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Abstract 16 

Climate change is rapidly altering local temperature regimes and in different ways across the 17 

landscape. To cope with these rapid changes, plant species must have the capacity to respond to 18 

changes in temperature stress or risk extinction. We compared temperature tolerance traits in 19 

Solanum carolinense populations from Texas and Minnesota to understand how a species adapts 20 

to extreme temperature stress. We examined traits in both the gametophytic and sporophytic 21 

stages to differentiate between these distinct phases of selection and determine whether there is a 22 

correlation between the two. We found that temperature sensitivity differed between populations 23 

of the south that face extreme heat regularly and northern populations that do not. The results 24 

were not completely consistent with our expectations, including counter-gradient results in both 25 

the sporophyte and gametophyte. There were also no correlations in temperature tolerance 26 

between the two life-stages, suggesting that there are different temperature tolerance strategies in 27 

the gametophyte and sporophyte. Our results support the adaptation of a potential avoidance 28 

mechanism to mitigate extreme heat in the gametophyte. These findings indicate that wild 29 

populations have the potential to adapt to rising temperatures due to climate change in the future. 30 
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Introduction 34 

Climate change is rapidly altering environmental conditions at the local level and in 35 

particular, temperature and precipitation regimes and the severity of weather events. How will 36 

plants, a mostly sessile taxonomic group, cope with these rapid changes? With the uprise of 37 

novel local conditions, there are three ways plants can respond while avoiding extinction; 38 

quickly adapt, tolerate changing conditions through plasticity in phenotype that allows 39 



acclimation to the new conditions, or shift ranges (Janzen 1967; Molina-Montenegro and Naya 40 

2012; Schlichting 1986). We conducted a study that focuses on the variation within populations 41 

and addresses the potential for the first two of these options in a widespread, weedy species.  42 

The conditions across a species’ range are almost always heterogeneous and can have a 43 

variety of selective pressures that act on the populations differently. Divergent selection in two 44 

locations can result in differing trait optima in the separate populations, leading to local 45 

adaptation (Kawecki and Ebert 2004).  46 

Temperature is a variable that can determine species distributions and can vary greatly in 47 

both severity and consistency with geographic region (Von Büren and Hiltbrunner 2022). Based 48 

on the IPCC Sixth Assessment Report (Seneviratne et al. 2021), temperatures are changing at 49 

unprecedented rates throughout the world. Spatial disparities in local conditions and past 50 

population-level responses can provide a clue to how a species might respond as global warming 51 

changes local conditions. Therefore, we seek to answer the question: how do populations of the 52 

same species persist in different temperature regimes?  53 

In this study, we compared plants from Minnesota and Texas and estimated temperature 54 

tolerance to extreme hot and cold conditions. Since temperature-based selection in the two life 55 

stages has the potential for inter-generational adaptations (thermotolerant pollen yields progeny 56 

with thermotolerant leaves), we incorporated variables from both the sporophyte and 57 

gametophyte. Sporophytic tolerance was measured using leaf measurements (net photosynthesis, 58 

chlorophyll content stability, and cell membrane stability) and the gametophytic variables were 59 

measured using pollen (pollen germination and pollen tube growth rate).  60 

The first objective was to determine if local thermal conditions have divergently selected 61 

for temperature tolerance traits and led to adaptations reflecting regional climate regimes. We 62 



hypothesized that if there was divergent selection and local adaptation of temperature tolerance, 63 

then the plants in the north would be more tolerant of cold stress and plants from the south would 64 

be more tolerant of heat stress. The second objective was to determine if there is a correlation 65 

between temperature tolerance in the gametophyte and sporophyte. If temperature stress is 66 

similar in both stages and gene expression patterns in the gametophyte and sporophyte overlap, 67 

then there is the potential for a positive correlation of temperature tolerance in the two life 68 

stages.  69 

Materials and Methods 70 

Species Description 71 

Solanum carolinense L. (Solanaceae), commonly known as horsenettle, is a weedy, 72 

herbaceous perennial that originated in southeastern North America. Solanum carolinense is in 73 

the Carolinense clade of the subgroup Leptostemonum characterized by abundant prickles and 74 

spines on the calyx of the flowers (Wahlert et al. 2014). Since all other species in this clade are 75 

neotropical, this species likely arose through dispersal to North America and independent 76 

diversification. Recently, this species has been reported in states across the United States, along 77 

both coasts, as far south as Texas and Florida and as far north as Minnesota and Idaho (Fig. 1). 78 

Solanum carolinense reproduces both sexually and asexually. Asexually, this species utilizes 79 

clonal recruitment by growth from rhizomes. This species is buzz-pollinated, meaning that a 80 

certain frequency of vibration must be applied to the anthers for pollen to release. The primary 81 

pollinators for this species are bumble bees. Once ovules are fertilized, a small, round, green to 82 

yellow tomato-like fruit develops on a truss and is dispersed by small mammals, such as skunks, 83 

and birds (Cipollini and Levey 1997). 84 



Plant Collection 85 

Solanum carolinense plants from three populations in Texas and two populations in 86 

Minnesota were collected between October 2019 and August 2020 (Fig. 1). The three southern 87 

populations were from Collin County, Texas near McKinney (Oil Patch: 33.173465 N, -88 

96.615402 W; Reserve: 33.159962 N, -96.619011 W; and Cemetery: 33.173672 N, -96.615096 89 

W).  The two populations from the north were from Houston County, Minnesota: Prairie Island 90 

(44.07959 N, -91.684545 W) and Frontenac (44.523056 N, -92.338611 W).  In Colin County 91 

TX, the average monthly low temperature is 18°C (65°F) and the average monthly high is 43°C 92 

(111°F). In Houston County, MN, the average monthly low temperature is -14°C (7°F) and the 93 

average monthly high is 29°C (85°F). 94 

Collections involved digging up and cutting rhizomes of at least 10 cm in length and 95 

placing them in ziplock bags. Rhizomes were stored in a cooler with blue ice and shipped to 96 

Fargo, ND, where the collections were stored in a 4°C refrigerator. The rhizomes were potted in 97 

one-gallon containers with a standard potting mix and grown throughout the summer of 2020. In 98 

October, all above ground matter was cut and the rhizomes were again stored in a 4°C 99 

refrigerator to induce a period of dormancy.  100 

Greenhouse Experiment 101 

After the dormancy period (3 months), equal sections of rhizome (at least 2 cm for thick 102 

rhizomes and increased lengths for thinner rhizomes) were cut to grow ramets (genetically 103 

identical copies) in 3.8 cm diameter cone-shaped containers in the greenhouse. In total, four 104 

ramets (blocks A, B, C, and D) were grown from each genet at separate times. We started 10 or 105 

12 ramets each week (sub-block 1-20), randomly selected from the 52 genets. Of the ramets 106 

planted each week, half were from the southern region and half were from the northern region. 107 

All ramets in block A were planted over five weeks prior to the planting of the ramets in block B 108 



and so on. Northern plants were paired with a southern plant and these pairs were randomly 109 

located on greenhouse benches. The plants were fertilized every other week with 10-10-10 110 

fertilizer and transplanted to larger, 4.5 L containers when they outgrew the small cone-shaped 111 

containers. After approximately 10 weeks, we began collecting sporophytic measurements from 112 

one sub-block per week. Gametophytic data were measured when plants began flowering. 113 

Sporophytic Traits 114 

Cell Membrane Stability 115 

In order to estimate tolerance of leaves to both heat and cold, we examined the cellular 116 

stability of leaf material when exposed to relatively high and low temperatures.  We used a 117 

handheld conductivity meter to measure cell membrane stability (CMS) of leaves after a 118 

temperature treatment following the protocol of Gajanayake et al. (2011) and Fang and To 119 

(2016). Two large, intact leaves were removed from the middle of a plant and rinsed with 120 

deionized water. One leaf was used for the high temperature treatment and the second leaf was 121 

used for the cold temperature treatment. Twenty rounds per leaf were punched from each leaf 122 

with a hole puncher. Ten of the 20 leaf rounds were placed in a test tube for each temperature 123 

treatment (high or low) and 10 were placed in a test tube for a control treatment.  124 

Prior to the high temperature treatment, 10 mL of deionized water was added to the 125 

control and temperature treatment test tubes. The high temperature treatment test tubes were 126 

placed in a water bath at 55°C for 20 minutes, while the control test tubes were left at room 127 

temperature. After exposure to heat, the heat treatment tube was moved to room temperature for 128 

10 minutes prior to the first conductivity measurement.  129 

The low temperature treatment test tubes were placed without water at 10°C for 24 hours 130 

followed by 24 hours at 4°C to acclimate the leaf rounds to cooler temperatures. The treatment 131 

tubes were then placed at -18°C for 1 hour. The control treatment tubes remained at room 132 



temperature for the total 49 hours. After the temperature treatment, 10 mL of deionized water 133 

were added to all tubes for both the treatment and control. The tubes were placed at room 134 

temperature for 1 hour prior to the first conductivity measurement.  135 

All tubes were then subjected to a maximum damage treatment after the first conductivity 136 

measurements to quantify maximum conductivity for each sample. All test tubes were placed in 137 

a water bath at 98°C for 1 hour and then left to cool at room temperature for 15 minutes before 138 

the second conductivity measurement. 139 

The cell membrane stability value (CMS) used for data analysis was calculated as one 140 

minus the proportion of treatment final conductivity to treatment group maximum conductivity 141 

divided by one minus the proportion of control final conductivity to control group maximum 142 

conductivity. Thus, larger values correspond with higher tolerance to temperature stress 143 

(Gajanayake et al. 2011). 144 

CMS =  1 − (Treatment୴ୟ୪୳ୣ Treatment୫ୟ୶)⁄1 − (Control୴ୟ୪୳ୣ Control୫ୟ୶)⁄  145 

Chlorophyll Content Stability 146 

Mishra et al. (2011) reported on the use of chlorophyll fluorescence as a measure of cold 147 

tolerance and Wahid et al. (2007) discussed the correlation between chlorophyll fluorescence and 148 

heat tolerance. We were interested in both cold and heat tolerance in this study. We used a 149 

chlorophyll meter (Opti-Sciences CCM-300) to measure chlorophyll content. The chlorophyll 150 

meter measures the fluorescence emitted at 735nm/700nm for a constant leaf area and uses a 151 

ratio based on experiments by Gittelson et al. (1998) to measure chlorophyll content in mg/m2. 152 

Two intact leaves were removed from the middle of the plant. One leaf was used for the heat 153 

treatment and the other was used for the cold treatment. Each leaf was cut in half and placed in a 154 

labeled petri dish. One half was placed in the treatment temperature and the other half was 155 



placed in a control setting at room temperature. The chlorophyll content was measured for both 156 

halves before and after the temperature treatment.  157 

The high temperature treatment was 60°C for 1 hour. The leaf halves in the cold 158 

treatment were subjected to 4°C for 1 hour followed by 1 hour in -18°C. The leaf halves were 159 

moved to room temperature for two hours prior to the second cold treatment measurement. 160 

Leaves in all treatments were kept in complete darkness. 161 

To control for initial variation in chlorophyll among individuals, we quantified 162 

chlorophyll content stability by incorporating the initial and final measurements for both the 163 

treatment and control into one value. The chlorophyll content stability ratio (CHPL) was 164 

calculated as the compliment of the difference between the proportions of the final treatment 165 

chlorophyll content to the initial treatment chlorophyll content and final control chlorophyll 166 

content to initial control chlorophyll content. Thus, larger values correspond with higher 167 

temperature tolerance. 168 

CHPL =  1 − ൬ Control୤୧୬ୟ୪Control୧୬୧୲୧ୟ୪ −  Treatment୤୧୬ୟ୪Treatment୧୬୧୲୧ୟ୪൰ 169 

Photosynthesis 170 

We used a LI-6400 infrared gas analyzer with a red/blue light source to measure net 171 

photosynthetic rate (µmol CO2m-2s-1) on leaves before and after the whole plant was exposed to 172 

the temperature treatment. The following settings were used for photosynthesis measurements: 173 

flow rate 500 μmol s-1, reference CO2 420 μmol CO2 mol-1, reference H2O 0 mmol H2O mol-1, 174 

ParIn_μml 400 μmol m-2 s-1.  175 

The high temperature treatment was 33°C and the low temperature treatment was 10°C. 176 

All four ramets, if alive, for the 52 genets were subjected to both treatments with a rest period of 177 

one week between them. The proportion of the photosynthetic rate measurement after the 178 



treatment to before was calculated as our measure of photosynthetic temperature tolerance (PS). 179 

Any ratio value below zero and above one was omitted prior to analysis. 180 

PS =  Net Photosynthetic rate୤୧୬ୟ୪Net Photosynthetic rate୧୬୧୲୧ୟ୪ 181 

Gametophytic Traits 182 

We measured two pollen traits as estimates of male thermotolerance during the 183 

gametophytic stage: 1) the propensity for pollen grains to germinate (pollen germination) and 2) 184 

the growth rate of pollen tubes while exposed to a range of temperatures. Once a plant from the 185 

north and from the south flowered, we removed a mature flower from both plants. Pollen from 186 

each flower was dispersed over five petri dishes containing 3% Bacto-Agar based growth 187 

medium (sucrose, Ca(NO3)2, MgSO4, KNO3, H3BO3) following the protocol of Reddy and 188 

Kakani (2007). The dusted plates were each placed at one of the five temperature treatments 189 

(10°C, 20°C, 25°C, 30°C, 40°C) for 16 hours in a refrigerator (10°C), Conviron E7/2 190 

environmental chamber (20°C), or three drying ovens (25°C, 30°C, 40°C). After the temperature 191 

treatments, each plate was covered with a thin layer of ethanol to halt further pollen tube growth 192 

and stored at 4°C until data collection could begin. Four pictures of each plate were taken using a 193 

microscope (Leica DM500 microscope, Leica ICC50 HD camera) and the LAS EZ 2.1.0 194 

software.  195 

Pollen germination (Germ) was measured by counting the number of pollen grains that 196 

produced pollen tubes and dividing that by the total number of pollen grains observed. All pollen 197 

grains in an image were counted until at least 100 pollen grains were observed. Pollen was 198 

considered germinated if it produced a tube that was at least half the diameter of the pollen grain. 199 

We used the percent of pollen grains with tubes out of the total number of pollen grains as our 200 

measure of pollen germination.  201 



Pollen tube growth rate (PTGR) was determined by first measuring the 10 longest pollen 202 

tubes in each of the 4 images using the software ImageJ (Schneider et al. 2012). The actual 203 

length of each tube was calculated by tracing the length of each tube, calculating length in pixels, 204 

and then calibrating each measurement with a stage micrometer. We calculated the mean of the 205 

20 longest tubes out of the 40 measured per plate and estimated growth rate by dividing the mean 206 

length by the time allowed for growth (16 hours).  207 

Data Analysis 208 

All data were analyzed in R 4.1.2 (R Core Team 2020). In order to measure differences in 209 

sporophytic traits between plant origins and among genets, we fit linear mixed effects models 210 

using the lmer function from the lmerTest package (Kuznetsova et al. 2017). Region (north vs. 211 

south) was considered the fixed effect and block (A, B, C, D) and genet nested in population as 212 

random effects. We dropped the genet nested in population term for cell membrane stability and 213 

both random effects terms for net photosynthetic rate to avoid overfitting the model. Since the 214 

genet nested in population term was significant for some variables, we compared population and 215 

genets independently. Populations were compared using a linear mixed effects model (lmerTest; 216 

function lmer) with population as the fixed effect and block as the random effect. We used an 217 

analysis of variance model in the stats package (R Core Team 2020), to determine if there were 218 

differences between genets for each of the sporophytic variables. Since there was a significant 219 

block effect in some of the variables, we compared plants from the north and south within block 220 

using a paired t-test (stats; function t.test). To determine if variation within the northern and 221 

southern regions differed, we used the Bartlett’s test of homogeneity of variance (stats; function 222 

bartlett.test). 223 

For the gametophytic variables, we fit temperature performance curves to the multiple 224 

temperature measurements taken for each plant that flowered using the nls.multstart function in 225 



the rTPC package (Padfield and O'Sullivan 2021). Of the 25 temperature performance curves 226 

available in the rTPC package, the quadratic_2008 and the weibull_1995 models had the lowest 227 

AIC values. The weibull_1995 model was eliminated from our analyses because maximum 228 

values extracted by the weibull_1995 model were infinite for some of the northern plants. From 229 

the quadratic curves of each plant that flowered, we extracted three key values for both pollen 230 

germination and pollen tube growth rate: the temperature minimum, temperature optimum, and 231 

temperature maximum. We then used the key values in an analysis of variance (stats; function 232 

aov) to determine if there were differences between region and among genets. One outlier was 233 

identified using the Grubbs’ test for outliers, grubbs.test function in the outliers package 234 

(Komsta 2011), and subsequently dropped from the analysis. 235 

We used correlation analysis (stats; function cor) using Pearson’s method to determine if 236 

there were any correlations between sporophytic and gametophytic variables. We conducted 237 

correlation analysis for all plants together and then the northern and southern plants separately. 238 

The Holm-Bonferroni method (stats; function p.adjust) was used to adjust p-values to account 239 

for multiple correlations. To incorporate relationships between all the variables and examine 240 

amalgamated differences among regions and populations, we conducted principal component 241 

analysis (PCA) (stats; function prcomp). We first conducted PCA on all the sporophytic 242 

variables and all gametophytic variables separately and then all variables collectively. 243 

Photosynthetic rate was not included in the collective PCA because of limited sample size. We 244 

extracted the eigenvalues for the first three principal components for all three PCAs. The 245 

eigenvalues for each principal component were compared for the two regions using t-tests (stats; 246 

function t.test). 247 



Results 248 

Sporophytic Variables 249 

Cell Membrane Stability 250 

When Solanum carolinense plants from the north were compared to the south, we found 251 

no significant difference in cell membrane stability following the hot treatment (HCMS), but 252 

there was a significant difference in the cold treatment (CCMS; Fig. 2, Table 1). Southern plants 253 

had significantly higher CCMS values than northern plants. We found a significant difference 254 

among genotypes in the hot treatment, but not in the cold treatment (Fig. 3, Table 1). For both 255 

the hot and cold treatments, there were significant differences between the populations. 256 

Population differences mostly followed the regional patterns in CCMS. For HCMS, one 257 

population (Oil Patch) from the southern region was less tolerant than all other populations 258 

(Supporting Information Fig. S1, Table S1). 259 

Because we could not grow all the experimental plants at the same time due to lack of 260 

space, we made the above comparisons among regions and genotypes in five different temporal 261 

blocks over the course of the spring and summer. To avoid confounding treatments with 262 

temporal effects, plants from different regions were paired with each other within blocks.  When 263 

we tested for the presence of block effects, we found significant effects for both hot and cold 264 

CMS (Fig. 4). Plants grown at different times in the greenhouse had different CMS ratios. We 265 

started growing the plants in the winter and early spring and outside temperatures gradually rose 266 

during that time (Supporting Information Fig. SI2). Acclimation to higher temperatures later in 267 

the year could account for the block differences observed. To remove block effects, we 268 

conducted paired t-tests of northern versus southern plants for each of the variables. When plants 269 

from the north and south were compared for HCMS, there was a significant difference between 270 

the regions (Fig. 4) but only in the first block. In that block, northern plants had a higher HCMS 271 



than those from the south. For CCMS, there was a significant difference between regions for 272 

blocks B and C (Fig. 4). In both cases, southern plants were more tolerant of the cold 273 

temperatures than northern plants. 274 

Chlorophyll Content Stability 275 

Chlorophyll content was measured before and after either a heat stress (HCHPL) or cold 276 

stress (CCHPL) and the calculated value that incorporates the two measurements was used as a 277 

proxy for temperature tolerance. As the CHPL increases, the individual sporophyte is more 278 

tolerant of the temperature treatment (Gajanayake et al. 2011). There was a significant difference 279 

between plants originating in the north and south for both the hot and cold treatments (Fig. 2). 280 

Northern plants were more tolerant of both heat and cold than were southern plants regardless of 281 

block (Table 1). We found a significant difference among individual genotypes (Fig. 3, Table 1) 282 

and populations (Supporting Information Fig. S1, Table S1) for the cold treatment, but not for 283 

the hot treatment. The two regions also differed in variation for HCHPL. In the hot treatment, 284 

northern plants had significantly more variation than southern plants (Bartlett’s test p-value = 285 

1.68E-4; Supporting Information Fig. S4).  286 

Net Photosynthetic Rate 287 

We used net photosynthetic rate after thermal stress as a physiological indicator of 288 

temperature tolerance. PS is the ratio of net photosynthetic rate after the treatment (heat or cold) 289 

divided by net photosynthetic rate before the treatment. Increasing PS indicates increasing 290 

temperature tolerance of either hot or cold thermal stress (Poudyal et al. 2019). For both the cold 291 

(CPS) and hot (HPS) treatments, there was no significant difference between north and south 292 

(Fig. 2, Table 1). There were also no significant differences among blocks and genotypes for 293 

both the hot and cold treatments. There was a significant difference between populations for CPS 294 

(Supporting Information Fig. S1, Table S1).  295 



Gametophytic Traits 296 

Pollen Germination 297 

Of all genets included in this study, 20 from the north flowered and 10 from the south 298 

flowered. The number of ramets that flowered for each genet differed, so the total number of 299 

plants that flowered were 32 from the north and 29 from the south. We fit quadratic curves 300 

(Supporting Information Fig. S5) to temperature performance profiles (Gajanayake et al. 2011) 301 

of each plant for pollen germination at five temperatures (Fig. 5). From the quadratic fit, we 302 

calculated the minimum (Tmin), maximum (Tmax), and optimal (Topt) temperature of pollen 303 

germination for each individual. There was a significant difference between regions for Tmax 304 

and Topt (Fig. 5, Fig. 6). Plants from the north germinated more readily at high temperatures and 305 

had higher thermal optima than plants from the south. There was no significant difference 306 

between the two regions for Tmin. The genets were significantly different from one another for 307 

Tmin, Tmax, and Topt (Fig. 7, Supporting Information Fig. S6). One outlier was identified using 308 

the Grubbs’ test for outliers and subsequently dropped from the analysis. 309 

Pollen Tube Growth Rate 310 

The pollen tube growth rates for each individual were also fit with a quadratic curve to 311 

estimate the Tmin, Tmax, and Topt. There were no significant differences between plants from 312 

the north and south for any of the three variables (Supporting Information Fig. S7). There were 313 

also no significant differences among genets (Supporting Information Fig. S8, Fig. S9). 314 

Correlations 315 

We used correlation analysis to identify relationships between hot and cold tolerance for 316 

the sporophytic and gametophytic variables. Pearson’s correlations were determined for all 317 

pairings of variables. When all plants were included, there were no significant correlations 318 

between the gametophytic and sporophytic variables (Supporting Information Fig. S10, Table 319 



S6). However, there were two significant correlation coefficients between gametophytic 320 

variables. Maximum and minimum pollen tube growth rate were positively correlated (r = 0.46). 321 

Maximum pollen tube growth rate and maximum pollen germination were positively correlated 322 

(r = 0.3).  323 

When the correlation analysis was performed on all variables for the regions separately, 324 

there were different results. For the northern plants, there were no significant correlations. The 325 

southern plant had one significant correlation between Tmin germination and Tmax germination 326 

(r = -0.63; Supporting Information Fig. S11).  327 

Principal Component Analysis 328 

We conducted principal component analysis to further explore relationships among all 329 

variables and the sporophytic and gametophytic variables separately. For the full PCA, we 330 

included all gametophytic and sporophytic variables, except HPS and CPS due to inadequate 331 

sample size. The first three principal components accounted for 57% of the variation (full PCA 332 

plots and loadings in the Supporting Information Fig. S13, Table S7). There was little divergence 333 

between regions. When the eigenvalues of the principal components were compared between 334 

regions, PC2 was the only principal component that showed a significant difference (t58 = -2.69, 335 

p = 0.0092). Chlorophyll content (HCHPL and CCHPL) loads primarily on PC2 and is likely 336 

driving the divergence between northern and southern plants.  337 

Sporophytic PCA 338 

In the sporophytic variables PCA, the first three principal components explained 60% of 339 

the variation. The variables HCMS and HPS primarily loaded on PC1 (Supporting Information 340 

Table S8, Table S9, Fig. S14). The second and third principal components were mostly 341 

influenced by CCHPL and HCHPL respectively. There was a significant difference between the 342 

regions for the eigenvalues extracted from both PC2 (t78 = -5.09, p = 2.39e-06) and PC3 (t101 = 343 



2.38, p = 0.019). The divergence in PC2 can be explained by the opposite responses we observed 344 

for CCMS and both chlorophyll content treatments. Northern plants have a higher chlorophyll 345 

content ratio for both treatments, while southern plants had less cell membrane damage in the 346 

cold treatment. PC1 did divide HCMS and CCMS, suggesting an antagonistic relationship 347 

between the two variables, though there was no correlation between the two that was statistically 348 

significant. Hot and cold treatment variables were also divided in PC3. HPS and HCHPL were 349 

opposite in direction to CPS and CCHPL.  350 

Gametophytic PCA 351 

In the gametophytic PCA, the first three components explained 92.5% of the variance. 352 

Pollen germination variables divided the northern and southern plants (Supporting Information 353 

Fig. S15). Tmax and Topt loaded evenly in the opposite direction of Tmin for both PC1 and PC2 354 

(Supporting Information Table S10, Table S11, Fig. S15). There was a significant difference 355 

between north and south for the eigenvalues extracted from PC2 (t46 = -3.17, p = 0.0025). PTGR 356 

variables loaded evenly on the first two principal components, indicated by the common diagonal 357 

direction among the PTGR variables (Supporting Information Table S10, Fig. S15).  358 

Discussion 359 

Regional Differences 360 

If Solanum carolinense has locally adapted to the respective temperature regimes in TX 361 

and MN, we would expect that plants from the north would be more tolerant of cold 362 

temperatures and plants from the south would be more tolerant of hot temperatures. In contrast to 363 

our expectations, northern plants were generally more tolerant of extreme heat than southern 364 

plants, but also had more variation in certain trait values.  Northern plants had higher chlorophyll 365 

content (HCHPL) and baseline cell membrane stability (HCMS; Fig. 4) under hot conditions, as 366 

well as higher maximum and optimal temperatures for pollen germination in comparison to 367 



southern plants (Table 1). Conversely, southern plants had increased tolerance for cell membrane 368 

stability in cold conditions (CCMS). These results suggest that adaptation to extreme 369 

temperatures is complex and may reflect avoidance strategies rather than physiological 370 

mechanisms to withstand thermal stress. 371 

There was no significant difference between regions for HCMS for all study plants 372 

together, but there was a significant difference for plants in block A. Temperatures in the 373 

greenhouse progressively rose throughout the spring and summer leading to a block effect in 374 

both the hot and cold treatments of CMS. In block A, northern plants had a higher HCMS, but 375 

this difference degraded in the later blocks during the times when greenhouse temperatures 376 

during plant development increased. The block effect on CMS may be due to S. carolinense’s 377 

capacity to induce heat tolerance as they acclimate to warmer conditions (Clarke et al. 2004). 378 

Block A is the best representative measurement of baseline heat tolerance for HCMS, and later 379 

blocks likely represent induced heat tolerance. This may be more dramatic in southern plants. 380 

Conversely, plants from the south had more stable cell membranes when exposed to an extreme 381 

cold treatment. This pattern may be due to constraints of adaptation to extreme heat or cold. 382 

Adapting to match the extreme environmental conditions may not be advantageous or possible, 383 

reducing the variation in a population for tolerance in extreme conditions. Thus, populations in 384 

locations that do not experience extreme temperatures on one end of the spectrum may have 385 

more variation than those that do experience extreme temperatures, leading to the counter 386 

gradient results we attained for CMS.  387 

Plants from the north had more stable chlorophyll content in both the hot (HCHPL) and 388 

cold treatments (CCHPL; Table 1). More stable chlorophyll content may be explained by 389 

northern plants experiencing a larger range of temperatures. Between 2018 and 2021, 390 



temperatures during the growing season (March to September) in Houston County, MN ranged 391 

from -28°C to 34°C (62°C difference), while in Collin County, TX they ranged from -7°C to 392 

42°C (49°C difference). Since the temperate conditions of Minnesota are more variable and 393 

rarely exceed temperatures likely to stop plant growth (Hatfield et al. 2011), populations in the 394 

north may have evolved to acclimate to temperature stress, while plants in the south do not.  395 

Furthermore, northern plants also had significantly more variation in HCHPL than southern 396 

plants. This may suggest that there is stabilizing selection occurring in the southern region for 397 

heat tolerance in chlorophyll content. Less variation in HCHPL in the south may contribute to 398 

the counter-gradient results we attained. If northern plants experience less heat stress selection 399 

and have greater variation, then there may be more potential to have individuals with high 400 

HCHPL. 401 

Pollen from the north had a higher propensity to produce pollen tubes (Germ) at high 402 

temperatures than their southern counterparts. Pollen germination was higher in pollen grains 403 

from the northern plants than those in the south for both Tmax and Topt (Table 1). The distinct 404 

difference between north and south suggests that there might be sensitivity to high temperatures 405 

and an adaptive response occurring. Since southern populations experience extremely high 406 

temperatures more regularly than northern plants, there may be an avoidance strategy in southern 407 

populations whereby pollen grains remain dormant at high temperatures. In contrast, there is no 408 

selection for dormancy at high temperatures in the north. Rutley et al. (2022) proposed the two-409 

baskets model categorizing pollen, which states that there are active (high-ROS) and backup 410 

(low-ROS) subpopulations of pollen within anthers of flowering species. The backup pollen have 411 

a lower metabolic rate than active pollen due to partial dehydration during development. The two 412 

subpopulations of pollen are adaptive and beneficial under different conditions as they allow for 413 



asynchrony in pollen germination, permitting some pollen to remain dormant in a stressful 414 

environment, such as extreme heat or drought, and grow pollen tubes later in more favorable 415 

conditions. Keller and Simm (2018) compared the transcriptome and proteome in Solanum 416 

lycopersicum (tomato) and determined that pollen have two responses during heat stress – direct 417 

and delayed translation and thus growth initiation. Luria et al. (2019) later showed that Solanum 418 

lycopersicum has pollen that fall in the backup and active groups, supporting the two-basket 419 

model in a species closely related to Solanum carolinense. We hypothesize that Solanum 420 

carolinense populations in the south have higher proportions of backup to active pollen grains 421 

than those in the north due to stronger selection from increased exposure to extreme heat in the 422 

south. Backup pollen that remains dormant would not be adaptive in northern populations, with 423 

little exposure to high temperature stress.  424 

There was a significant negative correlation between Tmax and Tmin germination in 425 

southern plants. This correlation supports the two-basket model. The negative correlation 426 

indicates that plants with pollen that germinate readily at high temperatures also germinate at low 427 

temperatures, while those that have a lower Tmax have a higher Tmin. Active pollen would 428 

germinate in any condition (extreme heat and cold stress). Backup pollen would not germinate as 429 

freely during stressful conditions. Since plants of the south may have evolved to have the dual 430 

pollen types, there may be more variation in pollen activity driving this correlation.  431 

There was no significant difference between northern and southern plants for net 432 

photosynthetic rate in both the hot and cold treatments. Net photosynthesis was the only 433 

sporophytic variable where the whole plant was placed in a temperature treatment and leaves 434 

were measured on the plant. The plant may compensate for temperature stress through 435 

physiological mechanisms, such as increasing transpiration. Therefore, the temperature 436 



treatments may not have stressed the plants to the extent that temperature tolerance for the 437 

northern and southern plants was distinguishable.  438 

The response of plants from the two regions to extreme cold were considerably more 439 

mixed.  There was no significant difference between northern and southern populations for Tmin 440 

of either pollen germination or pollen tube growth rate. Of all cold traits only two sporophytic 441 

traits (CCMS and CCHPL) differed between regions and were not consistent. Pollen may have a 442 

low temperature limit on physiological processes necessary for pollen tube growth that are 443 

consistent across all populations. 444 

Inter-Generational Relationships 445 

Tanksley et al. (1981) highlighted the association between selection in the gametophyte 446 

and sporophyte when they found a correlation between allozyme genes expressed in both stages. 447 

Based on their findings and several studies that followed (Hedhly et al. 2005; Pedersen et al. 448 

1987; Poudyal et al. 2019; Willing and Mascarenhas 1984), including studies on temperature 449 

tolerance (Hedhly et al. 2005; Poudyal et al. 2019), we hypothesized that there would be a 450 

correlation between temperature tolerance in the sporophyte and the gametophyte. Correlations 451 

between the two life stages have implications for the rate of temperature tolerance evolution. 452 

Selection in either stage for similar traits that are expressed independently would rapidly increase 453 

or decrease the allele frequency of associated genes in a population. Furthermore, in the 454 

gametophyte, there is a lack of dominance allowing selection to act on one allele (Beaudry et al. 455 

2020). The alleles selected for in the gametophyte can then affect traits in the sporophyte.  456 

There were no significant correlations between any of the gametophytic and sporophytic 457 

variables in our study, suggesting that there are different mechanisms mitigating temperature 458 

stress in the two stages. This is not the first study to find differences in patterns for extreme 459 

temperature tolerance in the sporophyte and gametophyte. Dominguez et al. (2005) conducted a 460 



study to determine if pollen selection can be used to improve cold tolerance in the gametophyte 461 

by selecting pollen from cold tolerant plants (sporophyte). They found that pollen selection did 462 

not improve pollen viability and formation in cold and explained their results by describing how 463 

the genes mediating cold stress may be expressed in the sporophyte tissue surrounding the site of 464 

pollen formation, rather than the pollen grains themselves.  465 

Another explanation for the lack of coordinated response to temperature stress between 466 

the two life stages is that horsenettle has not been located in MN and TX long enough for 467 

selection to act on the populations. All populations included in this study were located toward the 468 

edge of the range for this species. Time for selective pressures to act on the populations may be 469 

insufficient for local adaptation to occur. The first record of Solanum carolinense in Minnesota is 470 

from 1939 and in Houston County 1975 (Bell Museum Plants, Minnesota Biodiversity Atlas; 471 

The University of Minnesota). The first record in Texas is from 1917 and the closest record of 472 

horsenettle to Collin County is from 2011 (Lundell Herbarium, Billie L. Turner Plant Resources 473 

Center; The University of Texas at Austin).  474 

Our results are consistent with a process of local adaptation due to temperature acting as 475 

a selective pressure. The results of this study do not completely support our original predictions 476 

based on the assumption that northern latitudes are simply cooler than southern latitudes. The 477 

measurements of chlorophyll content did provide some evidence that populations from areas 478 

with larger thermal ranges, such as those in higher latitudes, have more variation and possibly 479 

more phenotypic plasticity, which is consistent with the climate variability hypothesis. The block 480 

effects observed in both HCMS and CCMS also suggest that there is plasticity in the phenotype 481 

when exposed to long-term changes in ambient temperature. Lastly, we found evidence of 482 



southern plants avoiding pollen germination in high temperatures by increasing the proportion of 483 

backup to active pollen.  484 

These results could inform restoration efforts by changing the way we think about seed 485 

sourcing and adaptive potential in a rapidly changing environment. Seeds from the south may 486 

have evolved stress responses to temperature that are lacking in northern populations or vice 487 

versa. The evidence for the two-basket model in a wild species is also a novel finding that could 488 

add to our perception of the influence gametophytic traits have on species persistence in extreme 489 

environments. 490 
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Tables 596 

Table 1. Results from the mixed linear model for the difference in region (north vs south) and the 597 
one-way analysis of variance results for the difference between individual genets. Statistical 598 
values reported in the Supporting Information (Table S2), as well as results from a mixed model 599 
using only control values (Supporting Information Table S3). 600 

    Region Genet 
  Variable Expected Observed p-value Observed p-value 

Sp
or

op
hy

te
 Cell Membrane Stability (Heat) S > N - 0.0610 Yes 0.013 

Cell Membrane Stability (Cold) N > S S > N 0.012 No 0.886 
Chlorophyll Content (Heat) S > N N > S 0.041 No 0.380 
Chlorophyll Content (Cold) N > S N > S 9.96E-11 Yes 1.05E-07 
Photosynthetic Rate (Heat) S > N - 0.997 No 0.127 
Photosynthetic Rate (Cold) N > S - 0.770 No 0.883 

G
am

et
op

hy
te

 Pollen Germination (Tmax) S > N N > S 3.70E-4 Yes 0.025 
Pollen Germination (Topt) S > N N > S 6.85E-4 Yes 0.035 
Pollen Germination (Tmin) S > N - 0.331 Yes *0.014 
Pollen Tube Growth Rate (Tmax) S > N - 0.568 No 0.418 
Pollen Tube Growth Rate (Topt) S > N - 0.770 No 0.608 
Pollen Tube Growth Rate (Tmin) S > N - 0.683 No 0.496 

* Outlier removed. Bolded values: statistically significant (α=0.05).  601 



Figure Legends 602 

Fig. 1 Map with collection sites. Northern sites in blue and southern sites in red. Grey points 603 
indicate sites where Solanum carolinense was observed (EDDMapS 2022). 604 

Fig. 2 Regional differences for temperature tolerance traits including hot and cold cell membrane 605 
stability (HCMS, CCMS), hot and cold chlorophyll content stability (HCHPL, CCHPL), hot and 606 
cold net photosynthetic rate (HPS, CPS). The center line of boxplot is the median value for the 607 
region. Shared letters represent statistically non-significant differences between regions. 608 
Variables with significant differences denoted with asterisks: CCMS (F1,50 = 7.792, P = 0.006), 609 
HCHPL (F1,51 = 4.334, P = 0.043), and CCHPL (F1,50 = 64.652, P = 1.6e-10). 610 

Fig. 3 Genotype differences for temperature tolerance traits including hot cell membrane 611 
stability (HCMS) and cold chlorophyll content stability (CCHPL). Genets are ordered by 612 
increasing ratio for each variable. The center line in boxplot is the median of the measurements 613 
among the ramets of one genet. There is a significant difference among the genets for HCMS (F 614 
= 1.5, P = 0.029) and CCHPL (F = 3.341, P = 6.1e-9). Plots of genet effect for other variables are 615 
in Supporting Information (Figure S3).  616 

Fig. 4 Cell membrane stability across temporally independent blocks and colored by region. The 617 
center line of the boxplot is the median of the measurements taken for each region within a 618 
ramet. There is a significant difference between blocks for hot cell membrane stability (HCMS, P 619 
= 0.0297) and cold cell membrane stability (CCMS, P = 7.30e-05). Asterisks indicate a 620 
significant difference between regions from a paired t-test of regions for each block 621 
independently. There was a significant difference between regions for HCMS block A (t = -622 
2.910, P = 0.015), CMS block B (t = 2.190, P = 0.040), and CMS block C (t = 2.073, P = 0.049). 623 
Results from paired t-tests between blocks for each variable located in the Supporting 624 
Information (Table S4). 625 

Fig. 5 Percent germination and mean pollen tube growth rate (PTGR) for Solanum carolinense 626 
pollen grains from the north (blue) and south (red) across a temperature gradient (10°C, 20°C, 627 
25°C, 30°C, 40°C). Thin lines and points represent each individual plant that flowered. Thick 628 
lines indicate the mean value for the region at each temperature.  629 

Fig. 6 Estimates for the maximum (Tmax), optimal (Topt), and minimum (Tmin) germination 630 
temperature extracted from quadratic fits of the germination data for each individual. Asterisks 631 
and different letters indicate significant differences. There was a significant difference between 632 
regions for Tmax (F = 14.28, P = 3.7E-4) and Topt (F = 12.85, P = 6.85E-4). 633 

Fig. 7 Boxplots of the maximum (Tmax), optimal (Topt), and minimum (Tmin) pollen 634 
germination temperatures by genet. There was a significant difference between the genets for 635 
Tmax (F = 2.064, P = 0.025), Topt (F = 1.952, P = 0.035), and Tmin (F = 2.284, P = 0.0135). 636 
The asterisk indicates the outlier removed for analysis.   637 
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