or HS 4HAP), respectively, or directly transferred to control conditions after pollination (NS AP).

(D) Quantification of kernel numbers from indicated crosses. Data are presented as mean + SD. Letters above columns indicate different statistical groups with
p < 0.05 as analyzed by two-way ANOVA and the Tukey-Kramer test. Numbers under columns indicate the numbers of cobs quantified.

To gain more insight into the cause of sterility, we also investigated micropylar pollen tube growth and guidance, which is the next critical
step after late growth of pollen tube through the silk. At 24 HAP, aniline blue staining showed pollen tubes that penetrated through the micro-
pylar ovule nucellus region into the female gametophyte (area a3 in Figure 3M) in 90.9% (n = 11) ovules at NS conditions before and after
pollination (Figure 3J). Similarly, 0% (n = 10) ovules at NS condition before pollination and 4 h HS after pollination showed pollen tube growth
at 24 HAP in the female gametophyte (Figure 3K). When silks were exposed to 24 h and 48 h HS before pollination, respectively, and then kept
at NS conditions after pollination; 85.7% (n = 7) and 87.5% (n = 16) ovules (about 86%), respectively, showed pollen tube growth inside the
female gametophyte (Figures 3K and S3E). However, only 28.6% (n = 7) ovules showed pollen tubes in this area when plants were exposed to
24 h HS before and 4 h HS after pollination. Moreover, none of the observed ovules (0%; n = 13) showed pollen tube growth into the female
gametophyte after 48 h HS before and 4 h HS after pollination (Figures 3L and S3F). Altogether, these findings demonstrate that only the
combination of heat stress before pollination and during pollen tube growth causes late pollen tube growth arrest, resulting in fertilization
failure and sterility due to the lack of pollen tubes reaching the female gametophyte.

ROS levels are increased in silks under heat stress and can be reduced by scavengers
ROS were reported to trigger cell death programs at high concentrations, whereas moderate ROS levels play critical roles in signal perception
and transduction especially during environmental stress responses and reproduction in plants.”’**** Less is known about the role of ROS
during reproduction in maize. A recent report showed that high ROS levels damage sperm cell DNA, which can be used for haploid induc-
tion,” whereas overaccumulation of ROS during early kernel development leads to severe damage of nucellus and endosperm cells.*® To
visualize the effect of HS on ROS levels in silks, first a general ROS detection probe (H,DCFDA) was used, which is fluorescent when oxidation
occurs within a cell. Weak fluorescence signals could be detected in silk hairs and barely inside the silk at NS condition (Figure 4A). However,
the fluorescent signal significantly increased in both silk hairs and silks after 24 h and 48 h HS exposure. Strongest signals were observed in the
epidermal cell layer of the silk and silk hairs (Figures 4B and 4D). A significant difference in fluorescent signal intensity between 24 h and 48 h
HS exposure could not be observed (Figure 4D). This indicates that ROS levels in silks significantly increase during HS.

To discriminate between ROS, NBT (nitroblue tetrazolium) staining was used to indicate Oz~ (superoxide) levels. An increase of blue
NBT stain was detected in silks and their silk hairs after 24 h and 48 h HS exposure, respectively (Figures 4E, 4G, and S4A). DAB
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Figure 3. Heat stress on maize silks inhibits late pollen tube growth

(A-D) Fluorescent microscopy of aniline-blue-stained silks 1 h after pollination. (A) Non-stressed (NS) silks (3 days after emergence) were pollinated with NS
pollen, then kept in NS condition after pollination (AP); (B) NS silks were pollinated with NS pollen, then treated with heat stress 1 h after pollination (HS 1h
AP); (C-D) silks (3 days after emergence) after 48 h heat stress treatment (HS 48 h) were pollinated with NS pollen, then kept in NS condition after pollination
for 1 h (C) or treated with HS 1 h after pollination (D). Scale bars: 100 um.

(E-H) Fluorescent microscopy of aniline-blue-stained silks at the 1 to 2 cm proximal region (abscission zone) at 24 h after pollination (HAP). Silks (3 days after
emergence) at NS conditions before and after pollination (E) or treated with 4 h HS after pollination (HS 4 h AP) (F); silks (3 days after emergence) after 48 h
HS (HS 48 h) were pollinated, then kept in NS conditions after pollination (NS AP) (G), or at 4 h HS after pollination (H). Red arrowhead indicates pollen tubes
in the transmitting tract of silks. Scale bars: 100 um.

(I-L) Fluorescent microscopy of aniline blue staining of ovule section, which contains the female gametophyte and the micropylar region at 24 HAP. Silks (3 days
after emergence) at NS conditions before and after pollination (I) or treated with 4 h HS after pollination (HS 4 h AP) (J); silks (3 days after emergence) after 48 h HS
(HS 48 h) were pollinated, then kept at NS conditions after pollination (NS AP) (K), or 4 h HS after pollination (L). Red arrowheads indicate pollen tubes at the
micropylar region. Scale bars: 50 pm.

(M) Schematic drawing of pollen tube growth in maize silks toward the ovule. Red squares indicate observed areas for aniline blue staining: a1l (A-D), a2 (E-H), a3
(I-L). Abbreviations: fg: female gametophyte; o: ovule; ov: ovary; p: pollen; pt: pollen tube; si: silk.

(N) Histogram showing percentage of pollen tube penetration at the proximal region (a2) of silks at 24, 27, and 30 HAP. NS/HS indicate silks under non-stress or
heat stress condition. +0 h/4 h indicate O h or 4 h heat stress after pollination. Data are presented as mean + SD.

(3,3'-diaminobenzidine) staining was used to indicate H20:z levels. Again, an increase of DAB stain was observed in silks and silk hairs after HS
(Figures 41, 4K, and S4D). Taken together, both superoxide and H20: level were strongly increased in silks exposed to HS.

To visualize and quantify the role of increased ROS levels caused by HS during fertilization, we sprayed silks with ROS scavengers to reduce
ROS levels. MnCl, (Mn) together with superoxide dismutase (SOD) is a scavenger for Oz2"". As shown in Figures 4E-4H and S4A-S4C, NBT
staining significantly decreased in silks and their hairs sprayed with Mn/SOD solution under HS, compared with the mock (water) control.
On the other hand, DAB staining also decreased in silks sprayed with Mn/SOD solution under HS, compared with the mock control
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Figure 4. ROS levels increase in maize silks under heat stress, and ROS scavengers reduce their levels

(A-C) Confocal microscopy of silks treated with H,DCFDA fluorescent probes at NS conditions (A) and after 48 h HS (HS 48 h) (B). Non-stressed silks with no probe
was taken as negative control (C). Scale bars: 100 pm. (D) Quantification of relative fluorescence intensity of silks with a H,DCFDA probe. Data are presented as
mean £ SD. Letters indicate significance categories. p < 0.01 by one-way ANOVA and the Tukey-Kramer test.

(E-H) DIC microscopy of nitroblue tetrazolium (NBT) stained silks sprayed with mock solution (E, G) or sprayed with MnCl, and SOD solution (F, H) during HS
treatment. Silks (3 days after emergence) were kept at NS conditions (E, F) or under HS for 48 h (HS 48 h) (G, H).

(I-L) DIC microscopy of 3,3'-diaminobenzidine (DAB)-stained silks sprayed with mock solution (1, K) or ascorbic acid (ASC) solution (J, L) during HS treatment. Silks
(3 days after emergence) were kept at NS conditions (I, J) or under HS for 48 h (K, L). Scale bars: 100 um.

(Figures S4L-S4N). Ascorbic acid (ASC) is a scavenger for H202. In contrast to the mock control, after ASC spraying DAB staining significantly
decreased in silks and silk hairs exposed to continuous HS (Figures 41-4L and S4D-S4F). Both, Mn/SOD and ASC treatments decreased the
fluorescent intensity of the ROS probe H,DCFDA (Figures S4G-S4K). These experiments demonstrate that superoxide scavenger SOD and
H20: scavenger ASC significantly reduce ROS levels in silks caused by HS.

ROS scavengers restore pollen tube penetration in silks under heat stress

We next addressed the question whether HS-induced pollen tube late growth arrest is caused by increased ROS levels. We sprayed silks
exposed for 48 h to HS with the H,O, and Oz~ scavengers ASC and Mn/SOD, respectively, and their corresponding mock controls. None
of the spray treatments affected pollen germination and pollen tube growth into the transmitting tract (Figures 5A-5D). However, both
ASC and Mn/SOD partially restored late pollen tube growth arrest as the number of pollen tubes observed in the proximal region of the
silk (region a2 in Figure 3M) increased from 50% to 61% and to 69%, respectively, (Figures 5E-5H and 5K). NS silks (sprayed with the mock
control for 48 h) pollinated by NS pollen and exposed to HS for 4 h showed normal (93%) pollen tube germination and growth (Figures 5I
and 5J). Taken together, superoxide and H202 scavengers reduce ROS level caused by HS in maize silks and enable pollen tubes to grow
longer distances. We further analyzed seed set of cobs harvested from silks exposed for 48 h HS after mock, ASC, and Mn/SOD spraying,
respectively. Seed set of cobs sprayed with Mn/SOD significantly restored seed set and thus yield compared with mock-treated ones
(Figures 5L and 5M). This indicates that reduction of HS-induced ROS levels in maize silks significantly improves fertility.

Transcriptome analyses show downregulation of catabolic ROS genes and identification of transcription factors regulated
in heat-stress-exposed silks

To elucidate the molecular mechanisms of HS on maize silks, we performed RNA-seq analyses using the maize inbred line B73. Plants were
exposed to moderate HS (35°C/25°C) for 48 h. Only silk regions directly exposed to the environment were harvested for sequencing. Each
three biological replicates were sampled for NS and HS conditions. On average, 23 million reads were generated from each of the six samples
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Figure 5. ROS scavengers restore pollen tube growth defects and sterility caused by heat stress

(A-J) Fluorescent microscopy of aniline-blue-stained pollinated silks with indicated stress conditions and ROS scavenger treatment. For observed silk areas see
Figure 3M. Percentages of observed phenotypes are indicated. (A-D) Silks (3 days after emergence) were treated with 48 h HS (HS 48 h @) and pollinated with NS
pollen (3), then treated with 1 h HS after pollination (+ HS THAP). Pollen tube early growth in the transmitting tract was observed 1 h after pollination (1 HAP). (E-H)
Pollinated silks were treated with 4 h HS (+ HS 4HAP). The 1 to 2 cm proximal region (abscission zone) of silks was observed 24 h after pollination (24 HAP) for
pollen tube late growth. Mock solution and ascorbic acid (ASC) solution were sprayed to silks during HS treatments (A, B, E, F). Mock solution and MnCl, with SOD
solution were sprayed to silks during HS (C, D, G, H). (I-J) NS silks pollinated with NS pollen and sprayed with mock solution served as a positive control for pollen
tube growth at 1 HAP (I) and 24 HAP (J). Scale bars: 100 pm.

(K) Percentage of silks showing pollen tube growth at the distal region (a2 in Figure 3M) was quantified at 24 HAP. Data are presented as mean + SD.

(L) Cobs harvested from indicated treatments. Representative examples of cobs after spraying mock, ASC, and MnCl,/SOD solution during the heat stress
treatment. Scale bar: 1 cm.

(M) Quantification of kernel (seeds) numbers from indicated treatments. ns: no significant difference. Data are presented as mean + SD. One asterisk indicates
p < 0.05 as analyzed by one-way ANOVA and the Tukey-Kramer test.

(Table S1). Reads were mapped to the B73 maize reference genome (Ref_Gen4) downloaded from MaizeGDB (www.maizrgdb.org) with an
average mapping rate of 90%. Normalized transcription level was calculated as transcript per million (TPM). On average, 19,500 expressed
genes were detected in each sample (TPM>1) (Table S1). Principal-component analysis (PCA) and heatmap of sample-to-sample distance
showed that gene expressions pattern after HS and NS control conditions were well separated. The three replicates of each condition
were well clustered (Figures 6A and S5) and the transcriptome of all samples used for further studies.

We next identified differentially expressed genes (DEGs) (genes with TPM>1) of the HS condition based on the criteria |log2(foldchange))|
>1 and p value < 0.05. Eight hundred forty-four upregulated and 3,136 downregulated genes were detected (Figure 6B). Gene ontology (GO)
enrichment analysis of upregulated DEGs showed that most highly enriched biological processes are related to the cell cycle, DNA replica-
tion, and RNA modification, indicating that these pathways are positively influenced by moderate HS (Figure 6C). GO enrichment analysis for
downregulated DEGs shows that most highly enriched biological processes are associated to photosynthesis, cell wall, and carbohydrate
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Figure 6. Expression analysis of genes in maize silks in response to heat stress

(A) Heatmap with hierarchical clustering showing the distance between samples.

(B) Volcano plot indicating differentially expressed genes (DEGs). Red and blue dots mark down- and upregulated genes, respectively, with p value <0.05,
log2FC > 1, and log2FC < —1.

(C) Gene Ontology (GO) biological process enrichment of significantly upregulated genes.

(D) GO biological process enrichment of significantly downregulated genes.

(E) Gene expression levels (TPM) of two most differentially expressed peroxidase (POD) genes. POD12: Zm00001d042022; POD18: Zm00001d0028%9. Data are

presented as mean + SD.
(F) Gene expression levels (TPM) of three most differentially expressed heat shock protein (HSP) genes.
(G) Heatmap of the expression level of peroxidase (POD) genes in HS and NS samples. The numbers on the color scale indicate the Log10 values of TPM.

metabolism, indicating changes in basic metabolic pathways (Figure 6D). In addition, responses to hormones are also enriched, which could
be expected from previous findings.”’ > Importantly, hydrogen peroxide catabolic processes are among the highly enriched downregulated
DEGs, which is consistent with the increased ROS levels detected during heat stress responses (Figure 6D). Two highly expressed peroxidase
(POD) genes Zm00001d0028%9 (POD12) and Zm00001d042022 (POD18) at NS conditions are strongly downregulated during HS (Figures 6E
and 6Q). In total, we detected 35 expressed POD genes in our samples, of which 27 POD genes are significantly downregulated in HS silks
(Figure 6G). Reduction of peroxidase activity could explain the increase of ROS levels during HS described earlier.

Since Ca®* signaling and ROS play critical roles in stress stimuli perception and transduction,”**° we also investigated genes involved in
Ca®* signaling and ROS scavenging. Three genes encoding Ca?*-dependent protein kinases (CDPKs), CDPK19 (Zm00001d021835), CDPK22
(Zm00001d015100), and CDPK36 (Zm00001d027480), and one gene encoding glutathione S-transferase (GST), GST48(Zm00001d043795), are
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Figure 7. Enrichment of transcription factor genes in maize silks exposed to heat stress

(A) Bubble chart showing significantly enriched TF families in response to heat stress. The most strongly induced family is shown at the top and the most strongly
downregulated one at the bottom of the chart, respectively.

(B) Heatmap of the expression level of the top 20 differentially expressed TF genes (Log2FC > 2 or Log2FC < —2, average TPM>10). The numbers on color scale
indicate the TPM values.

downregulated (Figures S6C, S7A, and S7B), whereas the expression levels of genes encoding SODs are not significantly changed (Fig-
ure S6B). Heat shock proteins (HSPs) are major functional proteins for cellular homeostasis, protein conformation folding, and stabilization
under stress conditions. A total of 12 HSP genes are differentially expressed (Figure S8A). Among the highly expressed HSP genes in silk tis-
sue, only HSP20-19is strongly upregulated, whereas HSP1 and HSP70-6 are significantly downregulated (Figure 6F). Enzymes involved in ROS
degradation are catalases, heme-containing enzymes that convert hydrogen peroxide to water and oxygen.®’ Among three maize catalase
genes, ZmMCAT1 (Zm00001d014848) and ZmCAT2 (Zm00001d027511) are upregulated (Figure S9A). A previous study showed that botryoid
pollen 1 (op1) regulates ROS-triggered PCD by controlling uridine diphosphate (UDP)-sugar homeostasis in rice.” We found that hin3,
the homologous gene of bpT, is also downregulated (Figure S9B). Other genes previously shown to be associated with stress responses
encode metallothionein (MT) proteins, which are small, cysteine-rich proteins that play important roles in plant growth and development,
and are regulated during stress responses.®>“> Among nine maize MT genes, ZmMT8 (Zm00001d039914) and ZmMT9 (Zm00001d048611)
are highly upregulated. Notably, ZmMT9 is already strongly expressed in un-stressed silks (TPM>5000) (Figure S9C).

Finally, we analyzed the expression level of transcription factor (TF) genes in silk tissue after HS expose. TFs including heat shock factors
(HSFs) WRKY, MYB, NAC, bZIP, AP2/ERF, DREB, and bHLH play important roles in regulating gene expression of multiple genes in response
to stress conditions.®*” Seven HSF genes are differentially expressed (Figure S8B). Enrichment studies of TF families showed that in addition
to genes encoding HSFs, genes for MYB, ERF, NAC, WRKY, MYB-related, HD-ZIP, ARF, AP2, and bHLH transcription factor families are en-
riched after HS (Figure 7A). Notably, many bHLH genes are among the top downregulated DEGs (10 of the 37 top downregulated TF genes;
Table S3). Among them, Zm00001d024522 (bHLH116), Zm00001d043706 (bHLH57), Zm00001d020705 (bHLH150), and Zm00001d006065
(bHLH121) are highly downregulated (Log2FC < —9), whereas a number of NAC genes (4 of the 13 top upregulated TF genes) including
Zm00001d028999 (NAC44) and Zm00001d022424 (NAC122) are among the top upregulated (Log2FC > é) DEGs (Figure 7B and Table S3).
This finding indicates that members of the same TF family are coordinately involved in HS responses but families partly act in opposite
directions.

DISCUSSION

Due to global warming and associated risks to maintain or even increase agricultural seed production, research efforts to understand the
effects of HS during the reproductive phase in maize and other crops has significantly increased in recent years. It is obvious that successful
reproduction is the key to achieve full seed set and thus yield, but it has also been realized that the occurrence of high temperature often
coincides with the reproduction phase as shown for maize and that could strongly limit yield.'®’? It has been shown that especially pollination
and pollen development are highly susceptible to HS."*17?%23-2571.72 |5 contrast to the amount of work carried out on pollen, little is known
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about the effect of HS on female reproductive organs, especially on silks that are directly exposed to ambient temperatures. Also inspired by
discussions with maize farmers who suspected that silks play a key role for HS-induced sterility, we could confirm that plants exposed to HS
during the silking and pollination stage show severe sterility, which is also consistent with previous findings.**' However, whether the silk
tissue itself, the pollination process, or pollen tube growth as well as pollen tube reception are affected remained unknown together with
the underlying molecular mechanisms.

Our detailed studies showed that HS-induced death of up to 50% hair cells at the silk surface did not affect pollen tube penetration and
seed set probably due to multiple possibilities of pollen tubes to penetrate silk hair structures and the fact that the number of silk hairs and
pollen are excessive for fertilization of each ovule. Moreover, silks exposed for 24 or even 48 h to HS before pollination did not lower seed
setting significantly, but extending HS for only an additional 1-4 h after pollination led to dramatic seed set reduction. HS for 1-4 h HS after
pollination without prior stress showed almost full seed set, indicating that both stressed silks for longer periods and additional stress during
the pollen tube growth phase are responsible for observed sterility. The finding that HS leads especially to late pollen tube growth arrest
suggests that, for example, communication between the pollen tube and the female transmitting tract tissue is affected, and HS may lead
to structural changes of transmitting tract cells and/or the pollen tube cell wall (causing, e.g., cell wall stability/integrity defects) and insuffi-
cient energy and metabolite supply for high-speed pollen tube growth etc., ultimately leading to growth arrest. The observation that genes
required for these processes belong to the strongest downregulated categories points toward this direction. The accumulation of ROS can
cause oxidative burst and stress, involving lipid peroxidation, protein damage, nucleotide degradation, and ultimately cell death.”> NBT is a
colorimetric dye for O2-—, which enables the study of early steps in oxidative stress induction by different treatments and environmental
conditions in plants.”* DAB is a colorimetric dye for H202, which enables the visualization of H202 level at tissue and cellular levels.”® Fluo-
rescent probes (e.g., H,DCFDA) are more sensitive than colorimetric ones. They possess a better signal-to-noise ratio compared to optical
detection, which makes them more straightforward for quantification.”* However, there are high abundance of endogenous fluorescent com-
pounds in plant cells and the cross-sensitivity to cellular antioxidants that compete the probes for ROS.”*’” We found that the ROS levels
increased in silks after HS by using both colorimetric and fluorescent ROS detection methods. It is also possible that, for example, ROS accu-
mulation triggers cell death similar to observation in pollen-pistil and pollen-tube transmitting tract interaction that were reported to lead to
self-incompatibility responses.”®’? As multifunctional signaling molecules, ROS mediate highly diverse developmental and stress re-
sponses.80 ROS accumulation, distribution, and their well-balanced gradients are important to control, for example, stemness and
differentiation during development®' or whether lateral roots, root hair, and defense responses are initiated, respectively.”” The homeostasis
of apoplastic ROS largely depends on their generation by plasma-membrane-localized NADPH oxidases (RBOHs) and their inactivation by
cell-wall-localized superoxide dismutases (SODs) and peroxidases (PODs).?"#*#* Our study showed that ROS levels are significantly increased
in silks during HS, and the application of ROS scavengers can strongly reduce their levels and partly rescue pollen tube growth arrest and
reduction of seed set. Transcriptomic studies can explain this finding as most POD genes expressed in silks are strongly downregulated dur-
ing HS, which would lead to ROS accumulation due to downregulation of ROS scavengers. bHLH proteins are the second largest subfamily of
transcription factors in plants and involved in various biological processes, including abiotic stress responses.®® Previous studies showed that
the overexpression of PtrbHLH, AtbHLH112, or MdbHLH130increases SOD or POD activity and reduces ROS accumulation under stress con-
ditions.®*®” It will now be important to elucidate whether downregulation of PODs is caused by simultaneous downregulation of TF genes
reported earlier like bHLH57, bHLH108, bHLH116, and bHLH79, respectively, and whether theses bHLHs can directly regulate expression
of POD genes. The identification of downregulated POD and bHLH genes now opens exciting future approaches with the long-term goal
to engineer HS tolerant maize.

Other genes downregulated after HS encode among others calcium-dependent protein kinases (CDPKs). Ca®* signaling and responses
are tightly associated with environmental stresses including HS.° HS causes overaccumulating of ROS, which stimulates Ca®* signaling
pathways® including phosphorylation and thus activation of CDPKs """ Downregulation of genes encoding CDPKs probably inactivates
certain downstream signaling pathways in silks that may be important to support pollen tube growth. hin3, the homolog gene of rice bo-
tryoid pollen 1 (bp1), is downregulated after HS, which is in consistent with its postulated function in preventing PCD caused by overac-
2 This suggests that UDP-sugar homeostasis may also play a role in HS response in maize silks. Metallothioneins are
small, ubiquitous Cys-rich proteins known to be involved in ROS scavenging and metal homeostasis.®> We found that ZmMT8 and ZmMT9
are highly upregulated, indicating a positive response to HS. Some of the ROS scavenger genes (like POD genes) are downregulated after
HS, whereas other genes (like MT genes) are upregulated, suggesting different ROS scavenging pathways may act independently in
response to HS.

Moreover, silk tissue was indeed reported to be more susceptible to HS than vegetative tissues in regard of restoring ROS levels.”® As a
consequence, the tissue undergoes cell death instead of becoming heat tolerant. More detailed studies are now required to understand the
interaction of ROS and Ca?* signaling during pollen tube growth inside the silk and especially in the proximal silk region where growth of
pollen tubes is arrested during HS. Notably, some NAC TF genes are highly upregulated in this silks region during aging that include
KIRAT-LIKET (KIL1; NAC36) and KIL2-5 (NAC65, 17, 51 and 104), of which KIL1 was recently shown to promote senescence and PCD in the
proximal region of the silk.”" Loss of KIL1 function was shown to increase kernel yield following late pollination. It will now be important to
elucidate whether loss of HS-induced NAC TFs can also result in decreased cell death and sensitivity of HS during the silking stage and
may lead to yield increases. In summary, this study elucidated the most critical stage during the pollination process in maize, resulting in ste-
rility during HS application. It further identified signaling pathway components and TFs that could potentially be used in the future to engineer
crops avoiding sterility caused by HS during the pollination phase.

cumulation of ROS.
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Limitations of the study

Our experiments were done in the greenhouse and highly controllable walk-in growth chambers. The numbers of maize cobs collected to
quantify the effect of heat stress was therefore limited, and we could not simulate field conditions. Heat stress in this study was only applied
selectively to the female side; in the field, the effect of heat stress occurs on both male and female flower organs at the same time. ROS scav-
engers to restore pollen tube growth were directly applied to silks; consequences of spraying scavengers to whole plants were not investi-
gated. Transgenic approaches to overexpress and knock out identified candidate genes to engineer tolerant maize plants is a long-term goal
and beyond the scope of this study.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

NBT staining solution 0.1 mg/mL nitro-blue tetrazolium chloride Thermo Fisher, 34035
in 25 mM HEPES buffer, pH 7.6

DAB staining solution 0.1 mg/mL 3,3'-diaminobenzidine tetrahydrochloride Sigma-Aldrich, D5637
hydrate in 50 mM tris-acetate buffer, pH 5.0

ASC solution 10 mM L-ascorbic acid in water Sigma-Aldrich, A4403

SOD and MnCl; solution 10 U/mL SOD in 10 mM MnCl, Sigma-Aldrich, S9697

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Thomas Dresselhaus (thomas.
dresselhaus@ur.de).

Materials availability

This study did not generate new plant materials. Requests for materials listed in the key resources table should be directed to the lead contact.

Data and code availability
e Raw reads were submitted to ENA (project accession PRIEB69216). The reference genome of maize (version 4) and the annotation file
are available at Maize GDB (https://www.maizegdb.org/).
e All data including microscopic data reported in this paper will be shared by the lead contact on request.
e Any additional information required to reanalyze the data reported in this study is available from the lead contact on request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant growth and heat stress conditions

Seeds of maize inbred line B73 were soaked in water overnight and then transferred into small pots (10 cm diameter, 1 seed per pot) and gown
for about three weeks. Then seedlings were transferred into 10 L pots. Plants were grown in a greenhouse under controlled conditions of 16
hours of light at 26 + 2°C and 8 hours of darkness at 21 + 2°C. Air humidity was maintained at around 60-65% and additional 24,000 lux light
was provided. Plants were watered by an automated temperature-water-based irrigation system, which based on plant consumption in a
time-based pre-programmed schedule. Fertilizer was applied with 2% Hakaphos (Compo Expert) twice a week and monitored throughout
the entire vegetative and reproductive development. Maize ears were covered with paper bags before silk emerging to avoid pollen contam-
ination. For crossings, old pollen was removed from tassels in the morning. Two to three hours later, fresh pollens were used to pollinate
covered ears. Afterwards bags were marked and kept on ears. Thirty days after pollination, plants were transferred into a dry chamber
with lower humidity and ceased watering. Around three weeks later, cobs were harvested and dried.

Heat stress (HS) was applied 3 days after silk emergence and tassels were removed from plants used as pollen recipients. Plants were trans-
ferred to walk-in growth chambers. For heat stress, growth chamber day/night temperature conditions were set at 35° for 16 h light (25,000 lux)
and 25°C darkness with 60% air humidity for 24 h and 48 h, respectively. Correspondingly, non-stressed (NS) plants were maintained at a 26°/
21°C day/night temperature regime with 60% humidity at 25,000 lux in a control chamber and examined at the same silk stages. Control and
HS treated plants were watered daily to exclude drought stress effects. After HS exposure, all plants were maintained at control conditions for
further examination and harvesting RNA-seq samples.

METHOD DETAILS

In vivo pollen tube growth observation

In vivo pollen germination was carried out in a greenhouse. Fresh pollens were collected with a paper bag and an excess of them applied on
silks. To avoid pollen contamination, covered bags on cobs were only shortly removed during pollination. At different time points after polli-
nation, pollinated silks were cut off and fixed in 9:1 v/v ethanol:acetic acid at 4°C overnight. In vivo pollen tube visualization via aniline blue
staining was achieved according to the method of Marten (1959) with adjustments: fixed samples were rehydrated by a water series. Then they
were treated by 8 M sodium hydroxide for 2 hours to clear and soften tissues. Softened silks were washed in 1x PBS (phosphate Buffered
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Saline) for three times. Staining was carried out in aniline blue solution (0.1% aniline blue; 0.1 M K;HPO,4-3H,0, pH=11) overnight at 4°C. For
ovule sections, a thin slice (1 mm) containing the embryo sac with the micropylar region was cut by two sharp blades and proceeded with the
same steps for aniline blue staining. Specimens were washed and mounted with fresh staining solution on a slide with a cover slip and imaged
using a fluorescence microscope ZEISS Axio Imager 2 with a 20x objective (Plan-Apochromat 20x/0.8 M27) at 350~400nm (UVA) excitation.

ROS staining

For superoxide detection, silks were cut and stained in 0.1 mg/mL NBT (Nitroblue Tetrazolium) solution (see key resources table) and incu-
bated at room temperature in the dark for 2 h. For superoxide scavenger treatment, 10 U/mL SOD with 10 mM MnCl; solution was sprayed on
silks three times a day. As a mock control, the same amount of water was sprayed on silks three times a day. For H,O; staining, silks were cut
and stained in 0.1 mg/mL DAB (3,3'-Diaminobenzidine) solution (see key resources table) and incubated at room temperature in the dark for 8
h. For H,O, scavenger treatment, 10 mM ascorbate (ASC) solution (see key resources table) was sprayed on silks three times a day. As mock
control, the same amount of water was sprayed on silks also three times a day. To remove pigments of silks for better imaging, stained silks
were transferred to 80% ethanol and incubated at 70°C for 10 min.

For ROS staining, the fluorescent dye CM-H,DCFDA (Invitrogen, C6827) was used. CM-H,DCFDA was dissolved in DMSO (dimethyl sulf-
oxide) as stock solution. Silks were cut and incubated using a working concentration of 1 pM CM-H,DCFDA in 1x PBS solution in the dark for
10 minutes and then washed two times with PBS. A Zeiss LSM980 Airyscan confocal microscope using a 10x objective and excitation at 488 nm
was used to take images.

TUNEL assay

The TUNEL assay was perfomed as follows: first, silks were fixed for 1h in 4% (v/v) paraformaldehyde in PBS under vacuum at room temper-
ature. Then samples were washed three times in PBS and kept for 2 min on ice with 0.1% Triton X-100 in 0.1% sodium citrate followed by three
times PBS washing. As a positive control, fixed samples were treated with DNase | for 15 min and thereafter washed three times with PBS. The
TUNEL reaction was performed in 1.5 mL tubes and each time 100 pL label solution removed as a negative control. 50 pL enzyme solution was
added to the remaining 450 pl label solution to obtain a 500 uL TUNEL reaction mixture that was incubated with samples at 37°C for 60 min in
the dark. Then samples were washed three times with PBS and counterstained with 1 pg/mL DAPI. For TUNEL imaging, a Zeiss LSM980 Air-
yscan confocal microscope was used with a 20x objective and excitation/emission at 488/655 nm.

RNA-seq and bioinformatic analyses

Library preparation and RNAseq were carried out as described in the lllumina TruSeq Stranded mRNA Sample Preparation Guide, the Illu-
mina NextSeq 2000 Sequencing System Guide (lllumina Inc.), and the KAPA Library Quantification Kit-Illumina/ABI Prism (Roche Sequencing
Solutions Inc.). Sequencing was performed using the lllumina NextSeq 2000 Sequencing System. Libraries were generated from 6 samples
(three replicates of a silk control and three replicates of silks exposed for 48 h to heat stress) and sequenced. On average around 23 million
paired-end 130 bp reads were obtained for each library. Raw reads were submitted to ENA. Project accession is PRIEB69216.

The quality of raw sequencing reads in FastQ format was examined by FastQC.”" Low-quality reads were removed and remaining ones
trimmed to remove adapter sequences using Trimmomatic v0.39 (Bolger et al., 2014). Reads were quality filtered and trimmed using the
following settings: LEADING:3, SLIDINGWINDOW:4:15, MINLEN:40. HISAT27? was used to align high-quality reads to the reference maize
genome (B73 release RefGen_v4). After alignment, featureCounts was used to identify number of reads that mapped to genes.” Differential
gene expression (DEG) analysis was performed using the R package DESeq2.” DESeq2 uses the output of featureCounts to quantify changes
in expression levels by estimating fold change (FC) in gene expression between different treatment groups. Default parameters were used as
provided from the DESeq?2 package. Genes showing a|log2FC| >1 and adjusted p-value<0.05 were considered differentially expressed genes
(DEGs) and were identified through fold change filtering. Heatmaps were generated using TPM values of selected genes in Grapfpad Prism.
Valcano plots were generated by using the online tool Galaxy.”® The expression heatmap visualizes sample-to-sample distances derived from
the variance-stabilizing transformation of count data, representing overall gene expression patterns. The distances were computed using the
"pheatmap" package in R, incorporating hierarchical clustering for both rows and columns. The resulting heatmap provides a concise rep-
resentation of similarities and differences in gene expression profiles among samples, offering insights into the broader patterns of gene
expression variation within the dataset. Gene Ontology (GO) enrichment studies were performed via the enrichment analysis function of R
package BioNERO using Gene Ontology (GO) annotations available within MaizeMine.” This function uses Fisher's exact test (Graham J.
G. Upton 1992) as a statistical method to test for over-representation and return a set of enriched GO terms. In a similar way transcription
factor (TF) families enrichment was perfomed by comparing the occurrence of TF families in different gene sets to identify TF families that
were significantly enriched. To establish the background, the occurrence frequency of each TF family across all genes was determined.
For sample frequency, the occurrence within a list of differentially expressed genes (DEGs) associated with each sample was considered.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microscopy images: Individual treatment of images on a given figure was never performed to enable comparison between patterns/
intensities.
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Figures 1 and S1: Confocol images in Figures 1A, 1B, and STA-S1C are representatives of numerous observations on more than the indi-
vidual plants each (numbers of samples observed are written on each image). Significantly associated groups are marked by letters, calculated
by Tukey-Kramer test with p < 0.01 (Figures 1E, 1F, and S1D).

Figure 2: Numbers of cobs quantified are written below each box. Significantly associated groups are indicated by letters, calculated by
two-way ANOVA and the Tukey test.

Figures 3 and S3: Confocol images in Figures 3A-3L and S3A-S3F are representative for numerous observations on more than 3 individual
plants each (numbers of samples observed are written on each image). The quantification in Figure 3N is based on 3 individual plants.

Figure 4: Confocol images in Figures 4A-4C are representatives of numerous observations on more than 3 individual plants each. The
fluoresence intensity was quantified using Zeiss Zen Blue 3.4 and the significance analyzed by the one-way ANOVA-TUKEY test.

Figure 5: Confocol images in Figures 5A-5J are representatives of numerous observations on more than 3 individual plants each. The
quantifications in Figures 5K and 5M are from 3 cobs each, and significance analyzed by the one-way ANOVA-TUKEY test.

Figure 6: The bar graphs in Figures 4E and 6F and the heatmap in Figure 6G are generated with absolut and Log10 values of TPMs using
GraphPad Prism 9.3.1.
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