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Abstract 25 

 26 

In hybridisation experiments, the productivity improvement and the modification of morphologies 27 

and chemical compositions were recently demonstrated for Macrocystis sporophytes in the 28 

Southeastern Pacific. However, the plasticity for gametogenesis environmental requirements in 29 

hybrid crosses have not been studied, even though such plasticity is a key aspect to design kelp 30 

breeding programs or to implement restoration set-ups. Effects of temperature (9 – 18 ºC) and 31 

photon irradiance (10 – 120 μmol photons m-2 s-1) were estimated for reproductive success (RS) 32 

and sex ratio in an integrifolia x pyrifera inter-cultivar cross. As starting materials for breeding, we 33 

used i) clonal gametophytes (i.e. strains from culture collection germplasms) and ii) sporulation 34 

products (e.g. gametophytes from sporophylls), producing inter-locality crosses and their respective 35 

intra-locality controls. In germplasm-originated cultures, integrifolia (integrifolia ♀ x integrifolia ♂) 36 

and pyrifera (pyrifera ♀ x pyrifera ♂) controls and pyrifera ♀ x integrifolia ♂ crosses resulted in 37 

healthy progenies, but the reciprocal mate integrifolia ♀ x pyrifera ♂ was inviable. Overall, the 38 

viable hybrid and pyrifera crosses showed the highest reproductive success (RS) up to 14°C and 50 39 

μmol photons m-2 s-1. Towards higher conditions of temperature and light the hybrid and integrifolia 40 

combinations showed better RSs. In sporophyll–originated experiments, we compared the RS in 41 

gametophytes from integrifolia and pyrifera sporophytes but also from F1 hybrids cultivated in tanks 42 

in northern Chile, under similar temperature and irradiance gradients. The lowest reproductive 43 

successes were also detected in integrifolia, although this morph demonstrated a more stable sex 44 

ratio throughout thermal gradient. In this case the hybrid gametophytes were less prolific than in the 45 

germplasm trials, but such hybrid combination performed better than the controls at higher 46 

temperatures (16-17°C). Once optimum irradiances and temperature from different studies along 47 

the Chilean coast are clustered together against their location, they showed an inverse correlation 48 

between optima and a latitudinal gradient for Macrocystis gametogenesis. In such scenario, our 49 

crosses cultivated in northern Chile (sporophyll-generated) showed optima towards much higher 50 

conditions especially for irradiance. The hybrid gametophytes performed similarly to integrifolia 51 

potentially as a result not only from an integrifolia genetic background but also from the cultivation 52 

conditions of their sporophyte parents in northern Chile. Implications of these results are discussed 53 

in ecological and aquaculture contexts. 54 

 55 

Keywords: temperature; irradiance; giant kelp; hybrid; reproductive success; sex ratio. 56 

 57 
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Introduction 59 

 60 

The giant kelp Macrocystis pyrifera (Laminariales) is one of the most noticeable organism 61 

in temperate marine ecosystems along South-eastern Pacific (Westermeier et al. 2014a; 62 

Mora-Soto et al. 2020). As marine forests, its populations support rich communities of 63 

animals, microorganisms and other algae (Schiel and Foster 2015). Particularly in Chile, 64 

Macrocystis occurs along its entire latitude, although two different morphs may develop: 65 

integrifolia in the north and pyrifera in central and southern Chile (Hoffmann and 66 

Santelices 1997) (Fig. 1a). For many years these two were considered well-delimited 67 

distinct species, due to marked morphological differences (e.g. holdfast morphology, size, 68 

growth pattern) that concomitantly fit within well-delimited habitats (Westermeier et al. 69 

2007). At molecular phylogeny level, nevertheless,  it is confirmed they belong to the same 70 

species, and currently all their morphs are regarded as heterotypic synonyms, with M. 71 

pyrifera as the only accepted taxonomic unit (Macaya and Zuccarello 2010a; Guiry and 72 

Guiry 2020).  73 

 74 

M. pyrifera represents not only one of the key-structuring elements of Chilean marine 75 

communities but also a key fishery resource (Graham et al. 2007), and currently it is 76 

strongly exploited for human food, abalone feed, alginates extraction and, lastly, second-77 

generation biofuels (Camus et al. 2016; Ferdouse et al. 2018). The giant kelp is one of the 78 

top candidates for seaweed aquaculture in Chile, and one of the most important seaweed 79 

resources due to its remarkable productivities in the wild and also in culture (Westermeier 80 

et al. 2014a; Buschmann et al. 2017). With the increase of worldwide seaweed culture 81 

sector by 8% the last years (FAO 2020), breeding programs started to attract interest from 82 

public and private sectors in order to fulfil a global  increasing seaweed demand (Goecke 83 

et al. 2020). The interest for high amounts of this brown alga has generated the 84 

development of cultivation techniques all over the country, based on i) natural populations 85 

spore supply (Westermeier et al. 2005; Gutierrez et al. 2006; Macchiavello et al. 2010), ii) 86 

transplant of holdfast fragments fastened to long-lines or other substrates (Westermeier et 87 

al. 2013a) and iii) isolation and vegetative propagation of unisexual gametophyte clones 88 

and their subsequent outbreeding (Westermeier 2004; Westermeier et al. 2006, 2010, 89 

2011; Barrento et al. 2016; Müller et al. 2016). This latter approach has allowed the design 90 
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of the first breeding programs in Chile, including the formation of high-performance hybrids 91 

between parental integrifolia and pyrifera morphs, from northern and southern Chile 92 

respectively (Westermeier et al. 2007, 2010). 93 

 94 

In general terms, heterosis (i.e. hybrid vigor) involves the higher performance of hybrids 95 

over the mean of their two parents (Syed and Chen 2005). In-vitro pyrifera x integrifolia 96 

mating may end up in sexual compatibility, and the resulting sporophytic hybrid (pyrifera ♀ 97 

x integrifolia ♂) can reach a larger size and biomass development up to 30% (Westermeier 98 

et al. 2010, 2011), a considerably ca. 10% higher protein composition (Westermeier et al. 99 

2012) and even a higher survivorship (three times more) in heavy metals-polluted habitats 100 

(Westermeier et al. 2013b). Furthermore, hybrid (pyrifera ♀ x integrifolia ♂) sporophytes 101 

can exhibit higher growth rates than non-hybrid plants in non-native locations 102 

(Westermeier et al. 2011), demonstrating a tolerance versatility under several abiotic 103 

factors (i.e. light and temperature). Within these trials, the cross-fertilization between 104 

strains pyrifera Teu ♀ x integrifolia PBH ♂ is often induced in our facilities to develop 105 

hybrid sporophytes, since they showed advantages in comparison to other crosses from 106 

our culture collection: higher sporophyte yield in laboratory, faster growth rates in northern 107 

Chile farms, higher survival in the sea independent to outplanting seasons, and a unique 108 

morphology with wide fronds (Westermeier 2009; Westermeier et al. 2010, 2011). In 109 

farms, such hybrids normally developed sporangial sori before ca. 4 months (Westermeier 110 

and Patiño. unpublished). Nevertheless, resulting pyrifera ♀ x integrifolia ♂ gametophytes 111 

normally are sterile under our default laboratory set-ups (i.e. constant temperature, 112 

irradiance, daylength and salinity in laboratory; for details see Materials and methods 113 

section).  114 

 115 

Hybrid vigour is one of the cornerstone aspect for crop improvement in several plants 116 

(Goulet et al. 2017) and its use in seaweed aquaculture is increasing over the last decade 117 

(Hwang et al. 2019). However, the optimum conditions to generate hybrids has not been 118 

assessed for gametophytic life stages in the giant kelp. In some cases, the recorded 119 

environmental conditions for sexual maturation in integrifolia and pyrifera morphs can be 120 

very contrasting (Westermeier et al. 2006; Macchiavello et al. 2010), potentially due to 121 

remarkable differences in their habitats’ conditions [e.g. 2000 km separates B. Inglesa 122 
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(northern) from Puerto Montt (southern Chile)]. More importantly, it is not clear if such 123 

tolerance to environmental factor can be inherited to subsequent generations. The 124 

evaluation of this performance, either during gametophyte formation (e.g. sex proportion) 125 

and reproductive success, corresponds to the overarching aim of this study. For the first 126 

time, we obtained a fertile progeny from our hybrids, that provided us an invaluable 127 

opportunity to i) demonstrate that pyrifera x integrifolia hybrids can develop viable F2 128 

progeny  under optimum conditions and ii) that such daughter generations may adjust their 129 

optimum tolerance for environmental conditions during gametogenesis, which in selected 130 

crosses can be exploitable for aquacultural purposes. 131 

 132 

Materials and Methods 133 

 134 

Germplasm-originated cultures 135 

Clonal integrifolia (strains Mint PBH ♀ and ♂) and pyrifera (Mpyr Teu ♀ and ♂) 136 

gametophytes were obtained from the seaweed germplasm at the Laboratorio de 137 

Macroalgas y Ficopatología, Universidad Austral de Chile (UACh), in Puerto Montt. Such 138 

strains were isolated from independent sporophytes, and are routinely used in culture 139 

experiments since sporophytes from one of their combination (pyrifera Teu ♀ x integrifolia 140 

PBH ♂) normally grow faster in laboratory conditions. These gametophytes have been 141 

maintained with Provasoli enriched seawater (PES, Starr and Zeikus, 1993) at 3 – 6 μmol 142 

photons m–2 s–1 (white light), 10°C, and daylength 12 h day-1 for more than 20 years, in 143 

order to encourage vegetative propagation and reversible sterility (Westermeier et al. 144 

2006). Gametophytes clumps were fragmented using sterile mortars and pestles, letting 145 

them recovery (same culture conditions as for the maintenance) at least one week before 146 

starting the experimental set-up. By putting approximately 5 mg per sex in plastic bags 147 

with 80 ml PES under higher irradiance and temperature regimes, we triggered 148 

gametogenesis and aim to produce inter- (pyrifera ♀ x integrifolia ♂; integrifolia ♀ x 149 

pyrifera ♂) and intra- cultivars (i.e. controls; integrifolia ♀♂, pyrifera ♀♂) (for details on the 150 

set-up see Fig. 2). Such conditions were simulated on an irradiance/temperature 151 

aluminium gradient plate (Murúa et al. 2013), and four replicates per treatment were 152 

separately exposed to the following conditions: 153 
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a) Ten different temperatures (9 – 18° C, Δ1° C), under a constant irradiance regime 154 

(50 µmol m-2 s-1). 155 

b) Seven irradiance levels (10, 20, 30, 50, 70, 90 and 120 ± 5 μmol photons m–2 s–1), 156 

under a constant temperature regime (14º C). 157 

Daylength was set up at 12 h day-1 with white, fluorescent lights (General Electric, 35 W). 158 

For light calibration we used an irradiance meter (QSL – 2100, Biospherical Instruments 159 

Inc.). Salinity (30 ± 1.5 PSU) and pH (8 ± 0.3) remained constant throughout the 160 

experiments in all treatments. When final conditions were different from maintenance, 161 

samples were pre-incubated in ascending series of temperature and/or irradiances until 162 

reach final experimental condition (e.g. 20-30 min at 10, 20, 30, 50, 70, 90, and 120  μmol 163 

photons m–2 s–1 for highest irradiance condition tested).  164 

 165 

Sporophyll-originated cultures 166 

Sporophylls from four independent M. pyrifera (F1) hybrids (pyrifera Teu ♀ x integrifolia 167 

PBH ♂) resulting from the previous set-up (Germplasm-originated cultures) were collected 168 

in summer 2012 from a 1000-L tank within a greenhouse facility at Bahia Inglesa (27º 05’ 169 

S), northern Chile, and transported to the laboratory. We tried to cultivate the hybrids from 170 

the same batches in our facilities in Puerto Montt (UACh, 41º 29’ S), but they did not show 171 

sporophyll development during the cultivation time. Same number of sporophylls from the 172 

intra-cultivar controls integrifolia and pyrifera were obtained from greenhouse installations 173 

at Bahia Inglesa (Fig. 1b). Procedures for their sporulation and subsequent cultivation 174 

were performed according to Westermeier et al. (1989). Sorus areas on different mature 175 

sporophylls were cut out with a razor blade and washed thoroughly in freshwater. After 1 176 

min they were blotted dry with a towel, introduced into a sealable and sterile polyethylene 177 

bag and stored dark in a household refrigerator at 8º C. One day later, PES was added in 178 

the same bags, roughly 80 mL per 80 cm2 sorus tissue. After 30 - 60 minutes an orange-179 

coloured suspension of swimming spores resulted, and sori were removed. Spore density 180 

was determined with a haemacytometer and standardized at 20,000 cells ml-1. Plastic 181 

bags -that contained spore suspensions from at least three different individuals- were 182 

disposed under the same treatments of temperature and light that germplasm-originated 183 

studies, in four independent replicates (every bag was considered as a replicate, n = 4). To 184 

avoid diatoms blooms, we followed Shea and Chopin (2007) suggestions, adding 0.1 mg 185 

L-1 GeO2 to our PES medium on a weekly basis, until zygote formation was observed. 186 
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 187 

Reproductive success 188 

Reproductive success is normally a proxy that reflects the relative fecundity, extrapolatable 189 

to the number of sporophytes that will be produced from a certain inoculum (Murúa et al. 190 

2013). Since fecundity needs optimal conditions to happen, it is also used as a fitness 191 

proxy during reproduction. Every week, 1-ml aliquots from each replicate were taken, and 192 

samples were observed under light microscopy. Values for reproductive success (RS) 193 

were determined in both germplasm- and sporophyll-originated crosses after two and four 194 

weeks, by analysing 120 female individuals per replicate (although only data from two 195 

weeks is presented, since both time periods showed the same pattern for RS). Total 196 

gametophytes bearing zygotes or early sporophytes were distinguished to sterile 197 

gametophytes, after Murúa et al. (2020, 2013): 198 

 199 

RS = S / (G + O + S), where  200 

 201 

S is the number of female gametophytes with zygotes (oval shaped) or microscopic 202 

sporophytes  203 

G is the number of female gametophytes without oogonia.  204 

O is the number of female gametophytes with oogonia  205 

All indexes were transformed to percentage values. 206 

 207 

As evidence for fertilized eggs, we considered either the zygotes released form the female 208 

gametophytes or dividing embryos also detached from the female gametophyte. 209 

Eggs/embryos/ small sporophytes developing from a somatic female gametophyte cell 210 

were considered as apogamic products (Müller et al. 2019), and therefore not counted as 211 

fertilized. 212 

 213 

Sex ratio determination 214 

Additionally, in sporophyll-originated experiments female:male ratios (F:M) were quantified 215 

after two weeks in each temperature and irradiance treatment, by identifying and counting 216 

200 gametophytes of each replicate (n = 4). Whereas male gametophytes (M) form highly 217 

branched uniseriate filaments with small cells, larger cells and filaments with few branches 218 
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distinguish female gametophytes (F). Sex ratio was expressed as the frequency of female 219 

gametophytes per inoculum (Oppliger et al. 2011): 220 

 221 

F:M = F / (F + M). 222 

 223 

Meta-analysis for gametogenesis conditions across a latitudinal gradient in Chile 224 

Laboratory cultivation of the Pacific giant kelp has been a keystone aspect for its 225 

aquaculture in Chile. As such, M. pyrifera cultivation has been attempted by several 226 

independent research groups, aiming for optimal temperature and irradiance condition for 227 

fertilization. Since our set-ups lack of biological replicates (all comes from the same strains 228 

combination), we used data from bibliography to detect signatures for light and 229 

temperature plasticity for gametogenesis and their relation to latitudinal gradients, that may 230 

suggest acclimation patterns generated during sori formation. We extracted from 17 231 

sporophyll-originated studies along the Chilean coast the optimum temperature and 232 

irradiance values for female gametophyte fertilization (See Suppl. Tables 1 and 2), and the 233 

associated latitudinal coordinates from where the wild material was originated. In case a 234 

range was concluded as optimum in such experiments, we calculated the average 235 

between the extreme values of such studies. 236 

 237 

Data analysis 238 

Statistical analyses were perform using R (R Core Team 2018). In order to demonstrate 239 

differences in reproductive success and sex ratio at morph, temperature and irradiance 240 

levels, data was fit to generalized linear mixed models  using the {glmer} function of the 241 

“lme4” package (Bates et al. 2015), where the inoculum ID and the sporophyll origin were 242 

defined as random effects for germplasm- and sporophylls-originated experiments, 243 

respectively. Best model for each proxy was selected after fitting with different family 244 

errors based on AIC comparisons, with overdispersion between 0.1 – 1.2, including 245 

interactive effects; thus, data was fitted either with Gaussian or Gamma error families 246 

(Tables 1 and 2; Suppl. Table 3). In such comparisons we used temperature/irradiance 247 

and morph as fixed factors, where we included their additive or interactive effect on the 248 

dependant variables of the models. Pairwise comparisons were done applying Tukey tests 249 

on the GLMM models using the library “lsmeans” (Lenth 2016). Furthermore, in order to 250 

find correlation trends between optimum temperature or irradiance for gametophyte 251 
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reproduction in Chilean M. pyrifera and their respective latitudinal coordinate (across 252 

Chilean coastline), linear mixed models were performed (Bates et al. 2015), using the 253 

morph (pyrifera – integrifolia) as random effect. If needed, data was transformed to fulfil 254 

assumptions of normality and homoscedasticity, which were tested using Q-Q plots 255 

(Venables and Ripley 2010) and Levene tests, respectively..  Plots were drawn using 256 

ggplot2 (Wickham 2009).  257 

 258 

Results  259 

 260 

Germplasm-originated cultures  261 

From a total of four mates, the cross integrifolia ♀ x pyrifera ♂ was the only unviable, and 262 

gametophytes remained alive but sterile in any condition tested. On the other hand, its 263 

reciprocal pyrifera ♀ x integrifolia ♂ cross and controls integrifolia ♀♂ and pyrifera ♀♂ 264 

(coded hybrid cross, integrifolia and pyrifera respectively) reached sexual maturity and 265 

subsequent zygote and embryo formation.  266 

 267 

For temperature requirements, after two weeks both hybrid and pyrifera crosses achieved 268 

the highest reproductive outputs (> 70%) between 12 to 14ºC, performance that reduced 269 

from 15°C onwards (Fig. 3). The hybrid has a significantly higher success in comparison to 270 

the controls from 15ºC – 16 °C (p < 0.05), whereas for temperatures ≥ 17°C the hybrid and 271 

the integrifolia crosses performed better altogether. integrifolia did not exceed 40% of 272 

gametophyte fertilization, although they performed slightly better at higher temperatures. 273 

For irradiance requirements, reproduction success was statistically different between the 274 

three crosses between 10 – 50 μmol photons m–2 s–1 (Fig. 3; Table 1). This situation 275 

shifted towards higher irradiance levels (90 - 120 μmol photons m–2 s–1) where the hybrid 276 

cross performed better than the controls (Fig. 3). Overall, statistical differences were 277 

detected at morph, temperature/irradiance levels, as well as their morph x 278 

temperature/irradiance interaction (p < 0.05; Table 1). Optimal reproduction was obtained 279 

under 9 – 15ºC and 30 – 70 µmol photons m-2 s-1 pyrifera mates, 11 – 16 ºC and 30 – 90 280 

µmol photons m-2 s-1 for the hybrid and 12 – 16ºC and 50 – 70 µmol photons m-2 s-1 for 281 

integrifolia (Fig. 4; Suppl Figs. 1 and 2). From 18ºC and 120 µmol m-2 s-1 onwards the 282 
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reproduction is very limited, regardless the strain (Fig. 3). This tendency continued after 4 283 

weeks. 284 

 285 

Sporophyll-originated cultures 286 

In general, F2 (sporophyte) hybrids are very difficult to obtain, since F1 pyrifera ♀ x 287 

integrifolia ♂ sporophytes are often sterile, or if they develop sori, the resulting 288 

gametophytes did not develop oogonia and/or antheridia in conditions we consider 289 

optimum for the species (Westermeier and Patiño, unpublished). The present study 290 

corresponds to the second successful progeny within more than 20 attempts in almost ten 291 

years. In this case, zygote formation was possible from gametophytes originated from F1 292 

hybrid plants growing in a greenhouse installation at Bahia Inglesa. Sporophylls developed 293 

from F1 hybrid plants were collected during the second semester 2012. The ontogenic 294 

steps for such gametophytes followed the Laminarean pattern, from spore germination, 295 

gametophyte formation and subsequent fertilization (Westermeier et al. 2007). No aberrant 296 

morphologies were detected till hybrid sporophytes reached few mm, when they turned 297 

crippled and suddenly died off. Control sporophytes also died, as the set-up (i.e. Petri 298 

dishes) was not the most appropriate to cultivate such stage. 299 

 300 

Even though zygote formation was feasible, the reproductive success was considerably 301 

lower in contrast of the hybrid generation from germplasms (Fig. 5; Suppl Figs. 3 and 4). 302 

We detected differences between morphs, their temperature/irradiance optima, and the 303 

interactions between morphs x temperature/irradiance optimal requirements (p < 0.05; 304 

Table 1), similarly to germplasm-originated experiments. The highest RS were obtained by 305 

pyrifera, in 9 – 15ºC and 50 – 120 µmol m-2 s-1 (Figs. 4 and 5; Suppl Figs. 3 and 4). The 306 

lowest reproductive proxies were achieved by integrifolia, which did not exceed 15%. 307 

Instead, the hybrid was significantly more fertile than integrifolia progeny and reached 308 

intermediate values between the integrifolia and pyrifera successes (ca. 25%). Hybrid best 309 

performance was achieved under higher temperature and irradiance levels (14-15 ºC; 120 310 

µmol m-2 s-1), very similar to integrifolia (12 – 16ºC and 120 µmol m-2 s-1). 311 

 312 

Sex ratio variations  313 

We only detected differences in sex ratio based on temperature and the interaction morph 314 

x temperature (Table 1, p < 0.05). pyrifera female individuals exhibited a lower presence 315 
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under higher temperatures, showing pronounced consequences from 15ºC upward (Fig. 316 

6). Once again, sporophyll-originated hybrids obtained intermediate sex ratio between two 317 

morphs, and female gametophyte prevalence was higher than pyrifera at higher 318 

temperatures. integrifolia female gametophytes, on the other hand, were the most 319 

abundant in function of males against increasing temperature, which only started to show 320 

consequences above 17ºC, when its sex ratio decreased slightly (Fig. 6). 321 

 322 

The range of irradiance we tested, in contrast, was not significant in sex ratio for M. 323 

pyrifera, and statistical differences were not detected (p > 0.05; Table 1, Fig. 6). Sex ratio 324 

ranged 0.4 – 0.6, regardless of morph or irradiance regime (Fig. 6). 325 

 326 

Meta-analysis for gametogenesis conditions across a latitudinal gradient in Chile 327 

We correlated optimum temperature and irradiance for gametogenesis with their 328 

respective latitudinal coordinate using LMMs, with data from 17 studies along the Chilean 329 

coast (including our results from sporophyll-originated studies). From these analyses, we 330 

estimated that temperature and irradiance optima are variable, and change proportionally 331 

with the latitude (p < 0.05; Fig. 7, Table 2). This relation is particularly powerful in 332 

temperature (R = 0.6). Alternatively, irradiance requirements showed a similar tendency 333 

but were more variable in the same studies (p < 0.05; R2 = 0.1; Fig. 7b; Table 2), 334 

especially for lower latitudes.  335 

 336 

Our results fit partially in these regressions. For temperature, the optima found in our study 337 

are higher for the hybrid and integrifolia, and lower for the southern pyrifera cultivated in 338 

northern Chile; nevertheless, they fit the curve and behave similarly to other studies 339 

previously reported. For irradiance, the differences are more evident, with integrifolia and 340 

the hybrid with higher requirements than pyrifera, but the three of them very high in 341 

comparison to the predicted linear regression (Fig. 7).  342 

 343 

Discussion 344 

 345 

The culture condition for the genus Macrocystis is a relatively well-studied matter. 346 

Nevertheless, hybridization has proved to be a very complex process, which may 347 
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challenge our perception of seaweed breeding in different ways, including phenologic 348 

aspects (Coyer et al. 2002; Montecinos et al. 2017). Kelp hybridization can be very difficult 349 

to find in nature, yet in culture its production can be enhanced by optimizing culture 350 

conditions and increasing the interaction probability between mates (Murúa et al. 2020 and 351 

references therein). Such crosses occasionally provide superior advantages for 352 

economically relevant traits (Martins et al. 2019). The enhancement of the hybridization 353 

reproductive success is key to make its aquaculture closer to profitable. In this study we 354 

demonstrated that in Macrocystis, requirements for temperature and irradiance inter-355 

cultivar reproduction are normally intermediate in comparison to parental requirements, 356 

and very similar to one of their parents, as well as the yield for fertilized eggs. In some 357 

cases the hybrids cross can perform better than the intra-cultivar controls (e.g. 14-15°C; 358 

90-120 µmol m-2 s-1). This may represent an opportunity to produce higher yields of hybrids 359 

that have demonstrated to have several features of interest when cultivated, especially in 360 

northern Chile (Westermeier 2009). Additionally, such requirements are wider, which 361 

represents an advantage for aquaculture under global warming and specifically along, for 362 

example, the strong thermal gradient in coastal Chile (>10 °C). If such tolerance plasticity 363 

is extended to sporophytes, is something to be evaluated.  364 

 365 

The basic knowledge of M. pyrifera mass cultivation was led with the studies in the 366 

northern hemisphere such as Devinny and Leventhal (1979) for restoration purposes. In 367 

the meantime, some similar initiatives were carried out by Braud et al., (1974) and 368 

Westermeier et al., (1989), which were primarily developed for Chilean M. pyrifera life 369 

cycle study. During the last ten years, significant research has been carried out on M. 370 

pyrifera mariculture profitability (Camus et al. 2019), following a higher biomass demand 371 

for this resource (Westermeier et al. 2011). Nowadays, we have reports of giant kelp 372 

cultivation at different levels in almost the entire Chilean latitudinal gradient, from Atacama 373 

(27 ºS) to Cape Horn (53 ºS) (See Suppl. Tables 1 and 2). Altogether and including our 374 

results, our analyses show a correlation between latitude and optimal temperature 375 

conditions for gametogenesis, from 14 – 16 ºC in northern Chile, in contrast of 6 – 8 ºC in 376 

higher latitudes (i.e. colder locations) (Figs. 7; Table 2). Contrarily, irradiance requirements 377 

are very variable (Fig. 6b; Table 2). In kelps, the variability in temperature and irradiance 378 
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tolerance may be mediated with other physicochemical factors such as salinity 379 

(Buschmann et al. 2004; Rodríguez et al. 2019), seasonality (Murúa et al. 2013), 380 

photoperiod (Martins et al. 2017), water chemistry and pH (Leal et al. 2017, 2018). 381 

Nevertheless, these trends suggest a remarkable acclimation degree to temperature and 382 

irradiance by Chilean M. pyrifera that allows it to span at least 3,000 km in the 383 

Southeastern Pacific. In this scenario, our crosses from material cultivated in northern 384 

Chile showed a similar trend for optimum temperature but remarkably higher requirements 385 

for irradiance. Such dichotomy may have relation with i) our culture conditions in B. inglesa 386 

where our sporophytes matured (significantly higher for temperature and irradiance than 387 

our storage conditions), ii) a strong inbreeding depression that may be reflected on the 388 

progeny survival during their earlier formation/development, leaving predominantly 389 

irradiance-resistant gametophytes or iii) a combination between both (Camus et al. 2021). 390 

 391 

In addition to previous morphological, developmental and physiological variations 392 

documented for both M. pyrifera ecomorphs (Graham et al. 2007; Westermeier et al. 393 

2007), we found pronounced fertility differences in our study. Whereas the pyrifera and 394 

hybrid mates produced rich crops in germplasm- and even in sporophyll-originated 395 

descendants, the integrifolia morph from Bahia Inglesa exhibited the least prolific offspring. 396 

These observations coincide with studies on Chilean integrifolia specimens in northern 397 

Chile from Bahia Chasco (27ºS) (Westermeier et al. 2014b) and Los Molles (32 ºS) (Cid 398 

and Westermeier 1991). These responses could be directly related with a differentially 399 

predominant reproductive mechanism of these two morphs in their specific habitats. While 400 

pyrifera would depend on spore dispersal and sexual reproduction, integrifolia may be 401 

relying on holdfast fragmentation/rhizomatous growth (Westermeier et al. 2013a) and 402 

adventitious holdfast development (Murúa et al. 2017) as proliferation strategies in the 403 

wild, thus diminishing the prevalence of sexual reproduction in their population dynamic. 404 

Such differences on reproductive strategies have been described for other kelp species 405 

(Coleman and Wernberg 2018). More importantly, the genetic variability within population 406 

is rather low in integrifolia in comparison to pyrifera (Macaya and Zuccarello 2010b), which 407 

adds weight to this hypothesis. 408 

 409 
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While M. pyrifera intraspecific hybridization has been often accomplished in-vitro (Lewis et 410 

al. 1986; Lewis and Neushul 1994, 1995; Druehl et al. 2005; Westermeier et al. 2010), the 411 

biggest enigma of the wild natural hybridization remains unknown. This process is one of 412 

major sources of genetic variability that could lead to adaptation in new habitats (Coyer et 413 

al. 2006), playing a relevant role in the evolution of some plants and animals (Mallet 2005). 414 

In kelps and fucoids, several reports of hybridization have been made for genera 415 

Pelagophycus, Macrocystis, Fucus, Laminaria, Saccharina and Alaria (Coyer et al. 1992, 416 

2006; Kraan and Guiry 2000; Li et al. 2016; Martins et al. 2019), some of them in the wild. 417 

M. pyrifera is actually able to hybridize even with species from same or different families 418 

(Murúa et al. 2020). In contrast, field observations coupled with molecular analysis have 419 

not revealed so far M. pyrifera hybrid formation along the Chilean coast with any other kelp 420 

or between pyrifera and integrifolia, and such morphs inhabits geographically well-421 

separated (yet nearby) populations (Westermeier et al. 2007; Macaya and Zuccarello 422 

2010b). M. pyrifera can travel using pneumatocyst as buoyance system (Macaya et al. 423 

2005), thus increasing the encounter possibility and inter-fertilization between both 424 

morphs. Since hybrid formation is possible under controlled conditions, unknown post-425 

zygotic processes –seemly regulated by environmental variables- would separate M. 426 

pyrifera morphs in the field (Demes et al. 2009), as it has been suggested for other brown 427 

algae (Montecinos et al. 2017). The drivers of fertility interruption in kelp hybrids are also 428 

an enigma, and the results of inter-cultivar are generally fruitless with often sterility 429 

(Westermeier et al. 2010), apogamy reinforcement (Müller et al. 2019) or hybrid 430 

breakdown (Murúa et al. 2020) as main outcomes. Analogous with the reciprocal 431 

integrifolia ♀ x pyrifera ♂ that mated in this study, Druehl et al. (2005) revealed problems 432 

in interspecific M. pyrifera hybrids such as low progeny or incapability to reach sexual 433 

maturation. Even if hybrid sporophytes are developed and reach maturity (sporangial sori 434 

development), resulting gametophytes are often sterile (Westermeier and Patiño 2009, 435 

unpublished). 436 

 437 

The improvement of the temperature tolerance in the hybrids was also demonstrated in the 438 

gametophyte formation. In brown algae, the sex determination is equally determined by 439 

the spore genotype (Müller 1967; Ahmed et al. 2014) and by external variables, like 440 

temperature and salinity (Lee and Brinkhuis 1988; Buschmann et al. 2004). Such external 441 
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stressors may change the normal sex ratio (≈ 0.5) in a biased manner, increasing the 442 

proportion of males (Oppliger et al. 2011; Rodríguez et al. 2019). Males seem more 443 

tolerant to higher temperatures due to a more complex molecular machinery that respond 444 

better to it (Monteiro et al. 2019), and therefore potentially selected when a detrimental 445 

increase in the temperature is detected. In our study, female gametophytes were the least 446 

frequent under higher temperatures, situation more evident for pyrifera from the south of 447 

Chile. The reason behind the reduction of female gametophyte prevalence cannot be 448 

concluded from our results. However, since lethal temperatures for M. pyrifera 449 

gametophytes are far above from the temperatures tested in our study (≥ 25°C; tom Dieck 450 

1993), we speculate that a potential regulation may be going on during sori formation 451 

mechanisms that contribute to such disbalance. Hybrid gametophytes, on the other hand, 452 

seemly obtained thermal resistance granted by the integrifolia parent, as normally happens 453 

in hybrid traits (Westermeier et al. 2010). Following the same premise, during B. Inglesa 454 

cultivation (where sori maturation occurred in higher temperatures; see graphs in Fig. 1) 455 

these hybrids were able to tolerate higher temperatures, producing in consequence more 456 

female comparable to pyrifera. Similar acclimation has been observed in other kelps, 457 

which often expresses as differential fertility across, for example, a seasonal gradient (i.e. 458 

temperature and light variable) (Lee and Brinkhuis 1988; Murúa et al. 2013).  459 

 460 

M. pyrifera cultivation trials are going on along almost the entire Chilean latitudinal 461 

gradient, and they are expanding from experimental towards pre-commercial scales. The 462 

success of such industry in highly versatile coastline conditions depends on its capacity for 463 

local endurance to environmental variables during their different life stages. Our results 464 

support the basis that temperature and irradiance tolerance may be improved by mid-465 

heterosis, increasing at some extent the female gametophyte survival/prevalence and the 466 

reproductive success. Some of this improvement can potentially be shaped even more by 467 

the acclimation of the sporophyte parent in harsher conditions, as proved for other kelps 468 

such as Lessonia trabeculata (Tala et al. 2004). We suggest that other hybrid attributes 469 

should also be examined, which concomitantly are also critical for the success of M. 470 

pyrifera mariculture in Chile like resistance to herbivory, pests and diseases, three 471 

increasing threats for the Pacific giant kelp. Overall, these results have biological and 472 

economic implications. M. pyrifera F1 hybrids have interesting genotypes that not only 473 

have profitable yields in aquaculture, but also higher tolerance to variable environmental 474 
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conditions, acclimation degree that could even be observed in F2 descendants. It remains 475 

open, however, the exploration and exploitation of additional advantages after giant kelp 476 

hybridisation in maricultural context. 477 
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Figure captions 498 

 499 

Figure 1. Pacific giant kelp distribution and culture areas for experiments. a) Latitudinal 500 

distribution of Macrocystis in Chile (solid line, modified from Westermeier et al. 2007), 501 

location of our strains (circles) and culture locations for sporophyll-generated Macrocystis 502 

in greenhouse facilities (arrow). Black circle: Bahia Inglesa (integrifolia strains). Gray 503 

circle: Chiloé Island (pyrifera strains). Black arrow: tank facility for sporophyte cultivation. 504 

b) Monthly variation of seawater temperature and surface irradiance in tank facilities during 505 

2012.  Black arrowhead represents when germplasm-originated sporophytes were placed 506 

in tank facilities and gray arrows when mature plants were collected for sporulation 507 

stimulation (start of the sporophyll-originated experiment). 508 

 509 

Figure 2. Experimental set-up for Macrocystis hybridisation experiment. Grey rectangles 510 

show the reproductive parameters evaluated. RS: reproductive success; F:M: female/male 511 

sex ratio. Please note that F:M and RS were measured at the same time in our 512 

experiments (14 days). Scale bars: 100 µm. 513 

 514 

Figure 3. Reproductive success of germplasm-originated Macrocystis female 515 

gametophytes of integrifolia, hybrid and pyrifera (14 days post-release) under temperature 516 

and irradiance gradients. Boxes show median (horizontal line) ± 1.5 times the interquartile 517 

range (whiskers). Letter on bars were used to designate statistical differences between 518 

crosses (Tukey’s test), where a < b < c. 519 

 520 

Figure 4. Comparison of temperature and irradiance optimal ranges for reproduction in 521 

pyrifera, integrifolia and the hybrid crosses from germplasm (ger) and sporophyll (spo) 522 

trials, based on statistical results (Tukey tests; See Suppl. Figs 1-4). 523 

 524 

Figure 5. Reproductive success of sporophyll-originated Macrocystis female gametophytes 525 

of integrifolia, hybrid and pyrifera (14 days post-release) under temperature and irradiance 526 

gradients. Boxes show median (horizontal line) ± 1.5 times the interquartile range 527 

(whiskers). Letter on bars were used to designate statistical differences between crosses 528 

(Tukey’s test), where a < b < c. 529 

 530 
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Figure 6. Sex ratio of integrifolia, hybrid and pyrifera gametophytes (14 days post-release) 531 

under temperature and irradiance gradients. Boxes show median (horizontal line) ± 1.5 532 

times the interquartile range (whiskers). Letter on bars were used to designate statistical 533 

differences between crosses (Tukey’s test), where a < b < c. 534 

 535 

Figure 6. Spearman’s correlation plots between optimum a) temperature and b) irradiance 536 

for Macrocystis gametogenesis and latitude across Chilean coast. Triangles represents 537 

results from this study. Shaded areas indicate confidence intervals. Dotted line represents 538 

the boundary between pyrifera and integrifolia distribution in nature, along the Chilean 539 

coast.  540 
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