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Heat waves become more serious with the warming climate, increasing the demand for 22 

developing high temperature (HT) tolerant maize germplasm. Here we compared the 23 

responses of 323 elite inbred lines released in multiple eras from both China and the 24 

United States to HT during flowering under field conditions. The newly released lines 25 

exhibit higher grain yield than the early released lines as a result of improved ear 26 

characteristics and flowering synchrony. However, the newly released lines are more 27 

susceptible to HT stress partly due to the reduced tassel size and spikelet opening angle. 28 

We identify a key threshold for spikelet/tassel (~700), over which maize can produce a 29 

stably high seed set under HT stress. According to the daily temperature during 30 

flowering, it is estimated that small-tassel (<700 spikelet/tassel) genotypes are 31 

unsuitable in 23.7% of global maize-growing regions. This work provides important 32 

information for breeding and selecting HT-tolerant maize varieties.  33 

Main 34 

Maize (Zea mays L.) as one of the most important staple crops contributes 20-30% of 35 

human calorie requirement1. With the warming climate, however, maize yield is 36 

expected to reduce dramatically (~7.4% for each 1°C increase in global average 37 

temperature), much larger than that in wheat (Triticum aestivum L.) and rice (Oryza 38 

sativa L.)2. HT impacts on maize yield primarily arise from the frequent co-occurrences 39 

of HT stress and flowering stages3, 4, 5. It is widely believed that maize tassel is more 40 

susceptible to HT stress than ear6, 7, 8. Specifically, HT during flowering can advance 41 

the tasseling stage, reduce pollen shedding duration, hinder anther dehiscence, and 42 

reduce pollen viability9, 10, 11, 12. Evidence on rice and sorghum (Sorghum bicolor (L.) 43 

Moench) indicates that HT stress also reduces spikelet opening angle, which ultimately 44 

inhibits anther emergence and the subsequent process of pollen release13, 14, 15. To date, 45 

there have been limited studies exploring the effects of HT on spikelet opening in maize. 46 

These HT-induced changes independent and combined are capable of reducing seed set 47 

and even result in tassel sterility. Additionally, HT can slow down silk elongation and 48 

reduce silk emergence from the husk leaves6, 7, which is often neglected in studies on 49 

HT stress. Wang et al. (2021) found that the maximum temperature threshold for silk 50 



emergence ratio was ~38°C16, and the ratio can be reduced by more than 20% at 40°C7. 51 

Furthermore, even after silk emergence, HT can reduce silk receptivity, resulting in the 52 

failure of pollen germination or arrest of pollen tube growth17. The responses of silk 53 

growth and receptivity to HT stress however remain largely unknown. 54 

The genetic gain in maize has been impressive in recent years, with yield increases 55 

of over 100 kg ha−1 year−1 in major maize-growing regions such as Europe, Brazil, 56 

China, and the United States18, 19, 20, 21. This increase can be attributed to optimized 57 

morphological characteristics of maize plants, such as decreased leaf angle, leaf area, 58 

root angle, and increased root mass18, 22, 23, 24, 25. Likewise, maize tassel has a 59 

continuously decreasing size with breeding eras26, 27, because each tassel can produce 60 

millions of pollen grains28, 29. Small tassel with fewer branches (some hybrids only have 61 

three or four branches) is widely adopted in modern hybrids, to reduce the energy cost 62 

of pollen grain production as well as minimize tassel shading on the leaves30. However, 63 

a small tassel is probably a factor limiting seed set under adverse conditions such as HT 64 

stress during flowering that can greatly reduce pollen shed grains31. The total pollen 65 

production would limit kernel number per plant at pollen shed density of less than 3000 66 

pollen grains per silk32. This indicates that the widespread use of maize germplasm with 67 

a small tassel may have detrimental effects on maize yield under a warming climate. 68 

Here, we determined the responses of different breeding-era maize germplasm to 69 

HT stress in terms of reproductive organ morphology, flowering pattern, and seed set. 70 

More importantly, we aimed to identify a key trait of tassel and/or ear that can enable 71 

maize to adapt to different environments, especially HT stress. For this, 323 maize 72 

inbred lines released in different eras from China and the United States were planted at 73 

different sowing dates at two locations in north China and southwest China to create 74 

different temperatures during flowering. We found that tassel size and flowering 75 

capacity both were decreased with the breeding era while ear silking capacity was 76 

enhanced. A key threshold of spikelet number per tassel was identified, above which 77 

maize seed set can be retained at high levels under different environments. As well, the 78 

global distribution of maize varieties with different tassel sizes was recommended. Our 79 



findings advance the conceptual understanding of seed set responses of different 80 

breeding-era maize germplasm to HT stress during flowering and identify critical HT 81 

tolerant indexes.  82 

Results 83 

Ear, tassel, and yield characteristics in different breeding eras 84 

In this study, we investigated the evolutionary trends of maize tassel, ear, and yield 85 

characteristics in six various environmental conditions, especially during flowering (15 86 

days bracketing the silking stage; Extended Data Fig. 1). A total of 323 elite maize 87 

inbred lines that were released in different eras in China (167 inbred lines) and the 88 

United States (156 inbred lines) were collected based on a previous study24. The 89 

Chinese inbred lines were classified into three groups based on the date of release and 90 

the use in breeding: 29 inbred lines released in the 1960s and 1970s (CN1960&70s), 88 91 

lines released in the 1980s and 1990s (CN1980&90s), and 50 lines released after the 92 

year 2000 (CN2000&10s). The American elite inbred lines consisted of 69 public lines 93 

(Public-US) and 87 commercial lines (Ex-PVP) with expired Plant Variety Protection 94 

Act Certificates; the latter were mainly released after 2003 (Extended Data Fig. 2). 95 

Based on the genetic background, these inbred lines are divided into five groups: Stiff 96 

Stalk Synthetic (SS), Nonstiff Stalk (NSS), Iodent (IDT), Huangzaosi (specific to 97 

China), and Mix group24.  In each of the different breeding-era germplasm, the inbred 98 

lines have at least three out of five genetic backgrounds to avoid genetic impacts 99 

(Supplementary Table 1).  100 

We recorded four grain-related parameters, i.e., seed set, kernel number per ear 101 

(KN/ear), and thousand kernel weight (TKW), four tassel-related parameters, i.e., 102 

spikelet number per tassel (spikelet/tassel), spikelet opening angle, pollen viability, and 103 

pollen shedding duration, and six ear-related parameters, i.e., kernel row number per 104 

ear, floret number per row, floret number per ear, emerged silk number per ear, anthesis 105 

silking interval (ASI), and anthesis silking overlap (ASO) duration. The recorded values 106 

of these parameters at different environments were fit by a linear mixed model to obtain 107 



the best linear unbiased estimator (BLUE) values. The mean seed set, kernel/ear, TKW, 108 

and grain yield of CN2000&10s lines were all higher than that of CN1980&90s and 109 

CN1960&70s lines (Fig. 1). In particular, the seed set of CN2000&10s lines was 22.4% 110 

higher than that of CN1980&90s lines and 22.3% higher that of CN1960&70s lines. 111 

Likewise, the mean seed set, kernel/ear, TKW, and yield of Ex-PVP lines were all 112 

significantly higher, compared to Public-US lines (Fig. 1a).  113 

In maize tassel, CN1960&70s, CN1980&90s, and CN2000&10s lines showed 114 

continuously declining trends in the mean spikelet/tassel, spikelet opening angle, and 115 

pollen shedding duration. Ex-PVP lines also had significantly lower values in these 116 

tassel parameters than Public-US lines. The reductions in spikelet/tassel from early to 117 

new inbred lines were larger (37.6%) than in other tassel parameters in both Chinese 118 

and US lines. Pollen viability showed no significant difference between inbred lines of 119 

different breeding eras (Fig. 1b).  120 

In maize ear, floret row per ear, floret number per row, and especially emerged silk 121 

number per ear showed significantly increases from CN1960&70s lines to 122 

CN2000&10s lines. Floret row number per ear and floret number per row both had no 123 

significant differences between Public-US and Ex-PVP lines, but emerged silk number 124 

per ear was 36.8% higher in Ex-PVP than in Public-US lines. ASI and ASO duration 125 

were considered as ear traits due to the large effects of silking time on them (Extended 126 

Data Fig. 3). ASI significantly decreased from 3.6 days in CN1960&70s lines to 2.4 127 

days in CN2000&10s lines and from 3.8 days in Public-US lines to 3.0 days in Ex-PVP 128 

lines. ASO duration increased with breeding eras in both Chinese and US lines (Fig. 129 

1c). 130 

The effects of temperature during flowering on tassel, ear, KN/ear and seed set   131 

Growing environments especially temperature during the 15 days bracketing the silking 132 

stage had large effects on maize seed set4, 16(Extended Data Fig. 4). Seed set values of 133 

all the lines were negatively correlated with Tmax during flowering, with newly 134 

released lines (i.e., CN2000&10s and Ex-PVP lines) having higher correlation 135 



coefficients. The decrease in seed set was 9.2% in CN1960&70s lines, 9.8% in 136 

CN1980&90s lines, and 12.8% in CN2000&10s lines for each 1°C increase in Tmax; 137 

the decrease was 7.5% in Public-US lines and 10.4% in Ex-PVP lines (Fig. 2). 138 

To determine how Tmax affects seed set via tassel and ear, Tmax during flowering 139 

was correlated with tassel and ear flowering parameters (Extended Data Fig. 5). 140 

Spikelet opening angle, emerged silk number per ear, and ASO duration were all 141 

significantly correlated with Tmax. Spikelet opening angle and emerged silk number 142 

per ear had higher correlation coefficients. With each 1 °C increase in Tmax, spikelet 143 

opening angle on average decreased by 1.2º in CN1960&70s lines, 1.8º in 144 

CN1980&90s lines, and 2.3º in CN2000&10s lines; the decrease was 1.3º and 2.0º in 145 

Public-US and Ex-PVP lines, respectively (Fig. 3a, b). Similarly, emerged silk number 146 

per ear decreased by 16.9, 8.2, and 8.0 silks per ear in CN1960&70s, CN1980&90s, 147 

and CN2000&10s lines, respectively, with each 1 °C increase in Tmax; and the decrease 148 

was 16.1 and 13.0 silks per ear in Public-US and Ex-PVP lines, respectively (Fig. 3c, 149 

d). 150 

Relationship between spikelet/tassel and seed set 151 

Under a warming climate, tassel size is an important concern in maize production. 152 

Spikelet number per tassel (spikelet/tassel) as a crucial indicator for evaluating tassel 153 

size is a key factor (Extended Data Fig. 6). Hence, our emphasis is directed towards 154 

elucidating the optimal spikelet/tassel to guarantee ample pollen shed grains at HT. We 155 

found that, as spikelet/tassel increased, the seed set showed a linear increase and then 156 

retained at a stable level when spikelet/tassel was above ~700, which is close to that of 157 

CN1980&90s lines and Public-US lines (Fig. 4a). Based on this threshold, all the lines 158 

were divided into two groups, lines having more than 700 spikelet/tassel (large tassel 159 

group) and less than 700 spikelet/tassel (small tassel group). The seed set of large tassel 160 

group was lower under favorable environments but became larger under HT stress 161 

compared to the small tassel group (Extended Data Fig. 7). To test seed set responses 162 

of these two groups to HT stress during flowering, the seed set of large tassel group 163 



relative to the small tassel group under different sowing dates was calculated. The 164 

relative seed set of large tassel group was negative at Tmax below 31°C, and became 165 

positive at Tmax above 32°C; the positive value was much larger at Tmax above 35°C 166 

(Fig. 4b). To further verify the above findings, a field experiment including five sowing 167 

dates and four treatments for removal of tassel branches (tassel treatment) was carried 168 

out. Maize hybrid Zhendan958 which has a large tassel size and is widely planted in 169 

China was used. The numbers of spikelet/tassel in four tassel treatments were 170 

artificially controlled at ~1400 (control), ~700 (T1), ~550 (T2), and ~300 (T3), 171 

respectively (Fig. 4c). Treatments of Control and T1 both maintained high seed set 172 

values (~90%) in all the treatments of sowing dates, but comparatively, seed set of T2 173 

and T3 were significantly lower once daily Tmax was above 32°C (Fig. 4d, e, f), 174 

consisting with results of relative seed set of large tassel group under different Tmax 175 

levels (Fig. 4b).  176 

The importance of the key spikelet/tassel threshold in coping with HT stress under 177 

a warming climate 178 

To precisely achieve this spikelet/tassel threshold, we calculated the contribution of 179 

central spike length, central spikelet density, branch number, branch length, and branch 180 

spikelet density to the seed set. Tassel branch length and central spikelet density 181 

contributed more than 60% of the seed set, which should be given more focus when 182 

improving tassel HT stress tolerance (Fig. 5a).  183 

Each tassel spikelet contains two florets (upper and lower floret), but generally, 184 

only the upper floret can release three anthers from the glumes (Fig. 5b). Each anther 185 

on average releases ~2,000 pollen grains certainly with a large variation, and pollen 186 

viability is around 90% under natural field conditions33 (Fig. 5e). One viable pollen has 187 

the potential to reproduce one seed, but seed set would be limited at pollen densities 188 

less than 3000 pollen grains per silk32. Based on the above information, 700 189 

spikelet/tassel can produce enough viable pollen grains for 1,260 silks per ear, which is 190 

approximately equivalent to the sum of the emerged silk number of two ears in modern 191 



maize hybrids (Fig. 5c, d, e). Under HT conditions during flowering (>35°C), pollen 192 

shed number is reduced by ~38% and pollen viability is reduced to ~68% 193 

(Supplementary Table 4). In such conditions, 700 spikelet/tassel can provide viable 194 

pollen grains for ~590 silks, which is equivalent to the emerged silk number of one 195 

modern maize ear (Fig. 5c, d, f). This can be an important reference for the selection of 196 

and breeding for HT-tolerant varieties.  197 

 Besides, suitable varietal distribution at different regions can be recommended, 198 

based on the seed set responses of varieties with different tassel sizes to Tmax during 199 

flowering. We know from the results above that the seed set of small-tassel maize 200 

varieties starts to decrease at Tmax during flowering above 32°C and the decrease 201 

becomes much larger at Tmax above 35°C. Therefore, global maize-growing regions 202 

were divided into regions with Tmax during flowering below 32°C, 32-35°C, and above 203 

35°C, respectively, based on the daily temperature in the past decade. In the regions 204 

with Tmax during flowering below 32°C, small-tassel varieties are recommended, 205 

while in other regions especially at Tmax above 35°C, large-tassel varieties are 206 

recommended (Fig. 6a). Globally, approximately 23.7% of maize-growing regions is 207 

recommended to grow large-tassel varieties, including the North China Plain, part of 208 

the central regions of the United States, almost all the regions of Paraguay, regions of 209 

north-central Africa, central region of Asia, and some regions in the Middle East. The 210 

ratio intends to increase with the warming climate based on the trends in the past 40 211 

years (Fig. 6 b, c, d).  212 

Discussion 213 

Sufficient spikelet per tassel with smooth spikelet opening and high pollen viability is 214 

crucial for reproduction success in maize7, 34. However, modern maize breeding has 215 

resulted in a continuous decrease in tassel size26, 27. This reduction can decrease pollen 216 

shed number and pollen shedding duration which increase the risk of pollen deficiency, 217 

and hence reduce maize tolerance to HT stress during the flowering stage7, 29, 35. Pollen 218 

shed number is considered a more crucial factor limiting seed set than pollen viability 219 



when maize plants were subjected to HT stress around flowering31. There was no 220 

significant difference in pollen viability among CN1960&70s, CN1980&90s, 221 

CN2000&10s, Public-US, and Ex-PVP lines in our study (Fig. 1b). These results 222 

suggest that spikelet number and flowering pattern are probably more important factors 223 

affecting seed set under natural field conditions compared to pollen viability. We 224 

identified a key threshold of spikelet/tassel (~700) for successful reproduction under 225 

both normal and high-temperature conditions (Fig. 4 and 5). However, spikelet/tassel 226 

of modern maize germplasm averages ~550 spikelets in China (CN2000&10s lines) 227 

and ~480 spikelets in the United States (Ex-PVP lines), greatly below the threshold 228 

level (Fig. 1b). Furthermore, tassel capacity to flower also decreases with breeding eras. 229 

For instance, the spikelet opening angle of maize lines decreases with breeding eras and 230 

becomes more susceptible with increasing temperature (Fig. 1b and Fig. 3a, b). The 231 

reduced spikelet opening angle is consistent with changes in leaf angle with maize 232 

breeding eras19, 24. Likely, the small spikelet opening angle of modern maize germplasm 233 

is unintentionally achieved in the process of breeding ideotype plant architecture. It is 234 

expected that enhancing spikelet opening can potentially offset the negative effect of 235 

small tassel on seed set. These findings imply that modern maize germplasm carries a 236 

substantial risk of kernel loss, especially considering the impact of the warming climate. 237 

     Ear size, floret number, and kernel number per ear of maize continuously increase 238 

with breeding eras36, 37 (Fig. 1a). These increased ear characteristics are estimated to 239 

improve plant adaption to HT stress during flowering38, 49. Additionally, modern maize 240 

germplasm performs better in flowering synchrony between tassel and ear24, 36, 40, 241 

mainly due to the improved adaption of silking to environments (Extended Data Fig. 242 

3). To more accurately evaluate flowering synchrony, we also focused on anthesis-243 

silking overlap (ASO) duration, in case some inbred lines have very short pollen 244 

shedding duration. The ASO duration of the newly released lines was longer than early 245 

lines, further verifying the enhanced flowering synchrony of modern maize germplasm. 246 

The silks that emerge from the husk during pollen shedding play a crucial role in the 247 

determining seed set. The emerged silk number per ear of lines from both China and 248 



the United States increased with breeding eras (Fig. 1c), another advantage in the ear 249 

of modern maize germplasm18. Under HT stress, the newly inbred lines still maintained 250 

a higher and stabler number of emerged silk/ear than early lines (Fig. 3c, d), indicating 251 

ear of modern maize germplasm has an improved heat tolerance, in accordance with 252 

findings under drought stress18, 41. However, the seed set of new inbred lines reduces 253 

more greatly with increased temperature during flowering than early lines, reflecting 254 

these new lines have a higher susceptibility to HT stress. This also indicates that the 255 

improvement of ear characteristics of modern maize germplasm cannot completely 256 

offset the deficiency of small tassel on reproduction when coping with the warming 257 

climate. 258 

Our results showed that the seed set of varieties with a small tassel 259 

(spikelet/tassel less than 700) started to reduce at daily maximum temperature (Tmax) 260 

above 32°C during flowering and reduced more greatly at Tmax above 35°C. Based on 261 

this, it is estimated that 23.7% of global maize-growing regions are unsuitable for 262 

growing small-tassel varieties, where the maize flowering stage frequently coincides 263 

with HT stress of Tmax above 32 or 35°C (Fig. 6). In some tropical and subtropical 264 

regions such as regions in the south and south-west of China that have more serious HT 265 

stress, however, small-tassel varieties are recommended because maize flowering stage 266 

can escape HT stress by adjusting sowing date. In double- and multi-cropping regions 267 

where maize flowering is restricted to a specific period and frequently meet with HT 268 

stress (i.e., the North China Plain), large-tassel varieties are recommended. In some 269 

rain-fed regions (i.e., Middle East, Central Asia, and Central Africa), large-tassel 270 

varieties are also recommended due to the uncertainty of rainfall timing that has the 271 

potential to result in overlap between maize flowering and HT stress occurrence42. The 272 

trend over the past 40 years has shown that large-tassel varieties should be planted in 273 

larger regions with the warming climate.  274 

Methods 275 

Field experiment design 1. The experiments were arranged in a randomized complete 276 



block design that were conducted over two years of 2021 and 2022 at Wuqiao 277 

Experimental Station (37°41′02″N, 116°37′23″E) of China Agricultural University in 278 

Hebei Province and Baishiyi Experimental Station (29°49′43″N, 106°21′13″E) of 279 

Chongqing Academy of Agricultural Sciences in Chongqing Province, China. The 280 

experiments consisted of 323 inbred lines that were sown at two sowing dates at Wuqiao 281 

Experimental Station (April 16 and June 6 in 2021; April 23 and June 6 in 2022) and 282 

one sowing date at Baishiyi Experimental Station in each year (25 May in 2021 and 16 283 

May in 2022). Each treatment had two replicates. To adapt to the local environment, 284 

plant density, and fertilizer application at two locations were different. The plant density 285 

was 82,500 plants ha−1 with a row spacing of 60 cm at Wuqiao Experimental Station 286 

and 65,000 plants ha−1 with a row spacing of 80 cm at Baishiyi Experimental Station. 287 

There were five rows with a length of 5 m in each plot at both locations. In terms of 288 

fertilization, 60 kg N ha−1, 90 kg P2O5 ha−1 and 90 kg K2O ha−1was applied at sowing, 289 

and additional 120 kg N ha−1 was applied at the 12-leaf stage at Wuqiao. At Baishiyi 290 

Experimental Station, 60 kg N ha−1, 105 kg P2O5 ha−1, and 120 kg K2O ha−1was applied 291 

at sowing, and additional 80 kg N ha−1 was applied at each of the 6-leaf and 12-leaf 292 

stages, respectively. Weeds, pests, and diseases were well controlled and water was well 293 

supplied during the entire growing season. 294 

Field experiment design 2. The experiment was arranged in a split-plot design with 295 

the sowing date as the first factor and the removal of tassel branches as the second, 296 

which was conducted in Baishiyi Experimental Station in 2023. Maize hybrid 297 

Zhengdan 958 was widely planted in China in the past two decades was planted at five 298 

sowing dates (April 9, April 28, May 6, May 14, and May 22). In each sowing date, 299 

four treatments for removal of tassel branches were performed at the tasseling stage 300 

(tassel treatment), to realize the number of spikelet number per tassel(spikelet/tassel) at 301 

~1400 (Control, no removal of tassel branches), ~700 (T1), ~550 (T2), and ~300 (T3), 302 

respectively. Each treatment had three replicates. Transparent plastic film was used to 303 

surround the plot to avoid cross-pollination between treatments. Plot size, planting 304 

density, fertilizer application, and field management were the same as in field 305 



experiment 1 at the Baishiyi Experimental Station. 306 

Meteorological factors. The daily maximum temperature (Tmax, °C), mean 307 

temperature (Tmean, °C), minimum temperature (Tmin, °C), rainfall, and relative air 308 

humidity (RH) during the entire maize growing season of 323 maize inbred lines were 309 

recorded at two locations in 2021 and 2022.  310 

Flowering dynamics. The dates of the tasseling, pollen shedding, and silking and the 311 

end of pollen shedding in each plot were recorded for all the inbred lines in two 312 

experimental years. In each plot, at least 20 representative plants were carefully selected 313 

to record flowering patterns. Tasseling dates of these individual plants were recorded 314 

when the tassel was exposed 2-3 cm, pollen shedding dates was recorded when the first 315 

anther initiated shedding pollen, silking stage was the date when the silk emerged 2-3 316 

cm, and the end of pollen shedding was the date when no pollen grains was released 317 

from tassel. The pollen shedding duration was the days between the onset and end of 318 

pollen shedding. The anthesis-silking interval was the days between pollen shedding 319 

date and silking date. Anthesis-silking overlap duration was calculated as the days 320 

between silk emergence and end of shedding time. 321 

Pollen viability. At the anthesis stage, fresh pollen from at least 3 plants of each inbred 322 

line was collected from the newly opening anthers between 9:00–10:00 am to evaluate 323 

pollen viability in 2022. Based on the procedures described in the Journal of Agronomy 324 

and Plant Term43, a small quantity of fresh pollen was deposited on a microscope slide. 325 

A sufficient amount of 0.5% TTC solution was added to fully coat the pollen, followed 326 

by gentle placement of a coverslip. The slide was then incubated at ambient temperature 327 

(26-28°C) in the dark condition for 10-15 minutes. The stained pollen grains were 328 

visualized and photographed using a stereomicroscope (Olympus SZX7, Japan). Pollen 329 

grains that were stained red were considered as viable and the rest were recorded as 330 

dead. Pollen viability was expressed as the percentage of viable pollen number by the 331 

total pollen number per microscopic field.  332 

Spikelet opening angle. At the tassel blooming stage, 5-10 representative and fully 333 



opened spikelets were selected from three plants of each inbred line at around 9:00 am 334 

and photographed in all the treatments. The spikelet opening angle was measured with 335 

Image-Pro Plus 6.0.  336 

Tassel morphology. After the end of pollen shedding, tassels of three randomly 337 

selected plants of each inbred line were sampled to measure central spike length, 338 

spikelet number on the central spike, branch number, branch length, and spikelet 339 

number on the branches in all the treatments. Spikelet densities of the central spike and 340 

branches were calculated as spikelet numbers divided by central spike length and 341 

branch length, respectively. 342 

Emerged silk number per ear. At the end of pollen shedding, the primary ears (the 343 

topmost ears) of three randomly selected plants of each inbred line were sampled to 344 

determine emerged silk number per ear in 2022. The fresh ears were firstly stored in the 345 

refrigerator at -20 °C until counting the silks. All the silks that emerged from the husks 346 

were counted.  347 

Yield components and seed set. At the physiological maturity stage, the primary ears 348 

of 10 plants in two adjacent rows of each plot were harvested in all the treatments. 349 

Kernel or floret row number per ear and floret number and kernel number per row of 350 

all the harvested ears were counted to determine floret number per ear and kernel 351 

number per ear (KN/ear), respectively. KN/ear is calculated by multiplying kernel row 352 

number per ear and kernel number per row. For some ears that have very few kernels, 353 

all the kernels on the ear were counted. Floret number per ear was determined using the 354 

same method with KN/ear. Kernels of individual ears were threshed by hand and oven-355 

dried at 80 °C to constant weight, and three samples of 200 kernels were weighed and 356 

then adjusted to 14% water content to measure 1000-kernel weight (TKW). Grain yield 357 

(g/ear) was calculated by multiplying the TKW and KN/ear. The seed set was calculated 358 

as the percentage of KN/ear by the floret number per ear.  359 

Literature search strategy and selection criteria. To assess the ability of modern 360 

maize varieties to provide tassel pollen to ear silk, both under normal and high-361 



temperature conditions, we conducted a literature search using the keywords "Maize", 362 

"Corn", "tassel", "spikelet", "silk", "high temperature", "heat stress", "pollen viability", 363 

"pollen shed number" and "pollen shed weight" on three databases (CNKI, WanFang 364 

DATABASE, and Web of Science) from January 1, 2010 to April 1, 2023. Our search 365 

yielded 31 records in 5 articles related to spikelet number per tassel, 105 records in 6 366 

articles related to silk number per ear, and 261 records in 20 articles related to pollen 367 

viability and shed number (Supplementary Tables 2-4). 368 

Global meteorological data availability. We accessed regional coordinate point data 369 

for global maize cultivation from the "Global Spatially-Disaggregated Crop Production 370 

Statistics Data for 2010 Version 2.0" available at https://mapspam.info/. These data 371 

were downscaled to a resolution of 80 km for each cluster. Additionally, we acquired 372 

daily maximum temperature (Tmax, °C) data spanning from 2012 to 2022 from the 373 

database found at https://power.larc.nasa.gov/data-access-viewer/. Utilizing local 374 

agricultural practices for each region, we computed a 15-day average of Tmax during 375 

the flowering stage. 376 

Statistics. The values of tassel characteristics (i.e., spikelet number per tassel, spikelet 377 

opening angle, pollen viability and pollen shedding duration), ear characteristics (i.e., 378 

kernel row number per ear, floret number per ear, floret number per row, emerged silk 379 

number per ear, anthesis-silking interval, and anthesis-silking overlap duration), yield 380 

components and seed set across different environments were fit by a linear mixed model 381 

in R with the lme4 package to obtain the best linear unbiased estimator (BLUE) values 382 

as follows: 383 

𝑌𝑖𝑗 = µ + 𝐿𝑖𝑛𝑒𝑖 + 𝐸𝑛𝑣𝑗 + 𝑅𝑒𝑝𝑛 + (Line × Env)𝑖𝑗 + (Env × Rep)𝑗𝑛 + errorijn 384 

where µ is the mean, Linei is the genotype effect of the i-th inbred, Envj is the effect of 385 

the j-th environment, Repn is the effect of the n-th replication, (Line × Env)ij is the 386 

genotype–environment interaction, (Env × Rep)jn is the environment–replication 387 

interaction, and errorijn is the error of the j-th environment and the n-th replication. Items 388 



were set to random. The analysis of variance in meteorological factors (i.e., Tmax, 389 

Tmean, Tmin, rainfall and RH), tassel characteristics, ear characteristics, yield 390 

components and seed set were performed using SPSS Statistics 26.0. The differences 391 

between different types of inbred lines (i.e., CN1960&70s, CN1980&90s, 392 

CN2000&10s, Public-US, and Ex-PVP) were compared using the least significant 393 

difference test (LSD) at P<0.05. Correlations between meteorological factors, tassel 394 

characteristics, ear characteristics, yield components, and seed set were performed with 395 

Origin 2023. Variance relative importance was performed by using the R language 396 

randomForest package to calculate the relative contributions of central spike length, 397 

central spikelet density, branch number, branch length, and branch spikelet density to 398 

seed set. We specify a nonlinear fit using the Nonlinear different piecewise linear 399 

(PWL2) model: 400 

y= {
𝑎1 + 𝑏1𝑥
𝑎2 + 𝑏2𝑥

 401 

where y is the response variable (i.e., seed set), x is the dependent variable (i.e., spikelet 402 

number per tassel), a1 and a2 are intercepts, and b1 and b2 are regression coefficients. 403 

Reporting summary 404 

Further information on research design is available in the Nature Portfolio Reporting 405 

Summary linked to this article. 406 

Data availability 407 

Data are freely available on Figshare at https://doi.org/10.6084/9.figshare. 24257206. 408 

Source data are provided with this paper. 409 

Code availability 410 

A1l code used for analysis and figure creation are on Figshare at 411 

https://doi.org/10.6084/m9.figshare.24257206.  412 

 413 

https://doi.org/10.6084/9.figshare.%2024257206
https://doi.org/10.6084/m9.figshare.24257206


Reference 414 

1. Sultana, R. et al. Overview of quality protein maize and molecular breeding 415 

approaches for its development. Int. J. Biol. Sci 14, 533-542 (2019). 416 

2. Zhao, C. et al. Temperature increase reduces global yields of major crops in four 417 

independent estimates. Proc. Natl. Acad. Sci. USA 114, 9326-9331 (2017). 418 

3. Hedhly, A., Hormaza, J. I. & Herrero, M. Global warming and sexual plant 419 

reproduction. Trends Plant Sci. 14, 30-36 (2009). 420 

4. Dong, X. et al. Responses of maize with different growth periods to heat stress 421 

around flowering and early grain filling. Agric. For Meteorol. 303, 108378 422 

(2021). 423 

5. Higashitani, A. High temperature injury and auxin biosynthesis in 424 

microsporogenesis. Front. Plant Sci. 4, 47 (2013). 425 

6. Edreira, J. R., Carpici, E. B., Sammarro, D. & Otegui, M. E. Heat stress effects 426 

around flowering on kernel set of temperate and tropical maize hybrids. Field 427 

Crop. Res. 123, 62-73 (2011). 428 

7. Liu, M. et al. Dissecting heat tolerance and yield stability in maize from 429 

greenhouse and field experiments. J. Agron. Crop Sci. 208, 348-361 (2022). 430 

8. Cicchino, M., Edreira, J. R., Uribelarrea, M. & Otegui, M. E. Heat stress in 431 

field‐grown maize: Response of physiological determinants of grain yield. Crop 432 

Sci. 50, 1438-1448 (2010). 433 

9. Tian, M. et al. High temperature exposure did not affect induced 2n pollen 434 

viability in Populus. Plant Cell Environ. 41, 1383-1393 (2018). 435 

10. Wang, Y. et al. Flowering dynamics, pollen, and pistil contribution to grain yield 436 

in response to high temperature during maize flowering. Environ. Exp. Bot. 158, 437 

80-88 (2019). 438 

11. Yang, J. et al. Jasmonates alleviate spikelet‐opening impairment caused by high 439 

temperature stress during anthesis of photo‐thermo‐sensitive genic male sterile 440 

rice lines. Food Energy Secur. 9, e233 (2020). 441 

12. Jagadish, S. K. Heat stress during flowering in cereals–effects and adaptation 442 



strategies. N. Phytol. 226, 1567-1572 (2020). 443 

13. Chen, J. et al. Physiological mechanism underlying the effect of high 444 

temperature during anthesis on spikelet-opening of photo-thermo-sensitive 445 

genic male sterile rice lines. Sci. Rep. 10, 2210 (2020). 446 

14. Tao, L. X. et al. Effects of high-temperature stress on flowering and grain-447 

setting characteristics of Guodao 6. Acta Agron. Sin. 34, 609-674 (2008). 448 

15. Chiluwal, A. et al. Deterioration of ovary plays a key role in heat stress‐induced 449 

spikelet sterility in sorghum. Plant Cell Environ. 43, 448-462 (2020). 450 

16. Wang, Y. et al. Maximum lethal temperature for flowering and seed set in maize 451 

with contrasting male and female flower sensitivities. J. Agron. Crop Sci. 207, 452 

679-689 (2021). 453 

17. Wang, Y. et al. Heat‐dependent postpollination limitations on maize pollen tube 454 

growth and kernel sterility. Plant Cell Environ.  (2023). 455 

18. Welcker, C. et al. Physiological adaptive traits are a potential allele reservoir for 456 

maize genetic progress under challenging conditions. Nat. Commun. 13, 3225 457 

(2022). 458 

19. Liu, G. et al. Genetic gains in maize yield and related traits for high-yielding 459 

cultivars released during 1980s to 2010s in China. Field Crop. Res. 270,  460 

(2021). 461 

20. Duvick, D. Genetic progress in yield of United States maize (Zea mays L.). 462 

Maydica. 50, 193 (2005). 463 

21. Grassini, P., Eskridge, K. M. & Cassman, K. G. Distinguishing between yield 464 

advances and yield plateaus in historical crop production trends. Nat. Commun. 465 

4, 2918 (2013). 466 

22. Welcker, C. et al. Physiological adaptive traits are a potential allele reservoir for 467 

maize genetic progress under challenging conditions. Nat. Commun. 13, 3225 468 

(2022). 469 

23. Tollenaar, M. Physiological basis of genetic improvement of maize hybrids in 470 

Ontario from 1959 to 1988. Crop Sci. 31, 119-124 (1991). 471 

24. Wang, B. et al. Genome-wide selection and genetic improvement during modern 472 



maize breeding. Nat. Genet. 52, 565-571 (2020). 473 

25. Ren, W. et al. Genome-wide dissection of changes in maize root system 474 

architecture during modern breeding. Nat. Plants. 8, 1408-1422 (2022). 475 

26. Duvick, D. N., Smith, J. S. C., Cooper, M. & Janick, J. Long-term selection in 476 

a commercial hybrid maize breeding program. Plant Breed. 24, 109-151 (2010). 477 

27. Wang, X. et al. QTG-Miner aids rapid dissection of the genetic base of tassel 478 

branch number in maize. Nat. Commun. 14, 5232 (2023). 479 

28. Marceau, A., Loubet, B., Andrieu, B., Durand, B., Foueillassar, X., & Huber, 480 

L. Modelling diurnal and seasonal patterns of maize pollen emission in relation 481 

to meteorological factors. Agric. For Meteorol. 151, 11-21 (2011). 482 

29. Lizaso, J., et al. Impact of high temperatures in maize: Phenology and yield 483 

components. Field Crops Research 216, 129-140 (2018). 484 

30. Gao, Z., et al. Detasseling increases kernel number in maize under shade stress. 485 

Agric. For Meteorol. 280, 107811 (2020). 486 

31. Wang, Y. et al. High temperature sensitivity of kernel formation in different 487 

short periods around silking in maize. Environ. Exp. Bot. 183, 104343 (2021). 488 

32. Westgate, M. E., Lizaso, J. & Batchelor, W. Quantitative relationships between 489 

pollen shed density and grain yield in maize. Crop Sci. 43, 934-942 (2003). 490 

33. Ma, J., Skibbe, D. S., Fernandes, J. & Walbot, V. Male reproductive 491 

development: gene expression profiling of maize anther and pollen ontogeny. 492 

Genome. Biol. 9, 1-17 (2008). 493 

34. Begcy, K., Nosenko, T., Zhou, L. Z., Fragner, L., Weckwerth, W. & Dresselhaus, 494 

T. Male sterility in maize after transient heat stress during the tetrad stage of 495 

pollen development. Plant Physiol. 181, 683-700 (2019). 496 

35. Sánchez, B., Rasmussen, A., & Porter, J. R. Temperatures and the growth and 497 

development of maize and rice: a review. Glob. Chang. Biol. 20, 408-417 (2014). 498 

36. Ci, X. et al. Trends in Ear Traits of Chinese Maize Cultivars from the 1950s to 499 

the 2000s. Agron. J. 105, 20-27 (2013). 500 

37. Doebley, J. The genetics of maize evolution. Annu Rev Genet. 38, 37-59 (2004). 501 

38. Chen, W. et al. Convergent selection of a WD40 protein that enhances grain 502 



yield in maize and rice. Science. 375, eabg7985 (2022). 503 

39. Chen, X. M. et al. Stubby or slender? Ear architecture is related to drought 504 

resistance in maize. Front. Plant Sci. 13, 901186 (2022). 505 

40. Borrás, L., & Vitantonio-Mazzini, L. N. Maize reproductive development and 506 

kernel set under limited plant growth environments. J. Exp. Bot. 69, 3235-3243 507 

(2018). 508 

41. Cooper, M. et al. Predicting the future of plant breeding: complementing 509 

empirical evaluation with genetic prediction. Crop Pasture Sci. 65, 311-336 510 

(2014). 511 

42. Sacks, W. J., Deryng, D., Foley, J. A., & Ramankutty, N. Crop planting dates: 512 

an analysis of global patterns. Glob. Ecol. Biogeogr. 19, 607-620 (2010). 513 

43. Ilgin, M., Ergenoglu, F. & Caglar, S. Viability, germination and amount of 514 

pollen in selected caprifig types. Pak. J. Bot. 39, 9 (2007). 515 

Acknowledgements 516 

This work is supported by grants from the National Science Foundation of China 517 

(32272214) the 2115 Talent Development Program of China Agricultural University, 518 

Natural Science Foundation of Chongqing, China (cstc2021jcyj-msxmX0747), and 519 

Performance Incentive and Guidance Project for Scientific Research Institutions, China 520 

(cstc2022jxjl80028). 521 

Author contributions 522 

S.H. and Y.Z. designed the research. Y.Z., X.D., H.W., Y.L., X.L., Q.Y., and B.L. 523 

collected data. S.H., Y.Z., X.D. and L.J. contributed to data analysis. Y.Z. and X.D. 524 

wrote the manuscript with edits from J.G., S.H. and P.W. All authors read and approved 525 

the final manuscript. 526 

Competing interests 527 

The authors declare no competing interests. 528 


