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RESUMEN 
La calidad de las semillas es una característica compleja de evaluar, ya que está 

influida por factores ambientales, genéticos, estrategias de conservación y 

condiciones de germinación. Colobanthus quitensis es una especie extremófila con 

un alto potencial como modelo biotecnológico para el estudio del estrés ambiental y 

el cambio climático. La amplia diversidad de ecotipos de esta especie la convierte en 

un material valioso para investigar la calidad de semillas, especialmente en semillas 

pequeñas, con testa dura y dificultades para germinar.  

Con este propósito, se desarrollaron distintos ensayos para evaluar la influencia de 

las características de las semillas en la germinación in vitro. Se probaron estrategias 

de priming y escarificación mecánica para optimizar el protocolo de germinación. 

Asimismo, se emplearon técnicas comunes de análisis de vigor para determinar las 

estrategias más adecuadas para el análisis de semillas de C. quitensis y otras 

especies con características similares. Además, se adoptó un enfoque biológico al 

evaluar el impacto de hongos endófitos y sus extractos sobre la reproducción, calidad 

de semillas y su conservación.  

Esta investigación logró avances importantes en la caracterización y conservación de 

C. quitensis. Se identificó por primera vez la presencia de heteromorfismo en las 

semillas, demostrando que esta característica no solo influye en la capacidad 

germinativa, sino que también confiere ventajas frente a la salinidad y posiblemente 

ante otras condiciones de estrés. Se evidenció que el medio de germinación ideal 

debe contener una baja concentración de sales Murashige y Skoog (MS), un pH 

ligeramente ácido, halo-priming con KCl al 5% y escarificación mecánica en semillas 

de poblaciones antárticas. La inclusión de hongos endófitos tuvo efectos positivos 

tanto en el desarrollo de las plantas como en las características de las semillas. 

Además, se comprobó que temperaturas de conservación de 4°C, –20°C y –80°C 

son adecuadas para mantener la viabilidad de semillas ortodoxas como las de C. 

quitensis, observándose incluso un aumento en los porcentajes de germinación tras 

seis meses de almacenamiento, en comparación con semillas recién colectadas. 



xx 

 

ABSTRACT 
 

The quality of seeds is a complex characteristic to evaluate, as it is influenced by 

environmental conditions, genetic factors, conservation strategies, and germination 

conditions. Colobanthus quitensis is an extremophile species with high potential as a 

biotechnological model for studying environmental stress and climate change. Its 

wide range of ecotypes makes it a valuable resource for studying seed quality, 

particularly in small, hard-coated seeds with low germination capacity. 

To address this, various experiments were conducted to evaluate the influence of 

seed traits on in vitro germination. Priming strategies and mechanical scarification 

were tested to optimize the germination protocol. Common vigor analysis techniques 

were used to identify the most appropriate seed evaluation strategies for C. quitensis 

and other species with similar characteristics. A biological approach was also 

incorporated to assess the impact of endophytic fungi and their extracts on 

reproduction, seed quality, and conservation. 

This research achieved important advances in the characterization and conservation 

of C. quitensis. Seed heteromorphism was identified for the first time in this species, 

demonstrating that it not only influences germination capacity but may also confer 

advantages under saline and other stress conditions. It was found that the optimal 

germination medium for C. quitensis should contain a low concentration of Murashige 

and Skoog medium, a slightly acidic pH, halo-priming with 5% KCl, and mechanical 

scarification for seeds from Antarctic populations. 

The inclusion of endophytic fungi had positive effects on both plant development and 

seed characteristics. Moreover, conservation at 4°C, –20°C, and –80°C proved 

effective for maintaining the viability of orthodox seeds like those of C. quitensis, with 

even higher germination rates observed in seeds stored for six months compared to 

freshly collected ones. 



                                                                    

I. INTRODUCCIÓN GENERAL 

 

El comercio internacional de semillas, tanto en diversidad como volumen, es un indicador 

clave de la economía de un país (Abaidia & Lalmi, 2024). Sin embargo, para su 

comercialización, las semillas deben cumplir con estrictos estándares de calidad (Milošević et 

al., 2010; Taylor, 2020). Uno de los principales desafíos es el deterioro fisiológico durante el 

almacenamiento, el cual afecta tanto la producción vegetal como la viabilidad comercial de las 

semillas (Taylor, 2020; Wawrzyniak et al., 2020). Los bancos de germoplasma conservan la 

diversidad genética vegetal, y su eficiencia depende del conocimiento disponible sobre las 

especies que almacenan, el cual suele ser mayor en plantas de importancia económica 

(Taylor, 2020; Whitehouse et al., 2020). Los bancos de germoplasma se enfrentan a una 

creciente necesidad de ampliar el conocimiento sobre las semillas, desarrollar métodos para 

evaluar su calidad y establecer protocolos de almacenamiento que optimicen su longevidad y 

minimicen su deterioro (Solberg et al., 2020). La falta de conocimiento sobre las 

características de las semillas y sus patrones de pérdida de calidad fisiológica genera que los 

mayores gastos de los bancos de germoplasma estén relacionados con el monitoreo 

frecuente de la viabilidad (Taylor, 2020; Whitehouse et al., 2020). 

La calidad de las semillas es el resultado de la viabilidad, longevidad, germinación y vigor 

(Marcos-Filho, 2015), lo que, a su vez, depende de factores ambientales, fitosanitarios, 

morfológicos, fisiológicos y genéticos relacionados con la planta y sus áreas de distribución 

(Sanhueza et al., 2017; Zhou et al., 2019; Raju-Ahmed et al., 2020). El deterioro de las 

semillas es un proceso complejo y aún no bien definido, que implica cambios en genes, rutas 

bioquímicas y la acumulación de compuestos relacionados con el estrés (Bewley et al., 2013; 

Shibata et al., 2020; López-Hidalgo et al., 2021). En el análisis de calidad de semillas, es 

recomendable realizar varias pruebas de vigor, ya que una sola prueba no puede explicar 

todos los factores relacionados con el deterioro de las semillas. Algunas de las pruebas más 

utilizadas para este propósito son el envejecimiento acelerado, la prueba de frío, la 

conductividad eléctrica y las pruebas con sales de tetrazolio (Milošević et al., 2010; Marcos-

Filho, 2015). Por otro lado, las variaciones en los tipos y la cantidad de reservas nutricionales 

con el tiempo de almacenamiento ofrecen pistas sobre cómo será la energía germinativa de 

las semillas según su deterioro (Bewley, 2001; Bewley et al., 2013; Zhao et al., 2018).  
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La mayoría de las pruebas de vigor han sido estandarizadas para cultivos que producen 

semillas grandes como maíz y trigo (Nicoleti y Coelho, 2018; Correia et al., 2020; García y 

Coelho, 2021). En cambio, es más complejo analizar la calidad de semillas de tamaño 

pequeño (Marcos-Filho, 2015), como la quinua (Chenopodium quinoa) y el amaranto 

(Amaranthus spp.), que son cultivos de importancia en la alimentación humana (Souza et al., 

2020; Hernández et al., 2020), o las orquídeas (Orchidaceae), que tienen un reconocido valor 

ornamental (Li et al., 2021). 

Colobanthus quitensis (Kunt) Bartl. (Caryophyllaceae) es una especie extremófila que se 

distribuye desde el sur de México hasta la Península Antártica (Moore, 1970; Convey, 1996). 

Es considerada un sensor del cambio climático (Bertini et al., 2021) y un referente para 

analizar la respuesta morfofisiológica y bioquímica de las plantas a condiciones de estrés 

ambiental (Cuba-Díaz et al., 2014; Koc et al., 2018b; Bertini et al., 2022; Arroyo, 2023; 

Ontivero et al., 2024b), aportando nuevo conocimiento que puede ser empleado en programas 

de mejoramiento genético de cultivos de interés agronómico.  

Las poblaciones de C. quitensis presentan variabilidad en su morfología, características 

genéticas, fisiológicas e incluso en su germinación (Gianoli et al., 2004; Cuba-Díaz et al., 

2017b; Koc et al., 2018a; Cuba-Díaz et al., 2019). Esta variabilidad podría estar influenciada 

por las marcadas diferencias ambientales entre sus hábitats: mientras que en la Antártica las 

condiciones son extremas (bajas temperaturas constantes, escases de nutrientes, déficit 

hídrico, radiación UV elevada y cortos periodos de crecimiento) (Moore, 1970), en regiones 

subantárticas como Punta Arenas o en Los Andes, los factores abióticos son más benignos 

existiendo mayor disponibilidad hídrica y estacionalidad térmica menos drástica (Cuba-Díaz et 

al., 2013; Koc et al., 2018a). Estas presiones selectivas podrían haber favorecido estrategias 

diferenciadas de dormancia en las semillas, como mecanismo para sincronizar la germinación 

con ventanas de oportunidad ecológica en cada ambiente (Jurado & Flores, 2005). 

Las tasas de germinación varían dentro de una misma especie debido a la influencia de 

factores ambientales, genéticos y de conservación de las semillas de cada población (Zhou et 

al., 2019). En estudios de conservación in vitro de C. quitensis, se ha observado que las 

poblaciones antárticas y subantárticas presentan diferencias en sus tasas de germinación. En 

particular, las poblaciones antárticas rara vez alcanzan el 50% de germinación y, en la 
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mayoría de los casos, menos del 5% de las semillas logran germinar (Cuba-Díaz et al., 2017b, 

2019; Arroyo-Marín, 2023; Ontivero et al., 2024b). Estudios donde se emplea papel de filtro 

humedecido o diversos sustratos han reportado tasas de germinación de poblaciones 

antárticas entre el 0% y 100%, observándose porcentajes muy bajos incluso cuando se 

analizan semillas recién colectadas (Ruhland & Day, 2001; Gielwanowska et al., 2011; Vera, 

2017; Koc et al., 2018a). Esto pone de manifiesto no solo la alta variabilidad en las tasas de 

germinación entre las poblaciones antárticas en función del protocolo utilizado y la 

procedencia de las poblaciones, sino también la escasez de esfuerzos dirigidos a la 

conservación ex situ a largo plazo de esta especie que potencie la investigación científica sin 

afectar la conservación del ecosistema antártico, el cual es cada vez más afectado por la 

actividad turística y científica en la región (Tejedo et al., 2022). 

La incapacidad de C. quitensis de germinar, incluso cuando los embriones de las semillas son 

viables (Giełwanowska et al., 2011), podría deberse a la necesidad de optimizar los protocolos 

de germinación existentes (Sanhueza et al., 2017; Whitehouse et al., 2020) o a la presencia 

de dormancia (Cuba-Díaz et al., 2019). La dormancia es un mecanismo de defensa frente al 

estrés ambiental que limita la germinación, incluso en condiciones óptimas, al mantener un 

estado metabólicamente reducido pero reversible (McGraw y Day, 1997; Cuba-Díaz et al., 

2019; Nonogaki, 2019) y debido a su relación con la longevidad se ha vuelto un parámetro 

importante en bancos de germoplasma (Pipatpongpinyo et al., 2020; Solberg et al., 2020). La 

dormancia puede tener componentes ambientales y/o genéticos (Graeber et al., 2012; Bewley 

et al., 2013; Pipatpongpinyo et al., 2020), razón por la cual se espera, que este fenómeno 

varíe entre poblaciones de una misma especie según su tolerancia a entornos con 

condiciones progresivamente más extremas (Jurado & Flores, 2005). La dormancia de las 

semillas y la capacidad de germinación se analizan con frecuencia cuantificando el perfil 

hormonal de las semillas (Ali-Rachedi et al., 2004), sus sustancias de reserva (Zhou et al., 

2019; Taylor, 2020), así como la coloración de la testa (Debeaujon et al., 2000; Attri et al., 

2021). 

Las semillas ortodoxas son aquellas que maduran con un contenido de humedad entre el 5 y 

el 10%, aumentando su longevidad cuando se almacenan a bajas temperaturas (Kim, 2018).  

La capacidad de C. quitensis para formar bancos de semillas naturales se considera un 

indicador de que la especie produce semillas ortodoxas (Kellmann-Sopyla y Gielwanowska, 
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2015) y así están catalogadas en la base de datos del Royal Botanic Gardens, Kew (Seed 

Information Database, 2024). 

Observaciones preliminares de laboratorio sugieren que las semillas de C. quitensis presentan 

problemas para germinar después de ser conservadas por un año a 4°C, que es la 

temperatura estándar de almacenamiento para diferentes cultivos y plantas ornamentales 

(Singh et al., 2016; Hernández et al., 2020; Kompe et al., 2020, Souza et al., 2020). El 

deterioro fisiológico de las semillas es un proceso normal; sin embargo, los bancos 

internacionales de germoplasma abogan por temperaturas extremas de -18°C a -20°C para la 

conservación de semillas a largo plazo con el fin de mantener su viabilidad. Este 

procedimiento requiere la deshidratación previa de las semillas a niveles de humedad entre 3 

y 7% (FAO, 2014; Singh et al., 2016; Asdal et al., 2019). En trigo y cebada, el almacenamiento 

a -20°C ha mantenido porcentajes de germinación superiores al 90%, en comparación con el 

almacenamiento tradicional a 4°C (62%-75%) (van Treuren et al., 2018). A pesar de esto, hay 

especies que requieren condiciones de almacenamiento más extremas, para garantizar su 

viabilidad en el tiempo (Ballesteros et al., 2021). Un estudio que evaluó el almacenamiento de 

semillas de Populus davidiana a -80°C durante 48 meses evidenció que esta es una 

alternativa viable para la conservación de semillas a largo plazo, incluso si el contenido de 

agua de sus semillas es variable (3%-24%) (Kim, 2018). Las semillas de orquídeas pueden 

mantener una alta viabilidad cuando se criopreservan a temperaturas entre -20°C y -196°C 

(Batty et al., 2001; Merritt et al., 2014; Schofield et al., 2018). No obstante, la criopreservación 

puede aumentar la peroxidación lipídica de las membranas debido al efecto del congelamiento 

y descongelamiento de las estructuras externas de las semillas (Acosta et al., 2020).  

En condiciones naturales, las poblaciones antárticas de C. quitensis pueden tolerar 

temperaturas ambientales por debajo de 0°C durante gran parte del año (Gianoli et al., 2004; 

Bascuñán-Godoy et al., 2010; Turner et al., 2020). El suelo en la Antártida tiende a estar 

congelado o cubierto de nieve la mayor parte del tiempo (Potapowicz et al., 2019), y bajo 

estas condiciones se mantienen bancos de semillas viables en el suelo (Kellmann-Sopyła y 

Gielwanowska, 2015). Por lo tanto, el almacenamiento ex situ de semillas a temperaturas por 

debajo de 0°C podría ser una alternativa viable de conservación para mantener o prolongar la 

viabilidad de las semillas de C. quitensis. 
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Factores biológicos como los hongos endófitos influyen positiva y/o negativamente en las 

características de las semillas, la germinación, la longevidad y la supervivencia de las 

plántulas, especialmente bajo condiciones de estrés (Gundel et al., 2009; Barrera et al., 2020; 

Ueno et al., 2020). En condiciones naturales C. quitensis se asocia con gran variedad de 

hongos endófitos (Hereme et al., 2020). En estudios de simulación de cambio climático, en los 

que se impusieron condiciones de cultivo benignas en términos de disponibilidad de agua y 

temperatura, durante el crecimiento de C. quitensis, disminuyó la presencia y función de estos 

hongos (Torres-Díaz et al., 2016). Por lo tanto, es posible que las plantas propagadas y 

cultivadas en condiciones de laboratorio carezcan de estos hongos endófitos o hayan 

establecido nuevas relaciones simbióticas con otras especies endófitas, lo que podría ser una 

de las causas de la pérdida de calidad de las semillas con el tiempo y las condiciones de 

almacenamiento. Por ende, su inoculación con hongos endófitos podría ser una alternativa 

para mejorar tanto el proceso reproductivo como las características de las semillas de C. 

quitensis. 

En agricultura, los hongos endófitos utilizados para estimular la germinación, pueden provenir 

o no de aislamientos de la misma especie cuyo desempeño se desea mejorar. Por ejemplo, 

los aislamientos de hongos detectados en C. quitensis y Deschampsia antarctica se han 

utilizado para estimular el desempeño de tomates y lechugas bajo estrés salino (Molina-

Montenegro et al., 2020). Phialocephala fortinii, un hongo endófito oscuro septado detectado 

en Araucaria araucana (Rivas, 2020), ha demostrado estimular el crecimiento de espárragos 

(Asparagus officinalis) (Surono y Narisawa, 2017). En orquídeas, la inoculación de semillas 

con hongos endófitos se ha utilizado para promover su germinación in vitro y la floración 

(Frericks et al., 2018). En este último caso, se ha demostrado que las semillas de orquídeas 

inoculadas con hongos micorrícicos endófitos pueden almacenarse en nitrógeno líquido (-

196°C) y aun así estimular la germinación de semillas, demostrando que estos 

microorganismos pueden mejorar la calidad fisiológica de las semillas después de haber sido 

sometidas a temperaturas extremadamente frías (Batty et al., 2001). 

La caracterización de las semillas de C. quitensis y la descripción de sus cambios fisiológicos 

y bioquímicos relacionados con la pérdida de calidad son los principales desafíos de esta 

investigación. El conocimiento de estos parámetros permitiría perfeccionar las condiciones de 

manejo y almacenamiento para su conservación, así como definir los mejores indicadores 
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para analizar el deterioro fisiológico y establecer estrategias que puedan seguirse para 

ralentizar este proceso.  

1. Hipótesis 

1.1 Las semillas de poblaciones antárticas de C. quitensis tienen una dormancia más 

prolongada y una mayor expresión de factores protectores contra el deterioro que las 

poblaciones continentales. 

1.2  Colobanthus quitensis produce semillas ortodoxas cuya longevidad aumenta cuando se 

almacenan a temperaturas inferiores a 4°C. 

1.3 La inoculación de plantas con hongos endófitos favorece la reproducción de C. quitensis y 

germinación de sus semillas tras el almacenamiento a bajas temperaturas. 

1.2 Objetivo 

1.2.1 Objetivo general 

Analizar variables que determinan la capacidad de dormancia y el deterioro fisiológico de 

semillas de diferentes poblaciones de C. quitensis y sus modificaciones tras someter las 

semillas a diferentes tiempos de almacenamiento. 

 

1.3 Objetivos específicos 

1.3.1 Caracterizar morfológica, fisiológica y bioquímicamente las semillas de poblaciones de 

C. quitensis. 

1.3.2 Analizar la presencia de hongos endófitos en C. quitensis y el impacto de la inoculación 

de plantas de diferentes poblaciones con estos microorganismos en la reproducción y 

germinación. 

1.3.3 Evaluar parámetros de la calidad fisiológica de las semillas de C. quitensis después de 

su almacenamiento a bajas temperaturas. 

 

REFERENCIAS 

Abaidia, Y., & Lalmi, H. (2024). Investing in the Pioneering Varieties as an Agreement to 

Attaining Economic Take-off on Smallholder Seed Firms in West Africa. International Journal 

of Economic Behavior and Organization, 12(1), 34-45. 



7 

 

https://doi.org/10.11648/j.ijebo.20241201.13 

Acosta, Y., Perez, L., Linares, C., Hernández, L., Escalante, D., Pérez, A., Zevallos, B. E., 

Yabor, L., Martinez-Montero, M. E., Cejas, I., Fontes, D., Sershen, & Lorenzo, J. C. (2020). 

Effects of Teramnus labialis (L.f.) Spreng seed cryopreservation on subsequent seed and 

seedling growth and biochemistry. Acta Physiologiae Plantarum, 42(7). 

https://doi.org/10.1007/s11738-020-3012-9 

Ali-Rachedi, S., Bouinot, D., Wagner, M.H., Bonnet, M., Sotta, B., Grappin, P., & Jullien, M. 

(2004). Changes in endogenous abscisic acid levels during dormancy release and 

maintenance of mature seeds: Studies with the Cape Verde Islands ecotype, the dormant 

model of Arabidopsis thaliana. Planta, 219, 479–488. https://doi.org/10.1007/s00425-004-

1251-4 

Araujo, J.O., Pinheiro, D.T., Fernandes, D.C. Hilst, P.C., & Medeiros, A.D. (2019). Adequacy of 

the tetrazolium test to evaluate the viability of Jatropha curcas L. seeds. Journal of Seed 

Science, 41(4), 470–477. https://doi.org/10.1590/2317-1545v41n4221373 

Arroyo-Marín, F. B. (2023). Respuestas diferenciales en la tolerancia a la salinidad en 

poblaciones de Colobanthus quitensis Kunth (Bartl.) [Tesis de pregrado, Universidad de 

Concepción]. Universidad de Concepción. 

Asdal, Å., Brodal, G., Solberg, S.Ø., Yndgaard, F., von Bothmer, R., & Meen, E. (2019). Seed 

longevity and survival of seed borne diseases after 30 years conservation in permafrost: 

Report from the 100 year storage experiment. Nordic Genetic Resource Center. 

Attri, P., Ishikawa, K., Okumura, T., Koga, K., Shiratani, M., & Mildaziene, V. (2021). Impact of 

seed color and storage time on the radish seed germination and sprout growth in plasma 

agriculture. Scientific Reports, 11, 2539. https://doi.org/10.1038/s41598-021-82080-6 

Ballesteros, D., Fanega-Sleziak, N., & Davies, R. M. (2021). Cryopreservation of seeds and 

seed embryos in orthodox-, intermediate-, and recalcitrant-seeded species. En W. F. Wolkers 

& H. Oldenhof (Eds.), Cryo-preservation and freeze-drying protocols. Humana 353–371). 

https://doi.org/10.1007/978-1-0716-0783-1_25 

Barrera, A., Hereme, R., Ruiz-Lara, S., & Molina-Montenegro, M. A. (2020). Fungal 

endophytes enhance the photoprotective mechanisms and photochemical efficiency in the 

Antarctic Colobanthus quitensis (Kunth) Bartl. exposed to UV-B radiation. Frontiers in Ecology 

and Evolution, 8, 122. https://doi.org/10.3389/fevo.2020.00122 

https://doi.org/10.1038/s41598-021-82080-6


8 

 

Bascuñan-Godoy, L., Garcia-Plazaola, J.I., Bravo, L.A., & Corcuera, L.J. (2010). Leaf 

functional and micro-morphological photoprotective attributes in two ecotypes of Colobanthus 

quitensis from the Andes and Maritime Antarctic. Polar Biology, 33(7), 885–896. 

https://doi.org/10.1007/s00300-010-0766-6 

Batty, A. L., Dixon, K. W., Brundrett, M., & Sivasithamparam, K. (2001). Long-term storage of 

mycorrhizal fungi and seed as a tool for the conservation of endangered Western Australian 

terrestrial orchids. Australian Journal of Botany, 49(5), 619–628. 

https://doi.org/10.1071/BT00051 

Bertini, L., Cozzolino, F., Proietti, S., Falconieri, G. S., Iacobucci, I., Salvia, R., Falabella, P., 

Monti, M., & Caruso, C. (2021). What Antarctic plants can tell us about climate changes: 

Temperature as a driver for metabolic reprogramming. Biomolecules, 11(8), 1094. 

https://doi.org/10.3390/biom11081094 

Bertini, L., Proietti, S., Fongaro, B., Holfeld, A., Picotti, P., Falconieri, G. S., Bizzarri, E., 

Capaldi, G., Polverino de Laureto, P., & Caruso, C. (2022). Environmental signals act as a 

driving force for metabolic and defense responses in the Antarctic plant Colobanthus quitensis. 

Plants, 11(23), 3176. https://doi.org/10.3390/plants11223176 

Bewley, J. D., Bradford, K. J., Hilhorst, H. W. M., & Nonogaki, H. (2013). Seeds: Physiology of 

development, germination and dormancy (3rd ed.). Springer. https://doi.org/10.1007/978-1-

4614-4693-4 

Bewley, J. D. (2001). Seed germination and reserve mobilization. Encyclopedia of Life 

Sciences, 1–7. https://doi.org/10.1038/npg.els.0001236 

Correia, L.V., Pereira, L.C., Matera, T.C., Pereira, R.C., Suzukawa, A.K., Santos, R.F., 

Pastorini, L.H., Carvalho, C., Osipi E.A.F., & Braccini A.L. (2020). Accessing the relevance of 

tests for estimating the physiological quality of wheat grains. Plant, Soil and Environment, 

66(10), 477–482. https://doi.org/10.17221/405/2020-PSE 

Cuba-Díaz, M., Acuña, D., & Cordero, C. M. (2014). Optimización de parámetros para la 

propagación in vitro de Colobanthus quitensis (Kunth) Bartl. Gayana Botánica, 71(1), 58–67. 

https://doi.org/10.4067/S0717-66432014000100007 

Cuba-Díaz, M., Acuña, D., & Fuentes-Lillo, E. (2019). Antarctic pearlwort (Colobanthus 

quitensis) populations respond differently to pre-germination treatments. Polar Biology, 42, 

1383–1390. https://doi.org/10.1007/s00300-019-02505-4 

https://doi.org/10.3390/biom11081094


9 

 

Cuba-Díaz, M., Acuña, D., Klagges, M., Dollenz, O., & Cordero, C. (2013). Colobanthus 

quitensis de La Marisma, una nueva población para la colección genética de la especie. En: 

Libro De Resúmenes VII Congreso Latinoamericano De Ciencia Antártica, 436-439. 

Cuba-Díaz, M., Klagges, M., Fuentes-Lillo, E., & Cordero, C. M. (2017). Phenotypic variability 

and genetic differentiation in continental and island populations of Colobanthus quitensis 

(Caryophyllaceae: Antarctic pearlwort). Polar Biology, 40, 2397–2409. 

https://doi.org/10.1007/s00300-017-2132-4 

Debeaujon, I., Leon-Kloosterziel, K. M., & Koornneef, M. (2000). Influence of the testa on seed 

dormancy, germination, and longevity in Arabidopsis. Plant Physiology, 122(2), 403–413. 

https://doi.org/10.1104/pp.122.2.403 

Fantazzini, T.B., Boas, S.V., Oliveira, R.M., Rocha, D.K., Moreira, M.L., & Rodrigues, V.O. 

(2021). Electrical conductivity test to evaluate the physiological quality of tobacco seeds. 

Brazilian Journal of Development, 7(2), 14903–14916. https://doi.org/10.34117/bjdv7n2-464 

FAO. (2014). Genebank standards for plant genetic resources for food and agriculture. Food 

and Agriculture Organization of the United Nations. https://www.fao.org/3/i3704e/i3704e.pdf 

Frericks, J., Munkacsi, A., Ritchie, P., Luo, Y. B., & Lehnebach, C. A. (2018). Phylogenetic 

affinities and in vitro seed germination of the threatened New Zealand orchid Spiranthes 

novaezelandiae. New Zealand Journal of Botany, 56(1), 91–108. 

https://doi.org/10.1080/0028825X.2017.1383451 

García, J., & Coelho, C. M. M. (2021). Accelerated aging predicts the emergence of rice 

seedlings in the field. Semina: Ciências Agrárias, 42(3), 1397–1410. 

https://doi.org/10.5433/1679-0359.2021v42n3p1397 

33. Gianoli, E., Inostroza, P., Zúñiga-Feest, A., Reyes-Díaz, M., Cavieres, L.A., Bravo, L.A., 

& Corcuera, L.J. (2004). Ecotypic differentiation in morphology and cold resistance in 

populations of Colobanthus quitensis (Caryophyllaceae) from the Andes of Central Chile and 

the Maritime Antarctic. Arctic, Antarctic, and Alpine Research, 36(4), 484–489. 

https://doi.org/10.1657/1523-0430(2004)036[0484:EDIMAC]2.0.CO;2 

Graeber, K., Nakabayashi, K., Miatton, E., Leubner-Metzger, G., & Soppe, W.J.J. (2012). 

Molecular mechanisms of seed dormancy. Plant, Cell & Environment, 35(10), 1769–1786. 

https://doi.org/10.1111/j.1365-3040.2012.02542.x 

https://doi.org/10.1007/s00300-017-2132-4


10 

 

Gundel, P.E., Martinez-Ghersa, M.A., Garibaldi, L.A., & Ghersa, C.M. (2009). Viability of 

Neotyphodium endophytic fungus and endophyte-infected and non-infected Lolium multiflorum 

seeds. Botany, 87(1), 88–96. https://doi.org/10.1139/B08-121 

Hereme, R., Morales-Navarro, S., Ballesteros, G., Barrera, A., Ramos, P., Gundel, P.E., & 

Molina-Montenegro, M.A. (2020). Fungal endophytes exert positive effects on Colobanthus 

quitensis under water stress but neutral under a projected climate change scenario in 

Antarctica. Frontiers in Microbiology, 11, 264. https://doi.org/10.3389/fmicb.2020.00264 

Hernández, E. H. M., Coronado, A. C. M., & Ardila, W. L. R. (2020). Seed quality of 22 quinoa 

materials (Chenopodium quinoa Willd.) from the department of Boyacá. Revista Ceres, 67(4), 

306–314. https://doi.org/10.1590/0034-737X202067040004 

Jurado, E., & Flores, J. (2005). Is seed dormancy under environmental control or bound to 

plant traits? Journal of Vegetation Science, 16(5), 559–564. https://doi.org/10.1111/j.1654-

1103.2005.tb02398.x 

Kehinde, T. O., Ajala, M. O., Daniel, I. O., & Ojo, D. K. (2013). Physiological and genetic 

integrity of amaranth (Amaranthus spp.) seeds during storage. International Journal of Plant 

Breeding and Genetics, 7(1), 35–46. https://doi.org/10.3923/ijpbg.2013.35.46 

Kellmann-Sopyła, W., & Giełwanowska, I. (2015). Germination capacity of five polar 

Caryophyllaceae and Poaceae species under different temperature conditions. Polar Biology, 

38, 1753–1765. https://doi.org/10.1007/s00300-015-1742-x 

Kim, D. H. (2018). Extending Populus seed longevity by controlling seed moisture content and 

temperature. PLOS ONE, 13(8), e0203080. https://doi.org/10.1371/journal.pone.0203080 

Koc, J., Androsiuk, P., Chwedorzewska, K.J., Cuba-Díaz, M., Górecki, R., & Giełwanowska, I. 

(2018a). Range-wide pattern of genetic variation in Colobanthus quitensis. Polar Biology, 41, 

2467–2479. https://doi.org/10.1007/s00300-018-2384-0 

Koc, J., Wasilewski, J., Androsiuk, P., Kellmann-Sopyla, W., Chwedorzewska, K. J., & 

Gielwanowska, I. (2018b). The effects of methanesulfonic acid on seed germination and 

morphophysiological changes in the seedlings of two Colobanthus species. Acta Societatis 

Botanicorum Poloniae, 87(4), 3601. https://doi.org/10.5586/asbp.3601 

Kompe, Y. O., Mutlu, V. A., & Ozkoc, I. (2020). The viability of Anacamptis laxiflora 

(Orchidaceae) seeds and the symbiotic germination. Plant Biology, 22(6), 800–805. 

https://doi.org/10.1111/plb.13143 

https://doi.org/10.1111/plb.13143


11 

 

Li, C., Dong, N., Zhao, Y., Wu, S., Liu, Z., & Zhai, J. (2021). A review for the breeding of 

orchids: Current achievements and prospects. Horticultural Plant Journal, 7(5), 380 – 392. 

https://doi.org/10.1016/j.hpj.2021.02.006 

Lopez-Hidalgo, C., Meijon, M., Lamelas, L., & Valledor, L. (2021). The rainbow protocol: A 

sequential method for quantifying pigments, sugar, free amino acids, phenolics, flavonoids and 

MDA from a small amount of samples. Plant Cell and Environment, 1 – 10.  

https://doi.org/10.1111/pce.14007 

Marcos-Filho, J. (2015). Seed vigor testing: an overview of the past, present and future 

perspective. Science Agriculture, 72(4), 363-374. https://doi.org/10.1590/0103-9016-2015-

0007 

McGraw, J.B., & Day, T.A. (1997). Size and characteristics of a natural seed bank in 

Antarctica. Arctic, Antarctic and Alpine Research, 29(2), 213-216. 

https://doi.org/10.1080/00040851.1997.12003234 

Merritt, D.J., Hay, F.R., Swarts, N.D., Sommerville, K.D., & Dixon, K.W., (2014). Ex situ 

conservation and cryopreservation of Orchid germplasm. International Journal of Plant 

Science, 175(1), 46–58. https://doi.org/10.1086/673370 

Milošević, M., Vujaković, M., & Karagić, D. (2010). Vigour tests as indicators of seed viability. 

GENETIKA, 42(1), 103-118. https://doi.org/10.2298/GENSR1001103M 

Molina-Montenegro, M.A., Acuña-Rodríguez, I.S., Torres-Díaz, C., Gundel, P.E., Dreyer, I. 

(2020). Antarctic root endophytes improve physiological performance and yield in crops under 

salt stress by enhanced energy production and Na+ sequestration. Scientific Reports, 

10(5819). https://doi.org/10.1038/s41598-020-62544-4 

Moore, D.M. (1970). Studies in Colobanthus quitensis (Kunth) Bartl. and Deschampsia 

antarctica Desv. II. Taxonomy, distribution and relationships. British Antarctic Survey Bulletin, 

23, 63–80. 

Nicoleti, L. F. & Coelho, A. D. L. (2018). Physiological maturity of corn seeds (Zea mays) by 

tetrazolium salt. Journal of Food Science and Engineering, 8, 248-256. 

https://doi.org/10.17265/2159-5828/2018.06.004 

Nonogaki, H. (2019). Seed germination and dormancy: The classic history, new puzzles, and 

evolution. Journal of Integrative Plant Biology, 61, 541–563. https://doi.org/10.1111/jipb.12762 



12 

 

Ontivero, Y., Fuentes-Lillo, E., Navarrete-Campos, D., Vázquez-Villa D., Cabrera-Barjas, G., & 

Cuba-Díaz, M. (2024). Preliminary assessment of seed heteromorphism as an adaptive 

strategy of Colobanthus quitensis under saline conditions. Scientific Report, 14(31120), 

https://doi.org/10.1038/s41598-024-82381-z. 

Pipatpongpinyo, W., Korkmaz, U., Wu, H., Kena, A., Ye, H., Feng, J., & Gu, X. Y. 2020 (2020). 

Assembling seed dormancy genes into a system identified their effects on seedbank longevity 

in weedy rice. Heredity, 124,135–145. https://doi.org/10.1038/s41437-019-0253-8 

Potapowicz, J., Szumińska, D., Szopińska, M., & Polkowska, Z. (2019). The influence of global 

climate change on the environmental fate of anthropogenic pollution released from the 

permafrost Part I. Case study of Antarctica. Science of The Total Environment, 651(1), 1534-

1548. https://doi.org/10.1016/j.scitotenv.2018.09.168 

Raju-Ahmed, M., Jannat, Y., Collins, W., Perez, M., & Byoung- Kwan, C. (2020). Classification 

of pepper seed quality based on internal structure using X-ray CT imaging. Computers and 

Electronics in Agriculture, 179(105839), 1-8. https://doi.org/10.1016/j.compag.2020.105839 

Rivas, G. F. (2020). Efecto de la inoculación de hongos micorrícicos arbusculares y endófitos 

en la tolerancia al estrés por sequía en plántulas de Araucaria araucana. Tesis de Ingeniería 

en Biotecnología Vegetal. Universidad de Concepción, Los Ángeles, Chile, 52 pp. 

Sanhueza, C., Vallejos, V., Cavieres, L.A., Sáez, P., Bravo, L.A., & Corcuera, L. J. (2017). 

Growing temperature affects seed germination of the Antarctic plant Colobanthus quitensis 

(Kunth) Bartl (Caryophyllaceae). Polar Biology, 40, 449–455. https://doi.org/10.1007/s00300-

016-1972-4  

Schofield, E., Jones, E.P., & Sarasan, V. 2018. Cryopreservation without vitrifcation suitable 

for large scale cryopreservation of orchid seeds. Botanical Studies, 59(13), 1-9. 

https://doi.org/10.1186/s40529-018-0229-7 

Seed Information Database: Royal Botanic Gardens, Kew. Available online: https://ser-

sid.org/species/603ee8ea-d4ae-47e7-8d84-36d1162ec530 (accessed: 15 October 2024). 

Shibata, M., Coelho, C. M. M., Garighan, J. A., Santos, H. P., Araldi, C. G., & Maraschin, M. 

(2020). Seed development of Araucaria angustifolia: plant hormones and germinability in 2 

years of seed production. New Forests, 52, 759–775. https://doi.org/10.1186/s40529-018-

0229-7 

https://ser-sid.org/species/603ee8ea-d4ae-47e7-8d84-36d1162ec530
https://ser-sid.org/species/603ee8ea-d4ae-47e7-8d84-36d1162ec530


13 

 

Singh, N., Dash, S., & Khan, Y.J. (2016). Survival of chickpea, sesame, niger, castor and 

safflower seeds stored at low and ultra-low moisture contents for 16- 18 years. Seed Science 

Technology, 44, 1–14. https://doi.org/10.15258/sst.2016.44.3.09 

Solberg, S, Ø., Yndgaard, F., Andreasen, C., Von Bothmer, R., Loskutov, I. G., & Asdal, Å. 

(2020). Long-term storage and longevity of orthodox seeds: a systematic review. Frontiers in 

Plant Science, 11(1007). https://doi.org/10.3389/fpls.2020.01007 

Souza, F.F.S., Devilla, I.A., Souza, R.T.G. Teixeira, I.R., & Spehar, C.R. (2020). Physiological 

quality of quinoa seeds submitted to different storage conditions. African Journal of Agricultural 

Research, 11(15), 1299-1308. https://doi.org/10.5897/AJAR2016-10870 

Surono & Narisawa, K. (2017). The dark septate endophytic fungus Phialocephala fortinii is a 

potential decomposer of soil organic compounds and a promoter of Asparagus officinalis 

growth. Fungal Ecology, 28, 1-10. https://doi.org/10.1016/j.funeco.2017.04.001 

Taylor, A.G. (2020). Seed storage, germination, quality, and enhancements. En: Wien, H. C. y 

Stützel, H. (Eds) Physiology of vegetable crops. Second Edition. CAB International. 30 pp. 

Tejedo, P., Benayas, J., Cajiao, D., Leung, Y.F., De Filippo, D., & Liggett, D. (2022). What are 

the real environmental impacts of Antarctic tourism? Unveiling their importance through a 

comprehensive meta-analysis. Journal of Environmental Management, 308(114634). 

https://doi.org/10.1016/j.jenvman.2022.114634 

Torres-Díaz, C., Gallardo-Cerda, J., Lavin, P., Oses, R., Carrasco-Urra, F., Atala, C., Acuña-

Rodriguez, I.S., Convey, P., & Molina-Montenegro, M.A. (2016). Biological interactions and 

simulated climate change modulates the ecophysiological performance of Colobanthus 

quitensis in the Antarctic ecosystem. PLoS ONE, 11(10), e0164844. 

https://doi.org/101371/journal.pone. 0164844 

Turner, J., Marshall, G.J., Clem, K., Colwell, S., Phillips, T., & Lu, H. (2020). Antarctic 

temperature variability and change from station data. International Journal of Climatology, 40, 

2986–3007. https://doi.org/10.1002/joc.6378 

Ueno, A. C., Gundel, P.E., Seal, C.E., Ghersa, C.M., & Martínez-Ghersa, M.A. (2020). The 

negative effect of a vertically-transmitted fungal endophyte on seed longevity is stronger than 

that of ozone transgenerational effect. Environmental and Experimental Botany, 175(104037). 

https://doi.org/10.1016/j.envexpbot.2020.104037 



14 

 

van Treuren, R., Bas, N., Kodde, J., Groot, S.P.C., & Kik, C. (2018). Rapid loss of seed 

viability in ex situ conserved wheat and barley at 4°C as compared to –20°C storage. 

Conservation Physiology, 6(1), coy033. https://doi.org/10.1093/conphys/coy033 

Vázquez, D., Fuentes-Lillo, E., Farias, D., & Cuba-Díaz, M. (2017). Germination of 

heteromorphic seeds of Colobanthus quitensis (Kunth) Bartl. under salinity conditions. En 

Guaiquil, I., Leppe, M., Rojas, P y Canales, R. (Eds). Visiones de Ciencia Antártica. Libro 

Resúmenes, IX Congreso Latinoamericano de Ciencias Antártica. Punta Arenas-Chile, 900-

903. 

Vera, M.L. (2017). Factors affecting germination of Deschampsia antartica and Colobanthus 

quitensis seeds from an altitudinal gradient on Livingston Island (South Shetland Island, 

Antártica). http://hdl.handle.net/10651/40759.  

Wawrzyniak, M. K., Kalemba, E. M., Ratajczak, E., Chmielarz, P. (2020). Oxidation processes 

related to seed storage and seedling growth of Malus sylvestris, Prunus avium and Prunus 

padus. PLoS One, 15 (6): e0234510. https://doi.org/10.1371/journal.pone.0234510 

Whitehouse, K.J., Hay, F.R., & Lusty, C. (2020). Why seed physiology is important for 

genebanking. Plants, 9(584). https://doi.org/10.3390/plants9050584 

Zhao, M., Zhang, H., Yan, H., Qiu, L., & Baskin, C.C. (2018). Mobilization and role of starch, 

protein, and fat reserves during seed germination of six wild grassland species. Frontiers in 

Plant Science, 9(234). https://doi.org/10.3389/fpls.2018.00234 

Zhou, W., Chen, F., Luo, X., Dai, Y., Yang, Y., Zheng, C., Yang, W., & Shu, K. (2019). A 

matter of life and death: Molecular, physiological, and environmental regulation of seed 

longevity. Plant Cellular Environment, 43, 293–302. https://doi.org/10.1111/pce.13666 

https://doi.org/10.1111/pce.13666


15 

 

II. CHAPTER I: GERMINATION STRATEGIES AND SEED QUALITY OF Colobanthus 
quitensis: IMPLICATIONS FOR SUSTAINABLE ANTARCTIC ECOSYSTEMS AND EX 
SITU PLANT CONSERVATION 

 

Yadiana Ontivero1,2, Marely Cuba-Díaz1,3*, Eduardo Fuentes-Lillo4,5 and Peter Convey  

1Laboratorio de Biotecnología y Estudios Ambientales, Departamento de Ciencias y Tecnología Vegetal, Escuela 

de Ciencias y Tecnologías, Campus Los Ángeles, Universidad de Concepción, Juan Antonio Coloma 0201, Los 

Ángeles 4440000, Chile 

2Facultad de Agronomía, Universidad de Concepción, Campus Chillán, Av. Vicente Méndez 595, Chillán 

3812189, Chile 

3Programa de Ciencia Antártica y Subantártica (PCAS), Universidad de Concepción, Concepción Barrio 

Universitario s/n, Concepción 4030000, Chile 

4Laboratorio de Invasiones Biológicas (LIB), Facultad de Ciencias Forestales, Universidad de Concepción, 

Concepción Barrio Universitario s/n, Concepción 4030000, Chile 

5Instituto de Ecología y Biodiversidad (IEB), Universidad de Chile, Las Palmeras 3425, Ñuñoa, Santiago 

7800020, Chile 

6British Antarctic Survey, Natural Environment Research Council, High Cross, Madingley Road, Cambridge CB3 

0ET, UK 

7Department of Zoology, University of Johannesburg, P.O. Box 524, Auckland Park 2006, South Africa 

8Millennium Institute Biodiversity of Antarctic and Subantarctic Ecosystems (BASE), Pontificia Universidad 

Católica de Chile, Av. Libertador Bernardo O’Higgins 340, Santiago 8331150, Chile 

9Cape Horn International Center (CHIC), O’Higgins 310, Cabo de Hornos 6350000, Chile 

* Corresponding author (mcuba@udec.cl). 

Publicado en Sustainability MDPI, Volumen 16, Número 23, 2024, 

https://doi.org/10.3390/su162310726. 

 

ABSTRACT 

The conservation of the Antarctic ecosystem is linked to scientific and tourism activities. The 

Colección Activa de Plantas Vasculares Antárticas at the Universidad de Concepción aims to 

help conserve the region’s vascular flora to support scientific research while minimizing 

anthropogenic pressure on natural ecosystems. Colobanthus quitensis is the only native 

dicotyledonous plant to Antarctica and, as an extremophilic plant, is capable of withstanding 

extreme abiotic conditions. This species has potentially important use as a biological model to 

study the physiological deterioration of dormant seeds and other traits, some of which may 
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contribute to vegetation development in Antarctica. Although studies have addressed the 

reproduction and germination of C. quitensis, there is no recent synthesis of information 

regarding its reproductive biology and seed traits that could support its conservation. This work 

synthesizes and critically analyzes the current knowledge of C. quitensis reproduction in 

natural and controlled environments, identifying factors that contribute to the decline in seed 

quality. We propose that growth conditions, seed morphology, and interactions with endophytic 

fungi influence germination and seedling establishment. We also highlight critical knowledge 

gaps that must be addressed to better understand the species’ phenology, the impact of biotic 

and abiotic factors on its development, strategies for seed conservation, and biotechnological 

applications. 

Keywords: Antarctic ecosystem; extremophilic plant; reproduction; seed physiological quality; 

seed conservation. 

1. INTRODUCTION 

Few regions of the world are characterized by environmental conditions as extreme for 

vegetation development as those of Antarctica. Since the Antarctic Treaty came into force in 

1961, its ecosystems have received varying degrees of protection, with the entire region 

declared a natural reserve dedicated to peace and science [1]. However, human activities, 

including industrial fishing, tourism, and scientific research, have contributed to environmental 

pollution [2], as well as the introduction and propagation of exotic species [3,4]. These 

activities threaten the fragile ecosystems of Antarctica, highlighting the importance of 

conservation efforts and sustainable research practices. 

Colobanthus quitensis (Kunth) Bartl. (Caryophyllaceae) is the only native dicotyledonous plant 

present in Antarctica and has a broad geographic distribution [5,6,7]. Its Antarctic populations 

are found along the western coast of the Antarctic Peninsula, as well as in the South Shetland 

and South Orkney Islands (known collectively as the maritime Antarctic) [7,8]. Some of these 

populations are located within Antarctic Specially Protected Areas (ASPAs), where strict 

conservation measures aim to prevent disturbances caused by human activities (Figure 1) [9]. 

However, there is a notable lack of germplasm banks that could provide an alternative to field 

samples of this species for research purposes. For this reason, in 2009, the Laboratorio de 

Biotecnología y Estudios Ambientales (LABEA) created the Colección Activa de Plantas 

Vasculares Antárticas (220.418.012-INV) at the Universidad de Concepción, Campus Los 
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Ángeles. Here, different populations of C. quitensis are grown from seed under controlled 

common garden conditions or in vitro from germinated seeds or vegetative segments 

(explants) [10]. The common garden conditions maintain plants in growth chambers at 14 ± 1 

°C with a light intensity of 100–120 µmol photons m−2 s−1, photoperiod of 16/8 h light/dark, 

and relative humidity between 75 and 80%, using a leaf–peat–perlite (3:2:1)-based substrate 

and with fertilization every two weeks [9]. This collection aims to generate scientific knowledge 

that contributes to Antarctic research while reducing the negative impacts of human presence 

in the region. Therefore, the collection supports the long-term sustainability of the Antarctic 

ecosystem. 

 

 

Figure 1. Map showing the geographic locations of populations of Colobanthus quitensis 

analyzed in the articles identified in this review. (a) Geographic location of South American 

populations. (b) Drake Passage region with (c) enlargement of the South Shetland Islands 

archipelago indicating King George Island and Livingston Island. The location of the 
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populations indicated with red dots are Conguillío (pC), La Vega (pV), Sector Laredo (pL), La 

Marisma (pPA), Omora (pO), Arctowski (pA), Hannah Point (pH), and Byers Peninsula (pBy). 

Map modified from [11]. 

The growing interest in understanding plant responses to extreme environmental conditions 

has led researchers to focus on unconventional biological models like extremophilic plants. 

Such species can contribute to fields as wide as genetic improvement in crops and ecosystem 

sustainability [12,13]. Colobanthus quitensis provides a promising model for studying the 

adverse effects of abiotic stress on plant development, particularly in the context of climate 

change, and for exploring the role of endophytic and rhizospheric microorganisms in these 

processes [3,14,15,16,17,18]. A model organism for scientific studies should facilitate intensive 

and extensive investigation of biological phenomena, providing a deeper understanding of 

these processes in similar organisms as well as in more complex ones [19]. It should also be 

easy to cultivate and maintain in large numbers under laboratory conditions [20]. Advances in 

understanding the genetic characteristics of C. quitensis [9,11,21] and the development of 

protocols for in vitro cultivation and growth under common garden conditions [10,22,23] further 

support its use as a biological model species. 

Colobanthus quitensis primarily reproduces sexually through seeds [6,24], and its high 

tolerance to extreme environmental conditions enables it to establish reproductive populations 

in the <0.4% of ice-free land available in Antarctica [7,8]. However, the harsh conditions in 

Antarctica affect the species’ physiology from the early stages of its development 

[25,26,27,28]. For collections such as the Colección Activa de Plantas Vasculares Antárticas, it 

is essential to preserve seeds with optimal physiological quality to ensure their long-term 

viability and thereby contribute to the conservation of C. quitensis. Seed quality is the result of 

a combination of factors, including viability, longevity, germination success, and vigor, all of 

which are influenced by environmental, phytosanitary, morphological, physiological, and 

genetic factors [29,30,31]. Studying seed quality allows the establishment of storage protocols 

that reduce physiological deterioration [32]. However, most research in this field has prioritized 

species of agricultural or economic significance [33], often overlooking species with no 

immediate commercial value that produce small, dormant seeds. These traits present 

additional challenges for conducting comprehensive physiological seed quality assessments. 

Colobanthus quitensis, as an extremophilic species, produces small seeds ranging from 0.5 to 
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0.85 mm in size [34], which undergo dormancy [35] and are prone to physiological 

deterioration when stored at 4 °C [22], the standard temperature used for seed storage across 

various species [36]. This review aims to highlight how C. quitensis can provide new insights 

into the physiological seed quality of extremophilic species, and what the potential applications 

of this knowledge are for economically significant crops and ecological studies. Consequently, 

identifying current knowledge gaps regarding its reproduction and the physiological quality of 

its seeds, based on the methodologies and conditions used in these studies, is crucial for 

advancing research in this field. 

2. Reproductive Strategies of Colobanthus quitensis 

In natural ecosystems, C. quitensis produces reproductive structures after the second or third 

year of development, when the diameter of its vegetative cushion ranges between 0.2 and 1 

cm [37]. Under controlled conditions, the specific cushion size or plant age at which flowering 

occurs has not been reported. However, laboratory observations have documented the 

presence of floral buds in small plants grown both in common garden settings (Figure 2C) and 

in vitro cultures (Figure 3D) (Table 1). Seed propagation is the main form of plant 

establishment in the natural environment, although asexual reproduction through cushion 

fragmentation has been recorded [6,24]. Successful sexual reproduction is associated with 

increased temperature during the spring and summer months [6,38,39]. The average air 

temperature faced by plants near Arctowski station on King George Island South Shetland 

Islands (Figure 1) during their growth period can be highly variable, generally above 0.9 °C and 

below 3.7 °C [40]. However, mature seeds are produced even in the southernmost known 

population in northern Alexander Island (69 °S) [7] (Table 1). 

The number of flowers produced by C. quitensis ranges from 1 to 28 per plant and depends on 

the age of the plant, the size of the plant cushion, and the soil temperature and moisture 

conditions during the growth stage, as well as its geographic location [21,39,41]. However, 

even though flowers are produced, they do not always successfully develop seeds [6]. In 

Chilean Antarctic expeditions conducted during the summer of 2021–2022 in Byers Peninsula 

(Livingston Island) and Arctowski, as well as during the summer of 2023–2024 in Arctowski 

(Figure 1), numerous flowers were observed on plant cushions of various sizes (Figure 2A,B, 

Table 1). The onset of flowering on Signy Island (South Orkney Islands) in 2023/24 was also 

delayed compared to observations from previous Antarctic expeditions [42]. It is known that 
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flowering in any given year is influenced by both the climatic conditions of that year and by the 

climate and resources dedicated to reproduction in the previous year. In species from cold 

ecosystems, such as Arctic and alpine regions, annual variability in flowering is associated with 

the timing of snowmelt and seasonal temperatures. Earlier snowmelt can increase exposure to 

freezing conditions and alter temperatures during the flowering period, thereby influencing 

flower abundance and overall plant fitness [43,44]. As a result, the balance between flowering 

in one year and the following year can offset the resources allocated to flowering in the current 

year [45]. However, increases in temperatures in the maritime Antarctic in recent years have 

been linked with increased frequency of successful sexual reproduction by C. quitensis, along 

with considerable expansion of some populations [6,17,24,46,47]. This may be due to an 

increase in the number of flowers per plant, in the number of seeds matured per flower, or in 

germination success. These observations have received support from studies where the 

effects of changing environmental conditions on the growth, reproduction, and seed 

germination of this species have been simulated [29,41,48,49]. 

In the ‘common garden’ facility at the Universidad de Concepción, where C. quitensis is grown 

at photosynthetically optimal temperatures (14 ± 1 °C), the species has successfully 

reproduced for several years. Growing C. quitensis in a common garden alters the 

characteristics of its leaves and flowers, as evidenced by a larger flower peduncle (Figure 2C) 

compared to plants grown in the field where the flower peduncle and flower capsules do not 

usually exceed the height of the plant cushion (Figure 2A,B, Table 1). 

 

 

Figure 2. Reproduction by Colobanthus quitensis plants. (A) A small cushion in Antarctica 

showing open seed capsules (summer 2023/24, ≈0 °C *). (B) Large and small cushions with 

seed capsules in Antarctica (summer 2023/24, ≈0 °C *). (C) Plants flowering under common 

garden growing conditions (summer 2019/20, 13 ± 2 °C **). * Average temperature in the 
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vicinity of the plants during the reproductive period [50]; available information 

at https://www.meteoblue.com/en/weather/historyclimate/weatherarchive/henryk-arctowski-

polish-antarctic-station_antarctica_6620757, accessed October 21, 2024. ** Growing 

temperature under common garden conditions. 

 

 

Figure 3. Colobanthus quitensis capsule and seeds obtained under laboratory conditions. (A) 

Closed flower bud and open capsule showing seeds. (B) Open flower from a common garden 

showing the stigma and stamens. (C) Example seeds from different populations: from left to 

right, top: Hannah Point, Byers Peninsula, Arctowski, and Omora Park; bottom: La Marisma, 

Laredo, La Vega, and Conguillío Park (the square measures 1 mm per side). (D) Plant from in 

vitro culture showing vivipary. (E) Close-up showing the seed attached to the cotyledon of a 

new seedling generated by vivipary. 

 

Under low-temperature and windy conditions, the flowers are cleistogamous and self-fertilizing, 

opening only when the seeds are ripe or have almost completed their maturation process 

(Figure 1a,b) [39,51]. Even in the common garden, flowers tend to open only when the seeds 

are ripe (Figure 3A). However, in field plants that develop between rocks where the influence 

of wind is less, flowers can open before generating seeds [52]; in these conditions, fertilization 

is likely to occur with the help of raindrops. In the common garden, it has been observed that 

warmer temperatures stimulate flower opening, exposing reproductive structures, which may 

promote cross-pollination, thus facilitating genetic exchange (Figure 3B, Table 1). The 

germination success of cleistogamic seeds is expected to be higher compared to 

chasmogamic seeds due to reduced contamination from pathogens present in air and water 

[53]. However, no studies are available on the temperature ranges in which C. quitensis 

flowers self-pollinate or cross-pollinate, the role of soil fertility in seed production and quality, or 

https://www.mdpi.com/2071-1050/16/23/10726#B50-sustainability-16-10726
https://www.meteoblue.com/en/weather/historyclimate/weatherarchive/henryk-arctowski-polish-antarctic-station_antarctica_6620757
https://www.meteoblue.com/en/weather/historyclimate/weatherarchive/henryk-arctowski-polish-antarctic-station_antarctica_6620757
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the frequency of pathogen occurrence. The final stage of reproduction of C. quitensis occurs 

when the capsules open and the mature seeds are exposed [54]. Seed size varies between 

the different C. quitensis populations held in the Colección Activa de Plantas Vasculares 

Antárticas at the LABEA (Figure 3C). It is also likely that the morphological characteristics of 

seeds will vary because of their growth conditions, even within the same population. The 

implications of these factors for the establishment of new individuals are yet to be studied. 

Under natural conditions, permanent seed banks form in the soil in the immediate vicinity of 

the parent plants, although some seeds may be dispersed further by wind, rain, or during 

snowmelt [38,55]. Under in vitro culture conditions, the occasional presence of viviparism has 

been detected (Figure 3D,E). Viviparism in flowering plants refers to the ability of some seeds 

to generate seedlings while still attached to their mother plant. This phenomenon has been 

reported in 0.1% of flowering plant families [56] and is a potentially valuable strategy for 

species in extreme environments because it shortens the period required for the establishment 

of progeny [57]. In C. apetalus, a species closely related to C. quitensis, viviparism has been 

detected under controlled growth conditions with an air humidity of 75% [52]. Some C. 

quitensis seeds cultivated in vitro, where ambient humidity is high, have shown vivipary (Figure 

3D,E, Table 1), a phenomenon previously detected in plants with orthodox seeds [58,59]; 

however, to date, this phenomenon has not been recorded in their natural environment. 

Recently, the presence of seed color heteromorphism has been detected in different 

populations of C. quitensis, with light and dark brown seed forms; however, only the influence 

of seed form on tolerance to salinity has been studied, with some populations identified as 

being tolerant to this stress [60,61]. The environmental, metabolic, physiological, or genetic 

causes underlying heteromorphism in C. quitensis and its possible influence on other aspects 

of the phenology of the species require further research (Table 1). 

At low temperatures, C. quitensis allocates more resources to vegetative growth than to sexual 

reproduction [6,38], whereas under warmer temperatures and higher water availability, both 

the growth and reproduction of the species are favored [21,38,62]. However, the detailed 

relationship between environmental conditions and seed production and quality has not been 

analyzed. In agricultural crops, nutritional deficiencies can affect pollen fertility as well as seed 

production and germination success [63]. Under natural conditions, larger and more extensive 

populations of C. quitensis have been recorded in areas where the soil is more fertile and there 
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is high enzymatic activity of rhizosphere microorganisms [64]. However, research has yet to 

address whether there is any relationship between soil nutrient availability and the nutritional 

reserves of seeds produced by C. quitensis. 

 

Table 1. Summary of reproductive features of Colobanthus quitensis grown under natural or 

controlled laboratory conditions. 

 

 

3. Specific Features of C. quitensis Seed Production 

Colobanthus quitensis produces small, triangular seeds that are wider towards the cotyledon 

area (Figure 3C), and their inability to germinate in some studies has been associated with the 

presence of deep primary dormancy [35,39]. Dormancy is a defense mechanism against 

environmental stress that, in the case of C. quitensis, could prevent germination late in the 

summer season in Antarctica, thereby avoiding seedling mortality [55,65]. It is still unclear 

whether the trigger for dormancy is an environmental condition or a physiological characteristic 

of the seeds, although laboratory evidence indicates that there is a genetic component 

influencing the presence of dormancy in C. quitensis populations, which is associated with 

their origin [66]. It is important to note that physiological dormancy is classified as primary 

when seeds are dispersed in a dormant state directly from the mother plant or secondary when 

it develops in response to specific environmental conditions that inhibit germination [67]. 

Laboratory studies have shown significant differences in in vitro germination between seeds 
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from Antarctic and southern Chilean populations [9,22], which could indicate the presence of 

dormancy in some populations but not in others. Therefore, we hypothesize that the clear 

climatic differences between the regions where this species occurs (maritime Antarctic, sub-

Antarctic, and throughout the Andes, including tropical latitudes at high altitudes) will exert 

different levels of stress that influence the expression of dormancy and, consequently, have an 

additional impact on seed quality. Given the observed differences in germination among 

populations, we believe that a more thorough study on dormancy is necessary. 

Since dormancy may be related to embryo and seed coat characteristics, it affects seed 

longevity, water absorption rate, water content, resistance to mechanical damage, germination 

ability, and speed [68,69]. The inability of C. quitensis seeds to germinate under controlled 

conditions, despite embryo viability, as observed with the tetrazolium test [39,51], is related to 

dormancy [22] or the use of suboptimal protocols to stimulate this process. The germination 

capacity of seeds under certain temperature conditions will also be influenced by the 

conditions under which the mother plant developed, thus suggesting that maternal influence is 

fundamental to the success of germination [29]. 

Colobanthus quitensis seeds consist of a seed coat, perisperm, sparse endosperm, and an 

embryo [35]. The endosperm is involved in embryo nutrition, seed longevity, seed protection, 

and growth control during development and germination [30,70]. Some very small seeds of 

plant species that accumulate very limited nutritional reserves, such as orchids, have 

insufficient energy to germinate [71]. In such cases, natural associations with mycorrhizal fungi 

of genera such as Ceratobasidium, Tulasnella, Rhizoctonia, Epulorhiza, or Ceratorhiza provide 

the nutrients necessary for germination and initial seedling development [72]. Further, 

association with non-mycorrhizal endophytic fungi can also increase endogenous production of 

indoleacetic acid and gibberellins, which encourage germination [73]. It is known that C. 

quitensis establishes symbiotic relationships with endophytic fungi, which benefit growth under 

environmentally stressful conditions [74,75,76]. Therefore, it is likely that some of these fungi 

may also influence seed germination. 

Colohanthus quitensis plants produce between 12 and 43 seeds per capsule, with the lowest 

production reported in populations growing under more extreme environmental conditions 

[5,6,9,29,38,54], along with lower germination success [6,28]. In an ecological context, even 

when the germination percentage is low, it may still be sufficient for the maintenance of 
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populations [77]. Harsh environmental conditions generally limit seed production and quality in 

agricultural settings [78]. The climatic conditions to which C. quitensis plants are subjected in 

Antarctic and high Andean ecosystems are more intense than those faced by agricultural 

species, albeit the species shows considerable stress adaptation and resistance [25,47,75,79], 

which may affect not only seed production and germination success but also the plant’s ability 

to develop seed nutritional reserves, testa thickness, and the expression of dormancy. 

The coloration of the seed coat varies within C. quitensis populations, and the germination 

percentages differ between light and dark brown seeds when exposed to different NaCl 

concentrations [60,61]. Seed heteromorphism, not only in testa coloration but also in 

morphology, has been reported in other Caryophyllaceae species [80,81]. This phenomenon is 

influenced by genetic factors, the position of the seeds on the plant, and their distance from the 

plant’s vascular tissues [82]. Flower position determines seed filling, its hormonal gradient, 

seed coat structure, and composition which, combined, influence both the germination process 

and dormancy [83]. However, studies have not addressed whether C. quitensis seed color 

variation is due to asynchronous seed maturation in flowers, or to biochemical, molecular, or 

nutritional factors; it is also unknown whether seed coloration is related to other indicators of 

seed physiological quality. Identifying such correlates of seed quality would help inform 

conservation decisions. 

The long-term storage of seeds under dry air conditions generally depends on their ability to 

tolerate desiccation and exposure to low temperatures [84]. The ambient moisture content and 

temperature range employed during seed preservation are critical to maintaining seed viability 

[32] as some reserve substances such as storage triacylglycerides can crystallize at 

temperatures of −20 °C [85]. Although C. quitensis has shown a rapid loss of germination 

capacity with storage time at 4 °C, sharing characteristics of recalcitrant seeds [86], the Royal 

Botanic Gardens informs that it is a species that produces orthodox seeds that can tolerate 

freezing at −20 °C and show 100% germination when using gibberellic acid (GA3) in in vitro 

culture [87]. This classification is supported by the fact that the species can maintain 

permanent seed banks in the soil [51], which maintain some degree of viability for periods of 

between two and four years [39,54]. However, no studies have been conducted evaluating 

different methods of seed preservation. 
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4. Characteristics of C. quitensis Seed Bank Formation 

Colobanthus quitensis populations generate permanent seed banks, providing a mechanism of 

adaptation to extreme environmental conditions [51,54,55], implicitly assuming an extended 

length of time that the seeds will remain viable and contributing to the persistence of the 

population over time [88]. Such a mechanism could be particularly important in the extreme 

environmental conditions of Antarctica. Three types of seed banks are generally recognized, 

transient, short-term persistent, and long-term persistent, with the latter having longevity of 

more than five years [88]. 

Once seeds enter the soil seed bank, their persistence depends on their ability to remain 

viable by neutralizing reactive oxygen species, which can cause physiological damage [67]. As 

a result, each non-lethal stress condition encountered by the seeds in the soil seed bank 

triggers a phenotypic response that acts as priming, allowing the seeds to respond more 

effectively to any future event [89]. It is therefore believed that every seedling that emerges 

carries the memory of the parent plants from the time of seed formation and their subsequent 

entry into the soil seed bank. In this way, both genetic and epigenetic factors—viewed as 

memory mechanisms—contribute to the variability found in soil seed banks [67]. 

The available studies on the seed banks of C. quitensis have had a maximum duration of four 

years [34], so it is not yet possible to confirm which type of seed bank the species generates or 

if there are any differences between the seed banks of maritime Antarctic, sub-Antarctic, and 

lower latitude populations. Recently, there has been recognition of the importance of seed 

dormancy [90] and its relationship with longevity [91], temperature variation [92], and soil 

characteristics, which together influence the dynamics of soil seed banks [93]. 

Small, light, round seeds are more likely to penetrate more deeply into the soil profile and 

generate permanent banks [88]. Colobanthus quitensis seeds typically measure between 0.5 

and 0.85 mm [34] and weigh approximately 0.05 mg [35], features that could facilitate the 

formation of a permanent soil seed bank. The ease of burial due to the small size of seeds and 

positive photoblastism are characteristics that contribute to the formation of seed banks in the 

soil [94]. Regarding the ability of C. quitensis seeds to germinate in the presence of light or 

darkness, the literature includes studies where seeds are placed to germinate under 

photoperiods of 24 h light [54] or 24 h darkness [29], as well as in photoperiods that combine 

12 h light/12 h darkness [28] or 16 h light/8 h darkness [22]. This indicates that the species can 
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germinate under all daylength conditions; however, no single study has compared germination 

success under different lighting conditions to classify C. quitensis seeds as positively 

photoblastic, negatively photoblastic, or neutral, although available evidence suggests that the 

species is neutral to light conditions for germination. 

Plant growth conditions influence the characteristics of the seeds produced and their 

subsequent persistence in soil, with Antarctic populations producing heavier seeds than those 

growing in greenhouses [35,51,95]. Longer seeds generally have larger embryos and more 

endosperms, factors that facilitate germination [70]. Therefore, we hypothesize that differences 

in seed size among populations of C. quitensis may influence various germination indicators, 

such as germination percentage or speed, and that these differences will be maintained even 

when parent plants are grown under common garden conditions. Consistent with this 

hypothesis, differences in morphology, genetic factors, and the expression of mechanisms of 

tolerance to environmental conditions between C. quitensis populations have been reported 

under common garden conditions [9,11,96]. 

Local soil characteristics are likely to influence the development of seed banks [6,55,97], not 

least as the presence of an apparently healthy reproducing population does not automatically 

lead to the existence of a seed bank [55]. Further studies are required to elucidate the 

relationship between soil characteristics and the persistence of seeds in the soil. A detailed 

study of the microbial community is also required since fungi present in the soil can interact 

with seeds and establish both symbiotic relationships that favor germination [98] and 

pathogenic relationships that will reduce viability. Recent temperature increases in Antarctica 

are expected to favor the activity of some soil microorganisms, including in the plant 

rhizosphere, increasing the availability of nutrients in the soil [64,99,100] and, in turn, the 

establishment and survival of C. quitensis, which could favor the growth, reproduction, and 

seed production of this species. 

A seed bank potentially includes different soil strata related to annual reproductive cycles [88], 

so seed quality might be expected to vary in relation to position. Applying this concept to C. 

quitensis, the shallowest soil layers have been associated with the youngest seeds [34]. 

However, the most recently produced seeds do not always show the best germination rates 

due to the presence of dormancy [54]. To date, studies have focused on the seed density, 

germination capacity, and survival of samples collected in the first 10 cm of the soil profile 
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[34,55]. Most of the soils have been influenced by permafrost and extreme cold, with the 

presence of volcanic and granitic types primarily in the Antarctic Peninsula. They typically lack 

or have very few of the strata commonly identified elsewhere, resulting in soil depths that 

rarely exceed a few centimeters, where the organic matter content is often scarce 

[101,102,103]. At this time, there is no research available on C. quitensis that indicates the 

depth of its seed banks, how many seeds are introduced each year into the soil strata, or the 

rate at which soil depth increases over time. 

5. The Relationship of C. quitensis with Endophytic Fungi, with Specific Emphasis 
on Seeds 

Most plants establish symbiotic relationships with endophytic fungi, whose influence promotes 

plant growth in the presence of biotic and abiotic stresses [74,104,105]. Endophytic fungi are 

often found in roots, rather than leaves, although they may be present in both [106]. The 

presence of these fungi leads to increased seed mass and enhances the accumulation of 

soluble sugars, auxins, and gibberellins, which lead to increased germination success 

[73,105,106,107,108]. The diversity of endophytic fungi differs among plant species and is also 

influenced by the characteristics of the environment in which they develop, including soil and 

climatic factors [53]. These fungi can be vertically transmitted to plant offspring [107]; however, 

their presence in the parent plant does not necessarily result in transfer to the offspring [98]. 

Vertical transmission depends on the species involved, genotype, resource availability, 

environmental stress, and timing of seed initiation [107,109,110]. 

Endophytic fungi including Alternaria sp., Eupenicillium osmophilum, Penicillium chrysogenum, 

P. brevicompactum, and Phaeosphaeria sp. have been identified in the roots of C. quitensis, 

with a frequency of occurrence greater than 1% of the total fungal community [75]. These have 

beneficial effects on plant growth and flowering [75,76]. On the other hand, endophytic fungi 

belonging to the genera Aspergillus, Cadophora, Davidiella, Entrophospora, Fusarium, 

Geomyces, Gyoerffyella, Microdochium, Mycocentrospora, and Phaeosphaeria have also been 

identified in leaves of C. quitensis, which are believed to confer resistance against freezing and 

ultraviolet radiation [111]. Fusarium and Penicillium species positively influence orchid seed 

germination by producing hormones and metabolites that stimulate both germination and 

seedling growth [112,113]. However, studies have yet to address the transmission of 
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endophytic fungi associated with C. quitensis or the effect of these fungi on seed germination 

under field conditions. 

Plant domestication reduces their associated microbial diversity relative to that found under 

natural conditions [114]. However, no studies comparing the diversity of endophytic fungi 

associated with C. quitensis plants in natural and cultivated conditions have yet been carried 

out. Plants collected from the field and propagated in the laboratory for more than five years 

produce seeds that rapidly lose their germination capacity with storage at 4 °C, with even 

seeds collected recently showing poor germination [115]. Factors underlying this loss of 

germination capacity potentially include the loss of these endophytic fungi over time or the 

establishment of new symbiotic relationships that do not favor seed germination. A simulated 

climate change study showed that in the face of increased temperature and water availability, 

there was a reduction in the number and functionality of endophytic fungi associated with C. 

quitensis [41]. This suggests that multiple factors, including illumination, temperature, irrigation, 

soil type, and fertility, used in laboratory studies may lead to important modifications in the 

microbial community associated with this species. 

6. Interpretation of Physiological Quality of Seeds 

Seed storage is a frequent practice in the agricultural industry and in germplasm banks [32]. 

There is a clear need to perfect the process of seed conservation, as suboptimal storage 

conditions cause and accelerate physiological deterioration in seeds, leading to partial or total 

loss of germination and resulting in economic losses [36]. 

Seed quality can be assessed in terms of the integrity of cellular structures, physiological 

processes, and morphological and phenotypic characteristics [31,116,117] that guarantee high 

germination, viability, longevity, emergence, and vigor. The study of these parameters allows 

for the characterization of species, varieties, and ecotypes [32]. In some species, the 

maximum physiological potential is reached at seed maturation, after which deterioration 

begins [33], evidenced by the accumulation of free radicals and lipid peroxidation that generate 

damage to the integrity of membranes, DNA, RNA, protein synthesis, and metabolic processes 

[30]. Understanding the process of seed quality loss and its underlying causative factors is 

critical for maximizing the success of ex situ seed bank conservation [118,119]. 

Germination testing allows for discrimination between batches of seeds of the same species 

tested under optimal conditions, along with assessing the appearance of abnormal growth 
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structures [120]. This approach does not consider any influence of environmental stress or 

evaluate other growth parameters, and the optimal conditions will differ between species and 

populations [33]. For example, in C. quitensis, the optimal germination temperature depends 

on the conditions under which the parent plant grows, as it has been shown that plants grown 

at 5 °C produce seeds capable of germinating between 5 and 15 °C, whereas plants grown at 

11 °C allow for an extended germination temperature range up to 25 °C [29]. Germination tests 

typically last between 7 and 28 days [120]; however, the time required for germination also 

depends on the degree of seed deterioration [121] and the presence of dormancy [68]. 

Longevity refers to the period over which seed germination remains above a critical level under 

constant storage conditions. Longevity is affected by genotype and pre- and post-harvest 

environmental conditions, although the integration of these components is poorly understood 

[30,122]. Mathematical models based on biochemical studies to determine seed longevity 

[117,123] have not yet been applied in studies of C. quitensis. 

Seed vigor and longevity are polygenetic traits, the products of interactions between 

physiological, biochemical, physical, and genetic properties, and contribute to the rapid and 

uniform emergence of seedlings with normal development [124,125]. From an ecological 

perspective, considering that the reproductive process in Antarctica is concentrated within the 

four summer months, flower production and the opening of seed capsules with mature seeds 

can take up to two months, and the germination and initial seedling establishment process in 

soil seed bank studies can take up to 45 days [115]. Rapid germination can contribute to 

successful establishment while conditions remain optimal for plant growth before the onset of 

winter. From a conservation standpoint in plant collections, achieving uniform and rapid 

germination reduces study time and resource consumption, facilitating the development of 

research. Multiple tests of vigor exist based on biochemical parameters, the imposition of 

stress conditions, and seedling growth [33]. However, since vigor includes multiple 

parameters, none of these approaches fully explain the properties involved in quality 

assessment or are applicable to all species. It is therefore recommended that several vigor 

tests should be performed to try and ensure the inclusion of all possible parameters [126]. 
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6. Studies Related to Seed Quality in C. quitensis 

Seed germination success relates to the imposed conditions [119], nutritional reserves [70], 

testa permeability, and the presence of dormancy [22,30]. Understanding each component is 

necessary to analyze all factors implicated in seed quality [31]. 

Dormancy extends longevity at the expense of germination [30]. In C. quitensis, factors 

influencing dormancy such as testa structural characteristics or seed hormone content are not 

completely understood, although it is known that the amounts of calcium, hemicellulose, and 

lignin in the testa determine water permeability, which limits germination [30]. In some crop 

plants, a lower lipid content in seeds has been associated with reduced longevity [32] as lipids 

help protect seeds from oxidative damage caused by reactive oxygen species, which affects 

the metabolic capacity of the seeds, preventing them from germinating [127,128]. There 

remain many gaps in knowledge about C. quitensis reproduction, seed production, factors 

causing seed deterioration, and the techniques required to analyze or control this process 

(Figure 4). 

 

Figure 4. Summary of the main information gaps identified in this review relating to 

Colobanthus quitensis reproduction, seed production, and physiological quality. In blue are the 

topics that are being investigated at the Laboratorio de Biotecnología y Estudios Ambientales 

at Universidad de Concepción. 
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A flotation test is a very simple method of analyzing the physiological quality of seeds that 

distinguishes between viable and non-viable seeds according to whether they float in water, 

where seeds that float are assumed to be non-viable [129]. Air cavities that limit viability and 

affect germination have been detected in pepper (Piper nigrum) seeds [31]. Such cavities 

could underlie the success of the flotation test. This technique has been used in the analysis of 

C. quitensis seeds [9]. However, it is not 100% effective for C. quitensis as germination tests 

subsequently performed on seeds classified as non-viable showed that some could still 

germinate [115]. It is possible that C. quitensis does not generate these cavities inside its 

seeds, but this is unknown. Alternativity, because of the dormancy present in the species, the 

rate of water absorption by the seeds may be too slow for this technique to be effective. 

However, there is evidence that seeds floating in water have a greater dispersal capacity [130], 

which could form a dispersal strategy that the species uses under natural conditions. 

Seed physiological quality testing based on stress conditions, where seeds are subjected to 

high humidity and extreme temperature conditions (accelerated and cold aging test), has 

allowed the evaluation of seed physiological quality, vigor, longevity, storability, and field 

germination in species such as rice, quinoa, and maize [131,132,133]. The germination 

capacity of C. quitensis seeds has been studied using stress tests based on the effect of low 

and high temperatures [29], different concentrations of sodium chloride [25,60], sodium fluoride 

[28], Fe3+ [134], copper [26], methanesulfonic acid [135], and a marine air component involved 

in the sulfur cycle [136], as well as elevated salt concentrations due to their proximity to the 

coast [101,102]. However, none of these analyses had the primary objective of evaluating the 

physiological quality of the seeds, but rather the resistance of the species to extreme 

environmental conditions. 

It is challenging to study C. quitensis seeds biochemically due to the large number of samples 

required for this type of analysis; in addition, some seed quality analyses are also difficult to 

apply due to the size of the seeds. To some extent, this can be solved by using image 

processing software such as SVIS®, Vigor-S, ImagJ, or Germinator, which allow more detailed 

analysis of the different structures resulting from germination [124,131,137]. In the analysis of 

small seeds, X-ray spectroscopy and attenuated total reflection Fourier transformed infrared 

spectroscopy can be used to identify changes in seed morphology at the level of the seed coat 

or deeper layers involving the embryo, allowing for the identification of anomalies in the 
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embryo or detection of compounds that influence germination [30,133,137,138,139]. The 

application of these techniques in studies of C. quitensis will help to determine more precisely 

how seed quality loss manifests, without the need for destructive studies. A summary of the 

factors affecting the seed quality of C. quitensis and strategies to evaluate or counteract these 

is given in Table 2. 

 

Table 2. Factors affecting Colobanthus quitensis seed quality and methodologies that can be 

used to study this phenomenon. 

 

 

 

7. CONCLUSIONS AND FUTURE PERSPECTIVES 

This review highlights the relevance of studying the reproduction of C. quitensis and the ex situ 

conservation of its seeds as fundamental elements for the proper management of germplasm 

banks. These efforts are crucial for promoting scientific research on this unconventional model 

species and contributing to the preservation and sustainability of the protected ecosystems in 

which it thrives, thereby minimizing the negative impacts of human activity. 

We identify several critical areas that require further research, including seed conservation and 

storage, quality analysis techniques, soil seed banks, and the interaction between 

microorganisms and the reproduction of C. quitensis (Figure 4). To fill these critical knowledge 

gaps, it is necessary to improve our understanding of the phenology of the species and the 

impact of biotic and abiotic factors on its development and evaluate strategies for seed 
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protection and biotechnological applications. The reproductive success of the species is 

strongly influenced by the environmental conditions of both the previous and the current year. 

The formation of permanent seed banks represents an adaptive strategy that allows C. 

quitensis seeds to remain viable for extended periods. This is further facilitated by seed 

dormancy and Antarctic soil conditions, which favor the long-term viability of seeds. These 

characteristics can inform seed conservation, which serves as a preventive resource to 

support biodiversity conservation in ecosystems vulnerable to climate change. 

New seed analysis tools, such as imaging techniques, can offer innovative solutions for 

assessing the physiological quality and longevity of species with small seeds like C. quitensis. 

However, the morphological, physiological, biochemical, and genetic factors influencing 

germination loss under controlled conditions remain largely unknown, complicating the 

development of efficient storage protocols and the understanding of dormancy in this species. 

Additionally, uncertainty persists regarding the role that microorganisms present in their natural 

habitats may play in germination and seedling establishment. 
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ABSTRACT 

Colobanthus quitensis is known for enduring extreme conditions, such as high salinity in 

Antarctica, making it an excellent model for studying environmental stress. In plant families, 

variations in seed color heteromorphism have been linked to various germination under stress 

conditions. Preliminary laboratory observations indicated that dark brown seeds of C. quitensis 

had higher germination rates, suggesting that this phenotypic trait might offer a germination 

advantage, particularly under saline conditions. To investigate this, germination of 

heteromorphic seeds from Antarctic, sub-Antarctic, and Andean populations of C. quitensis 

was assessed under in vitro saline conditions. Among all populations, dark brown seeds 

exhibited greater germination and shorter germination time than other seeds in the absence of 

salinity. In the Antarctic population, dark brown seeds showed better salinity tolerance. In the 

sub-Antarctic La Marisma population, salt tolerance was not affect by seed color, showing the 

population was the most salt-tolerant. The other two populations showed very low germination 

even at low salinity concentration. This study is the first scientific report of seed 

https://doi.org/10.1038/s41598-024-82381-z
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heteromorphism in C. quitensis populations, offering insights into mechanisms of salinity 

tolerance and potentially other stress conditions that enhance the species’ resilience. In 

addition, the identification of La Marisma populations as a salinity-tolerant population will holds 

biotechnological importance for agriculture. 

1. INTRODUCTION 

Global climate change contributes to increased soil salinity due to rising sea levels and 

changing rainfall patterns. This fact negatively affects plant development, especially 

germination and initial seedling growth (1). The osmotic stress caused by salinity decrease 

germination, plant nutrient uptake, elevate ion toxicity, as well as confer morphological (e.g., 

reducing root and shoot length, changing root architecture), biochemical (e.g., decreased 

chlorophyll and carotenoid content, excessive Na+ accumulation, lower K+/Na+ ratio), and 

physiological changes (e.g., decreasing stomatal conductance, changes in chloroplast 

structure, lower photosystem II efficiency) (2,3,4,5). 

 

During evolution, plants have developed different stress tolerance mechanisms to survive in 

different environments, including Antarctic and desertic ones. Among them can be mentioned 

the accumulation of protective osmolytes, scavenging of reactive oxygen species, selective ion 

uptake, changing root architecture, protection of the photosynthetic system, and reduction of 

their metabolism and growth (6). Also, researchers have identified seed heteromorphism as a 

survival strategy that helps plants grow and endure in harsh conditions (7). In this regard, 

heteromorphism is evident when a species produces seeds with different morphology, size, 

weight, and/or color. These characteristics influence seed germination success, dormancy, 

and vigor (7). Studies on the impact of seed heteromorphism on germination often use 

scanning electron microscopy (SEM) to analyze testa microstructure, as color and 

morphological alterations are sometimes linked (8,9). Moreover, heteromorphic seeds in the 

presence of abiotic stress conditions such as salinity, temperature, and illumination changes 

show different germination rates (10,11). The ratio of one type of heteromorphic seed to 

another varies with populations, varieties, climatic, and environmental conditions (11,12). 

Then, a greater germination percentage of heteromorphic seeds on certain ecosystem 

conditions suggest that these seeds have higher adaptability to this environment than other 
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ones. Hence, color heteromorphism may serve as an indicator of the specific stress condition 

prevailing in each habitat and its impact on the ecological dynamics of plant species (13). 

Colobanthus quitensis (Kunth) Bartl. is considered a model plant for biotechnological studies 

and for understanding adaptive mechanisms to extreme environments, as well as an indicator 

of the effects of climate change in Antarctica (14,15). It is an extremophile species distributed 

from southern Mexico to the north of the Antarctic Peninsula (16). Thus, to perform successful 

scientific research, deep understanding of the physiology and genetics of model plant species 

(17,18), like C. quitensis is crucial. Certain populations of this species are located along the 

coast (19), which exposes them to marine aerosols directly or enables them to grow in soils 

drenched with saltwater (20). Recent studies have categorized C. quitensis as moderately 

tolerant to salinity, capable of withstanding from 150 mM NaCl in common garden conditions 

and up to 400 mM NaCl in vitro, showing morphological, physiological, and biochemical 

adaptations to salinity stress (21,22,23). Therefore, throughout the germination process, seeds 

do not exhibit the same responses or adaptive strategies against salinity as observed in 

mature plants (7). For instance, C. quitensis seeds show a reduction in their germination and 

seedling survival rates when exposed to salt concentrations exceeding 100 mM NaCl (21,22). 

Therefore, further research is required to distinguish the salinity tolerance of C. quitensis seeds 

among its populations. Seed stress can affect plant reproduction and productivity (24). Then, 

germination tests are a rapid and effective alternative to detect genotypes resistant to 

environmental stresses (25). 

Seed heteromorphism has been previously described in different families such as Fabaceae8, 

Amaranthaceae (11,13), and Caryophyllaceae26, to which C. quitensis belongs. There are 

several reports that studied the germination process in different populations of C. quitensis 

(27,28,29,30,31), but none have mentioned the presence of heteromorphism or its influence on 

germination. These studies documented variations in germination rates among C. quitensis 

populations. These variations may relate to dormancy (30), but seed traits likely influenced the 

results, as dark brown seeds showed higher germination rates. 

Whe hypothesized that the color heteromorphism observed in C. quitensis confers plasticity in 

the response to salinity, which could be influenced by local adaptation acquired by the mother 

plants. This work aims to answer three research questions: (I) Are there differences in 

germination among different populations of C. quitensis? (II) Does color heteromorphism 
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influence the germination rate of C. quitensis populations? (III) Does the presence of seeds 

color heteromorphism in C. quitensis constitute an adaptation mechanism of salinity tolerance? 

Therefore, the objective of this work was to analyze whether seeds from different populations 

of C. quitensis, grown under controlled conditions, vary in their tolerance to salinity depending 

on their color heteromorphism. For this purpose, the morphology of light and dark brown seeds 

was analyzed for structural differences, as well as in vitro germination analyses of 

heteromorphic seeds in the presence and absence of salinity. 

2. RESULTS 

2.1 Electron microscopy analysis 

SEM analysis was conducted to ascertain any morphological disparities among C. quitensis 

seeds of varying colors. According to SEM micrographs, both the light brown and dark brown 

seeds of C. quitensis populations are triangular and kidney shaped. Furthermore, 

morphological examination of the seeds reveals a uniform, mostly smooth tegument surface, 

with the presence of small puzzle-like striations near the micropyle area (Fig. 1). Overall, there 

were no discernible differences in the seed coat with different colors. 

 

Figure 1. SEM micrographs of heteromorphic Colobanthus quitensis seeds side view. Lateral 

view of light brown seeds from (a) Arctowski, (b) La Marisma, (c) Laredo and (d) Conguillío 
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populations; and dark brown seeds from (e) Arctowski, (f) La Marisma, (g) Laredo and (h) 

Conguillío populations. Close-up of the light brown seed micropyle area from (i) Arctowski, (j) 

La Marisma, (k) Laredo and (l) Conguillío populations; and dark brown seeds from (m) 

Arctowski, (n) La Marisma, (o) Laredo and (p) Conguillío populations. Yellow arrows indicate 

the position of the micropile. Red arrow indicates the presence of surface striations. 

2.2 Effect of population on seed germination 

In each population, the germination percentage of C. quitensis seeds was over 40% (Fig. 2a). 

The pPA and pC populations showed the highest germination percentage, 78% and 66%, 

respectively, with no statistical difference (p < 0.05). Conversely, the germination percentage of 

pL (41%) and pA (46%) populations were statistically similar (p < 0.05), but 1.9-fold and 1.6-

fold lower (p < 0.05) than pPA population. 

 

Figure 2. Germination indicators of different populations of Colobanthus quitensis. (a) 

Germination and (b) time to reach 50% germination (T50). Bars represent mean ± SD (n = 10). 

Different letters indicate statistically significant differences (p < 0.05) according to one-way 

ANOVA followed by a Tukey HSD test. 

 

On the other hand, the time at which 50% germination is reached (T50) was higher than 10 

days for all populations (Fig. 2b). A significantly lower T50 (p < 0.05) was observed in pPA 

(10.8 days) compared to pL (14.48 days) and pC (18.4 days). While the T50 of pA (12.39 

days) does not differ statistically (p > 0.05) from the T50 of pPA and pL. 
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2.3 Effect of color heteromorphism on seed germination 

Seed color had a significant effect on germination rates (Supplementary Table 1), which was 

evidenced by the fact that dark brown seeds in all populations had a significantly (p < 0.05) 

higher germination percentage than light brown seeds (Fig. 3a). The dark seeds of pPA (91%) 

and pC (84%) achieved the highest germination percentages. It should be noted that light 

brown seeds of pA and pL barely exceeded 20% germination. 

 

Figure 3. Germination indicators of different populations of Colobanthus quitensis. (a) 

Germination and (b) time to reach 50% germination (T50) of heteromorphic seeds from 

Arctowski (pA), La Marisma (pPA), Laredo (pL) and Conguillío populations (pC). Bars 

represent mean ± SD (n = 5). Different letters indicate statistically significant differences 

(p < 0.05) according to one-way ANOVA followed by a Tukey HSD test. 

 

Also, the dark brown seeds required significantly (p < 0.05) less time to reach 50% germination 

than the light ones. From all populations, the light (11.7 days) and dark (9.9 days) pPA seeds 

reached their T50 faster (Fig. 3b). 

2.4 Interplay between color heteromorphism and salinity on seed germination 

The presence of NaCl salt in the medium affected the germination of all C. quitensis 

populations, while seed color only showed influence on the germination of pA and pC 

populations. The interaction of both factors had significant effect (p < 0.05) in germination 

percentage of all populations except for pC (Supplementary Table 1). 

Both light and dark seeds show a general trend of germination percentage decreasing with 

increasing salinity. When the results were analyzed, we could observe that dark seeds from 

the pA and pC populations have a higher germination percentage than light seeds. 



55 

 

Conversely, for the pPA and PL populations, light seeds tend to have a higher germination 

percentage than dark brown seeds (Fig. 4). 

 

Figure 4. Germination percentage of heteromorphic seeds of Colobanthus quitensis treated 

with different concentrations of sodium chloride (50–200 mM). Light and dark brown seeds 

from (a) Arctowski (pA), (b) La Marisma (pPA), (c) Laredo (pL) and (d) Conguillío populations 

(pC). Bars represent mean ± SD (n = 5). Different letters indicate statistically significant 

differences (p < 0.05) according to factorial analysis (2 × 5), followed by a Tukey HSD test. 

 

The germination percentage of dark brown seeds from pA populations in NaCl 50 mM was the 

highest (73%), then it decreased to 52% at 100 mM (Fig. 4a). The presence of 50 and 100 mM 

NaCl did not generate differences in germination between light and dark brown seeds in the 

pPA population (Fig. 4b). On the other hand, the pL and pC populations showed a higher 

susceptibility to salt concentrations higher than 150 mM NaCl (Fig. 4c, d). 

Salinity in the medium affected the T50 of all populations (Fig. 5), while seed color only 

influenced the T50 of pL and pC (p < 0.05). The interaction between these factors significantly 

affected the T50 of pL and pC (p < 0.05) (Supplementary Table 2). 
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Figure 5. Time to reach 50% germination (T50) of heteromorphic seeds of Colobanthus 

quitensis subjected to different concentrations of sodium chloride. Light and dark brown seeds 

from (a) Arctowski (pA), (b) La Marisma (pPA), (c) Laredo (pL) and (d) Conguillío populations 

(pC). The bars represent the mean ± SD (n = 75). Different letters indicate statistically 

significant differences (p < 0.05) according to factorial analysis (2 × 5), followed by a Tukey 

HSD test. 

 

The pPA population had the lowest T50 in the presence of 200 mM NaCl for both seed types 

(14 days), compared to the other populations (Fig. 5b). In contrast, the pC population 

maintained a high T50 regardless of NaCl concentration. For example, dark seeds took 17 

days to reach their T50 under control conditions (0 mM NaCl) and 23 days in the presence of 

200 mM NaCl (Fig. 5d). 

The cumulative germination analysis indicates that the dark brown seeds of pA (Fig. 6b) and 

pPA (Fig. 6d) began to germinate faster than their light brown counterparts (Fig. 6a, c). 

Increasing the salt concentration in the in vitro medium resulted in a decreased germination 

percentage and an increased germination time. Salinity has the most severe negative effect on 

the light brown seeds of pA (Fig. 6a), as well as on both seed colors of the pL (Fig. 6e, f) and 

pC (Fig. 6g, h) populations. The dark brown pA seeds (Fig. 6b) and both seed colors of pPA 
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(Fig. 6c, d) showed better tolerance in the presence of 50 mM and 100 mM NaCl in the in vitro 

germination medium. 

 

Figure 6. Cumulative germination of Colobanthus quitensis under different salinity 

concentration. Light brown (C) and dark brown (O) seeds of Arctowski population (pA) (a, b), 

La Marisma (pPA) (c, d), Laredo (pL) (e, f) and Conguillío (pC) (g, h) (n = 75). 

3. DISCUSSION 

This study, for the first time, provides scientific evidence and describes the presence of color 

heteromorphism in the seeds of four C. quitensis populations grown under controlled 

conditions, originating from habitats with varying marine influence: pA, a coastal Antarctic 

population; pPA, a sub-Antarctic coastal population that develops in soils flooded by seawater; 

pL, a sub-Antarctic coastal population; and pC, an Andean population not exposed to marine 

influence (Supplementary Fig. 1). This phenotypic characteristic in the seeds contributes to the 

salinity tolerance of the different C. quitensis populations. 
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The C. quitensis triangular and kidney-shaped seed morphology (Fig. 1) agrees with previous 

descriptions, where it is mentioned that seeds tend to be flattened and wider towards the 

cotyledon area (32). Conversely, variations in seed testa microstructure, dormancy, and 

germination are associated with seed coloration (33). In particular, the effect of seed color on 

germination varies among species (8,9). 

SEM analysis performed in lateral view reflected little variation in testa structure, with striations 

evident only in the dark pPA seeds (Fig. 1d). However, a close-up of the seed micropyle area 

revealed that heteromorphic seeds from all populations show striations that form small pieces 

of a puzzle (Fig. 1i-p). Similar shallow marks were previously detected on the surface of the 

periclinal walls of the pA testa (32). It is possible that light and dark brown seeds differ in their 

biochemical and structural composition at the deeper layers of the seed coat, so more detailed 

analyses, including the use of Fourier-transform infrared spectroscopy, may be required (34). 

Genes regulating the synthesis of flavonols and proanthocyanidin pigments, along with other 

chemicals, are known to play a crucial role in determining seed coat color and their 

arrangement is found in the different layers of the seed coat (35,36). However, this study did 

not cover these aspects, so further research is necessary to understand the factors that lead to 

heteromorphism in C. quitensis. Seed coat characteristics play an ecological role in species 

dispersal, longevity, water uptake capacity, and germination in ecosystems dominated by 

changes in temperature, salinity, and water availability (37). 

The wide distribution of C. quitensis has generated genetic and morphological differentiation 

among its populations (27,38), which influences their germination (30). Plants growing in cold 

climates are usually small in size and slower growing than their counterparts. Therefore, they 

produce small seeds with dormancy, showing low germination speed and high temperature 

requirements for germination (39). Antarctic populations of C. quitensis have been reported to 

have lower germination relative to sub-Antarctic or Andean populations (27), respectively. 

However, in this study, the Antarctic population pA showed equal germination percentage and 

T50 to the sub-Antarctic population pL (Fig. 2a, b). 

Seed heteromorphism is a critical adaptive mechanism that enables plants to maintain high 

germination rates under stress conditions like high salinity and intense UV radiation (40), 

significantly influencing the ecological resilience of plants to changes in the environment (41). 

C. quitensis frequently encounters these stressors within its natural habitats, making this 
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mechanism particularly vital. Factors such as seed maturity, flavonoid and pigment 

concentrations, environmental variations, and genetic influences all play a role in testa 

pigmentation (42). Consequently, under increasing salt concentrations, seed heteromorphism 

is expected to differentially affect the germination of C. quitensis populations (Figs. 4, 5 and 6). 

However, this character only contributed to the higher salinity tolerance of dark brown pA 

seeds, inferring, therefore, that seed color heteromorphism might be fundamental for this 

population to tolerate increased salinity conditions to a greater extent in Antarctic. 

The testa thickness of heteromorphic seeds is determined by the amount of suberin, cutin, and 

lignin in the cell walls, as well as the presence of fatty acids in the intercellular spaces. This 

thickness influences seed permeability, impacting the rate of water uptake by the embryo, 

dormancy, and germination (43,44). Additionally, the levels of phytohormones such as abscisic 

acid, indole-3-acetic acid, and zeatin riboside vary with seed color, potentially affecting the 

germination process45. Understanding these complex interactions provides valuable insights 

into the resilience mechanisms of C. quitensis, offering potential strategies for enhancing crop 

tolerance to abiotic stressors. 

Varieties or genotypes among species exhibit different levels of tolerance to the same stress 

(46), a phenomenon observable from the early stages of plant development (47). For instance, 

dark brown pA seeds demonstrated a higher germination percentage than light brown seeds 

up to 150 mM NaCl (Fig. 4a). However, in the presence of 150 and 200 mM NaCl, light brown 

pPA seeds showed a higher germination percentage than dark brown seeds (Fig. 5b). This 

suggests that within a population, the higher germination percentage of one seed type over 

another indicates the possible presence of biochemical compounds that enable tolerance to 

NaCl. Both pA and pPA populations thrive in areas exposed to saline conditions 

(Supplementary Fig. 1a, b) (19,20), suggesting they possess genetically determined 

mechanisms that confer salinity tolerance. Previous research has shown that the addition of 50 

mM NaCl to in vitro culture media did not affect the germination percentage of pPA compared 

to seeds germinated under non-saline (control) conditions (21,22). 

Nevertheless, in this investigation, pPA seeds with a dark brown color exhibited a greater 

germination percentage when the in vitro germination media did not contain NaCl (Figs. 3a and 

4b). The pPA has a higher tolerance to salt than pL, even though both species originate in 

similar locations and are associated with coastal ecosystems (Supplementary Fig. 1b, c). A 
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possible reason could be that the pPA ecosystem undergoes frequent flooding of the soil with 

seawater, exposing the roots to continuous and direct contact with saltwater (20). This may 

have led to the development of stronger genetic mechanisms in this population that can 

tolerate salinity. Because the habitats and microclimates that comprise a natural landscape are 

ever-changing. Therefore, the populations that grow there tend to show differences in 

response to environmental pressures (48). However, pL is subject to strong anthropic pressure 

that has influenced its habitat and therefore the ecology of this population (M. Cuba-Díaz, pers. 

comm.). This could also explain why, although they grow in Punta Arenas associated with 

coastal environments, pL and pPA have different levels of salt tolerance. 

Both pL and pC showed low tolerance to salinity (Fig. 4c, d). However, at concentrations up to 

100 mM NaCl, pPA seeds and only the dark brown seeds of pA had a germination percentage 

higher than 50% (Fig. 4a, b). The observed difference in salinity tolerance between pPA and 

pA could be attributed to the different ways these populations are exposed to salinity: pPA is 

found in areas that are flooded with seawater, while pA receives marine spray. This distinction 

should be analyzed in depth. For this experiment, seeds were obtained from plants grown 

under controlled conditions and temperatures, without exposure to salinity for at least 8 to 10 

months (49). Nonetheless, seeds from pPA and the dark brown seeds from pA exhibited 

greater tolerance to salinity, suggesting the presence of genetically inherited mechanisms that 

confer tolerance, even in the absence of direct exposure to saline conditions during their 

production. 

For each population, it is evident that when the concentration of NaCl increases, seeds of all 

colors are impacted. In fact, there was a delay in seed germination, starting with an increase in 

salt concentration (Fig. 4). In numerous species, studies have documented the negative 

influence of salinity (46,50,51) because the increase of Na+ ions in the medium decreases the 

water uptake rate of seeds, generating drought stress, thereby delaying and decreasing 

germination percentage (52). Furthermore, it generates toxicity that changes and disrupts the 

activity of enzymes involved in nutrient mobilization, such as α-amylase, and decreases the 

content of gibberellins required for germination (50,53). 

Researchers have observed that C. quitensis does not germinate quickly under laboratory 

conditions. The development of long germination periods is considered an adaptive trait in 

species that occur in ecosystems with a high degree of stress or disturbance (54). However, in 
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this study, pA and pPA required less time to achieve 50% germination (Fig. 5a, b) than pL and 

pC (Fig. 5c, d). This is advantageous because faster-germinating plants are less susceptible to 

disease and experience less competition for environmental resources, both of which are critical 

for healthy growth and subsequent seed production (55). 

This research shows that there is a close relationship between seed color and the germination 

of C. quitensis in response to salinity. Although this phenomenon was not observed in the 

other three populations, it is possible, according to the literature, that seed heteromorphism 

may be a useful mechanism for tolerating other types of environmental stress, in the remaining 

populations of C. quitensis. Considering that the thickness of the testa, the composition and 

abundance of chemical compounds in the seed coat, and the presence of secondary 

metabolites in seeds may provide relevant information about the ecology of species in extreme 

environments (7). Finally, there is a need for further investigation focusing on seed 

heteromorphism to clarify the causes of its origin and its implications for the species’ ecology 

(Fig. 7). 

 

 

Figure 7. Diagram of the main research results and proposal for future research focused on 

the heteromorphism of Colobanthus quitensis seeds. 

 

While heteromorphism has been documented in the Caryophyllaceae family (26), this is the 

first report of such a phenomenon in C. quitensis, highlighting an additional adaptive strategy 

this species uses to endure the harsh conditions of its native habitats. Heteromorphism in 

seeds has been reported across numerous plant families, including Amaranthaceae (41), 
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Poaceae (56), Fabaceae (57), and Asteraceae (58), many of which contain crops of economic 

importance. The discovery of heteromorphism in C. quitensis opens the possibility of 

leveraging this trait to understand seed survival mechanisms under variable environmental 

conditions. This knowledge could be instrumental in selecting populations, varieties, or 

genotypes of commercially significant species that exhibit enhanced tolerance to abiotic 

stresses, such as increased soil salinity. 

4. CONCLUSION 

This work represents the first effort to identify the existence of color heteromorphism in C. 

quitensis seeds from different habitats. The studied populations vary in their germination 

capacity, with dark brown seeds showing greater success than light brown ones. The most 

salt-tolerant population is pPA, where the heteromorphic seeds respond equally to the 

presence of NaCl. This opens the possibility of using pPA as a biotechnological model to 

investigate the mechanisms of salinity tolerance in extremophilic species. In pA, dark brown 

seeds showed a higher germination percentage than light brown seeds in the presence of 

NaCl, showing that heteromorphism is one of the mechanisms used by this population to cope 

with saline conditions. Heteromorphism in pL and pC did not influence their ability to withstand 

salt in the medium, making them the most susceptible populations. Finally, seed 

heteromorphism related color of seed coat in C. quitensis may be one of the strategies used by 

this species to tolerate the harsh conditions within its natural habitat, although the advantages 

of this phenomenon for the species need further study. 

5. MATERIALS AND METHODS 

5.1 Plant material 

For this study, seeds from four populations of C. quitensis plants were analyzed 8 to 10 

months after their collection in the field. These plants were kept in a common garden belonging 

to the Antarctic plant collection of the Laboratorio de Biotecnología y Estudios Ambientales of 

Universidad de Concepción, Chile. Seeds were coded with the name of the location where the 

plants were collected: Arctowski (pA) (King George Island, South Shetland Islands, Antarctica; 

62°09’S; 58°28’W), La Marisma (pPA) (Santa María Point, South of Punta Arenas, Chile; 

53°22’S; 70°58’W), Laredo (pL) (Laredo sector, North of Punta Arenas, Chile; 52°58’S; 

70°49’W) and Conguillío (pC) (Conguillío National Park, Araucanía Region, Chile; 38°36’S; 
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71°36’W) (Supplementary Fig. 1). The populations pA, pPA, and pL are coastal populations, so 

they are constantly exposed to marine spray. Notably, pPA inhabits areas that are 

continuously flooded with seawater, while pC is located in the mountain range and does not 

receive marine influence. 

C. quitensis plants were grown in growth chambers at 13 ± 1 °C, with a 16/8 h light/dark 

photoperiod, a light intensity of 120 ± 20 µmol m2 s− 1 and 85–90% relative humidity. Seeds 

from each population were collected when the flower capsules were fully opened, and the 

seeds were matured (Fig. 8a). Mature seeds were considered as those able to tolerate 

desiccation (59) and whose color varied from immature seeds. The capsules were dried at 

room temperature for 2–3 days. Subsequently, seeds were manually extracted, sorted by color 

into light and dark brown seeds (Fig. 8b, c), and stored in hermetically sealed Eppendorf tubes 

at 4 °C until use. 

 

 

Figure 8. Open floral capsule of Colobanthus quitensis showing mature seeds ready to be 

collected (a), light brown seeds (b) and dark brown seeds (c). 

5.2 Electron microscopy analysis 

The light and dark brown seed testa of the different populations was analyzed by scanning 

electron microscopy (SEM) (model JSM-6380) to detect differences in their morphology. Seeds 

from different colors were fixed to a holding plate and sputtered with an Au layer using a Leica 

EM ACE600 high vacuum coater. SEM images were taken using an acceleration voltage of 30 

kV modified from Kellman-Sopyla et al. (32). 

5.3 Seed selection and conditioning 

Seeds were submerged for 24 h in distilled water, and seeds that floated were considered non-

viable and those that did not were considered viable (60). All viable seeds were scarified with 
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1% (v/v) H2SO4 during 30s30 and subsequently disinfected with 70% (v/v) ethanol for 30 s in 

vortex and 5% (v/v) NaClO for 7 min in vortex, followed by three times washes with sterile 

distilled water (21). 

5.4 Effect of population, seed color heteromorphism and salinity on seed germination 

For the experiments, 10 cm diameter Petri dishes were used containing 20 mL of MS culture 

medium (61), 3% sucrose, 0.7% agar were prepared. Seeds were placed on dishes for in vitro 

germination at 20 ± 2 °C, with a 16 h light/ 8 h dark photoperiod and a light intensity of 45 ± 2 

µmol m-2 s-1. 

To evaluate the effect of populations (n = 4) on germination without making distinctions in seed 

color, an experimental design was carried out with 10 replicates per treatment (n = 40). Seeds 

were randomly selected, maintaining the color proportions for each population of C. quitensis 

and 15 seeds per replicate were placed to germinate in the mentioned medium. 

In addition, to evaluate the effect of seed color2 within the population, five replicates of 15 

seeds of the same color were used for each replicate and placed to germinate on the same 

medium. 

Finally, to explore the combined effect of seed color and salt concentration, five concentrations 

of NaCl (0, 50, 100, 150 and 200 mM) were added to the medium. Five replicates of 15 seeds 

per color and NaCl concentration, respectively, were used. 

For the three tests, the number of germinated seeds on each plate was recorded every 48 h 

for 32 days. Germinated seeds were considered to be those whose radicle was at least twice 

the size of the seed (28). Data was calculated for germination percentage (GP) according to 

the Eq. 1. 

                                                                                                                            (1) 

Where n is the number of germinated seeds at the end of the experiment and N is the total 

number of seeds. In addition, it was determined the time at which 50% germination is reached 

(T50) according to the Eq. 2 (62). 

                                                                                                 (2) 
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Where n is the number of germinated seeds at the end of the experiment; ni and nj are the 

cumulative number of germinated seeds per adjacent count at tj and ti times, respectively, 

where  

 

Based on these count data, it was obtained cumulative germination rate as the fraction of the 

number of germinating seeds per Petri dish every two days. 

5.5 Statistical analysis 

To analyze the effect of populations and seed heteromorphism on germination percentage and 

T50 of each population, a one-way ANOVA was performed. Germination percentage and T50 

were considered as dependent variables, and population and seed color were used as 

independent variables. To evaluate whether color heteromorphism affects germination 

response to salt stress, a factorial analysis was performed. Germination percentage and T50 

were again the dependent variables, while seed color and different salinity treatments acted as 

independent variables. In both analyses, a post hoc Tukey’s Honestly Significant Difference 

(HSD) analysis was employed with a 95% confidence interval. These analyses were executed 

using the “aov” function within the R Studio program (R Core Team, 2023). Subsequently, the 

graphs were generated utilizing the “ggplot2” package63. 
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7. ELECTRONIC SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1. Natural ecosystems and collecting sites of different populations of 

Colobanthus quitensis. a) Arctowski, b) La Marisma, c) Laredo, d) Conguillío. 
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Supplementary Table 1. Factorial analysis of the effect of seed color (light or dark brown) and 

sodium chloride content (0,50,100,150 or 200mM) on the germination percentage of 

Colobanthus quitensis seeds. 

C. quitensis 

populations 

Abbreviation Variables effects on Germination (%)           Statistical parameters 

df SS F p-value 

Arctowski pA 

Seed color (SC) 1 2.006 70.409 <0.001* 

Salinity (S) 4 3.085 26.288 <0.001* 

SCxS 4 0.652 5.560 0.0011* 

Error 40 1.173 
  

La Marisma pPA 

Seed color (SC) 1 0.00021 0.0056 0.940 

Salinity (S) 4 5.426 36.577 <0.001* 

SCxS 4 0.473 3.192 0.0229* 

Error 40 1.483   

Laredo pL 

Seed color (SC) 1 0.000039 0.001 0.974 

Salinity (S) 4 2.656 17.919 <0.001* 

SCxS 4 0.709 4.785 0.0029* 

Error 40 1.482 
  

Conguillío pC 

Seed color (SC) 1 0.947 47.749 <0.001* 

Salinity (S) 4 5.514 69.465 <0.001* 

SCxS 4 0.113 1.425 0.243 

Error 40 0.793     

df degree of freedom; SS sum of squares; F test F; *p-value with significant differences (p<0.05). 

 

Supplementary Table 2. Factorial analysis of the effect of seed color (light or dark brown) and 

sodium chloride content (0, 50, 100, 150 or 200 mM) on the time taken to reach 50 % 

germination of Colobanthus quitensis. 

C. quitensis 

populations 

Abbreviation Variables effects on T50 (days)           Statistical parameters 

df SS F p-value 

Arctowski pA 

Seed color (SC) 1 3.702 0.604 0.443 

Salinity (S) 4 362.877 14.812 <0.001* 

SCxS 4 39.862 1.627 0.194 

Error 29 177.620 
  

La Marisma pPA 
Seed color (SC) 1 0.001 0.000 0.992 

Salinity (S) 4 148.812 5.888 <0.001* 
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SCxS 4 12.304 0.487 0.745 

Error 35 221.155 
  

Laredo pL 

Seed color (SC) 1 181.852 29.134 <0.001* 

Salinity (S) 4 344.035 13.779 <0.001* 

SCxS 4 1032.051 41.336 <0.001* 

Error 28 174.769 
  

Conguillío pC 

Seed color (SC) 1 1191.791 193.590 <0.001* 

Salinity (S) 4 553.905 22.493 <0.001* 

SCxS 4 1269.276 51.544 <0.001* 

Error 31 190.845     

df degree of freedom; SS sum of squares; F test F; *p-value with significant differences (p<0.05). 
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ABSTRACT 

In vitro plant tissue culture is an important strategy for plant regeneration, micropropagation, 

and germplasm conservation. However, its implementation requires efficient and cost-effective 

protocols. 

The extremophile species Colobanthus quitensis has been proposed as a model plant for 

stress biology studies. Its distribution in Antarctica faces increasing threats from tourism and 

scientific activities, making ex situ conservation urgent. However, low in vitro germination rates 

hinder this approach, highlighting the need for protocol optimization. This study addressed two 

key questions: (1) What culture medium composition best stimulates C. 

quitensis germination? and (2) Which preconditioning and dormancy-breaking treatments are 

most effective for Antarctic populations? We tested variations in culture medium 

composition (Murashige and Skoog [MS] basal salts and sucrose), priming treatments, pH (5.5 

and 5.7), and scarification methods. The results demonstrated that omitting MS in a pH 5.7 

medium achieved 46.67% germination, increasing to 73.33% with 5% KCl halo-priming. 

However, complete MS exclusion impaired seedling development. A 25% MS medium at pH 

5.5, combined with halo-priming, optimized both germination (81.67%) and seedling 

growth. For highly dormant Antarctic populations, mechanical scarification was essential to 

achieve significant germination. In conclusion, minor adjustments to medium composition and 

concentration provided a low-cost, efficient protocol suitable for C. quitensis and other 

commercially relevant species with similar dormancy challenges. 

Keywords: dormancy; seeds; priming, scarification, medium modification. 

mailto:mcuba@udec.cl


75 

 

Highlights 

• Halo-priming with 5% potassium chloride increases the germination rates 

• Colobanthus quitensis can germinate with only 25% Murashige and Skoog medium. 

• This species germinates better in slightly acidic media. 

• Sucrose is not an essential component for in vitro germination. 

• Testa breaking of seeds from Antarctic populations is effective in germination protocols. 

Graphical abstract 

 

1. INTRODUCTION  

In vitro cultivation has become a cornerstone tool for conservation and biotechnological 

research, enabling the mass production of plants from seeds or small plant tissue samples, 

commonly referred to as explants (Cruz-Cruz et al. 2013; Hesami et al. 2021). This technique 

preserves genetic material without impacting natural populations and contributes to germplasm 

banking. These tools are invaluable for studying physiological and genetic processes, 

optimizing growth conditions, and understanding stress adaptation mechanisms 

(Bhattacharyya et al. 2014; Sané et al. 2021; Ontivero et al. 2024b). An effective in vitro 

germination protocol facilitates large-scale plant production while providing germinated 

seedlings for use as young explants in secondary metabolite extraction, genetic 

transformation, and callus production (Sorokin et al. 2021; Lian et al. 2022). Germination is a 

complex process influenced by genetic and physical factors; therefore, protocol components 

must be adapted to each species, considering variables such as culture medium, sterilization, 

temperature, light, and pH (Roni et al. 2018; dos Santos et al. 2021). 
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Among germination-enhancing techniques, priming involves preconditioning plants to tolerate 

impending stress. This may include controlled seed hydration in water (hydropriming), 

polyethylene glycol (osmopriming), or salt solutions (halopriming: CaCl₂, CaSO₄, KCl, KNO₃, 

or NaCl) (Sadeghi and Robati 2015; Wang et al. 2022; Zhou et al. 2024). Controlled hydration 

at low water potential initiates metabolic activity without radicle emergence, ensuring 

synchronized germination (Soughir et al. 2013). Priming effectively breaks dormancy, 

enhances seed vigor, and improves germination/seedling establishment under stress (Pawar 

and Laware 2018). 

For in vitro cultivation, the culture medium type (e.g., Murashige and Skoog, Gamborg B5, 

Thomale GD, Woody Plant Medium) and concentration (0–2X strength) are critical (Rodríguez 

et al. 2014; Huh et al. 2016; Li and Zhang 2018; Tinoammini et al. 2024). Other key factors 

include carbohydrate source/concentration (Stewart et al. 2010; Huh et al. 2016), 

phytohormone type/concentration (Agha et al. 2022), and medium pH (4.2–5.9) (Zhang et al. 

2004; Li and Zhang 2018). 

Colobanthus quitensis (Kunth) Bartl. (Caryophyllaceae), one of Antarctica’s two native vascular 

plants, is a model for extreme-environment resilience (Convey and Biersma 2024). In harsh 

environments, germination is tightly regulated by physiological adaptations (e.g., metabolic 

dormancy, antioxidant activity), genetic factors (e.g., LEA stress-response genes), and 

environmental triggers (e.g., temperature fluctuations, light spectra, nitrate availability) (Bewley 

et al. 2013; de Freitas et al. 2024; Nyasulu et al. 2024). Antarctic populations face exacerbated 

controls, with seeds exhibiting deep dormancy to avoid unfavorable-season germination 

(Gielwanowska et al. 2011; Kellmann-Sopyła et al. 2017). 

In vitro, challenges include absent natural cues (soil microbiota, diurnal shifts), suboptimal 

medium composition (growth regulator/osmotic imbalances), and oxidative stress 

(Bhattacharyya et al. 2014; Tiwari et al. 2024). Despite this, C. quitensis has been studied for 

salinity (Cuba-Díaz et al. 2017a; Ontivero et al. 2024b), freezing (Min et al. 2024), and metal 

toxicity tolerance (Cuba-Díaz et al. 2017c; Contreras et al. 2018; Farías 2018). However, low 

in vitro germination rates especially in Antarctic populations limit ex situ conservation (Cuba-

Díaz et al. 2017b; Ontivero et al. 2024b), necessitating physiological/technical solutions. While 

stratification, hormones, and chemical/mechanical scarification have been tested (Cuba-Díaz 
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et al. 2019; Tai et al. 2021; Khuat et al. 2022; Rocha et al. 2022), an optimized, species-

specific protocol remains needed (Coelho and Romano 2021). 

For C. quitensis, full-strength MS medium with 3–4% sucrose (pH 5.7) is standard (Zúñiga et 

al. 2009; Cuba-Díaz et al. 2017a; Ontivero et al. 2024b). However, other species show higher 

germination with reduced MS/sucrose (Rodríguez et al. 2014; Huh et al. 2016). Naturally 

occurring in acidic soils (pH 4.9–6.6; Upson et al. 2008; Beber-Vieira et al. 2011), C. quitensis 

has been propagated in vitro at pH 4.5–5.8 (Zúñiga et al. 2009; Cuba-Díaz et al. 2017a, 2020), 

suggesting slightly acidic conditions may enhance germination/establishment. 

Given Antarctic populations’ germination constraints, we hypothesize that in vitro interactions 

between dormancy-breaking treatments, seed priming, and medium optimization will improve 

germination. This study addresses: (1) What is the optimal culture medium composition for C. 

quitensis germination? and (2) Which priming/dormancy-breaking treatment is most effective 

for Antarctic populations? We aim to optimize an in vitro germination protocol and develop 

targeted strategies for Antarctic specimens. 

2. MATERIALS AND METHODS 

2.1 Plant material 

For experiments 1 to 4, a homogeneous mixture of C. quitensis seeds in equal proportions was 

used, representing different origins: the Antarctic population Arctowski, the sub-Antarctic 

coastal populations La Marisma and Laredo, and the sub-Antarctic non-coastal population 

Vega. This strategy aimed to develop a baseline germination protocol for the species, which 

can be adapted to the specific requirements of each population (as explored in experiment 5). 

To achieve this, plants collected from the field were transferred to the common garden of the 

Active Collection of Antarctic Vascular Plants at the Laboratory of Biotechnology and 

Environmental Studies (LABEA), University of Concepción, where they were propagated in 

growth chambers at 13 ± 1°C, with a photoperiod of 16/8 h light/dark, a light intensity of 120 ± 

20 µmol m² s⁻¹, and 85–90% relative humidity. Colobanthus quitensis seeds were collected 

from fully open floral capsules containing mature seeds (Still 1999). The capsules were dried 

at room temperature for 2–3 days, after which the seeds were manually extracted and stored 

in airtight Eppendorf tubes at 4°C for 18 months until they were used. The seed storage period 
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corresponded to the maximum vigor period identified by Salgado (2023). The experiments 

were conducted at one-month intervals.  

To improve the germination protocol for Antarctic seeds, corresponding to experiment 5, seeds 

were collected in the field from the Antarctic population of Byers Peninsula (62°41'07.36"S / 

60°51'26.75"W, Livingston Island, South Shetland Islands), during the summer of 2023 

(PERMIT No. 203 / 2023 from Instituto Antártico Chileno). These seeds were air-dried for 2 

days and stored in Eppendorf tubes at room temperature during their transport from Antarctica 

to LABEA. Subsequently, they were preserved at 4°C for 18 months, following the same 

procedure as the seeds used in the previous experiments. 

The culture media evaluated in this study were based on the general protocol for the in vitro 

germination of C. quitensis proposed by Cuba-Díaz et al (2017a). This protocol includes 

disinfecting the seeds with 70% ethanol for 30 seconds, followed by 7 minutes treatment with 

5% sodium hypochlorite (NaOCl 35 g L⁻¹, commercial bleach). The seeds are then rinsed three 

times with sterile distilled water. After disinfection, the seeds are placed in 10 cm diameter 

Petri dishes containing 20 mL of in vitro culture medium prepared with 100% Murashige and 

Skoog (MS) medium (Murashige and Skoog, 1962), 3% sucrose, 0.7% agar, and a pH 

adjusted to 5.7. The in vitro seed sowing process is conducted under a laminar flow hood to 

maintain aseptic conditions. Seeds were germinated at 20 ± 2°C with a photoperiod of 16 

hours light / 8 hours darkness and a light intensity of 45 ± 2 µmol m² s⁻¹ for 30 days. 

Germination is recorded daily to calculate several germination indicators (see below), 

considering a seed germinated when its radicle reaches twice the length of the seed 

(Sanhueza et al. 2017). 

2.2 Experiments 

2.2.1 Experiment 1: MS modification with pH maintained at 5.7 

 

To evaluate the optimal concentration of MS medium, the original germination protocol was 

maintained (3% sucrose, 0.7% agar and pH 5.7), with modifications made only to the MS 

concentrations in the medium. Germination was analyzed using MS concentrations of 0%, 

25%, 50%, and 100% (the concentration from the initial protocol proposed by Cuba-Díaz et al. 

2017a). Three replicates were performed for each treatment, with 15 seeds per replicate. Daily 
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germination counts were conducted to calculate various germination indicators (see below 

2.3). 

2.2.2 Experiment 2: Application of priming treatments to seeds 

To assess the effect of various priming treatments on the germination of C. quitensis, seeds 

were immersed for 24 hours in one of the following solutions: distilled water (W) for hydro-

priming, 5% polyethylene glycol (PEG5) or 10% polyethylene glycol (PEG10) for osmo-

priming, 5% potassium chloride (KCl5) or 10% potassium chloride (KCl10) for halo-priming. 

After treatment, the seeds were rinsed three times and disinfected (Cuba-Díaz et al. 2017a). 

Germination was conducted in vitro using the culture medium from experiment 1 that yielded 

the best germination results. Four replicates were prepared for each treatment, with 15 seeds 

per replicate. Daily germination counts were performed to calculate various germination 

indicators (see below 2.3). 

2.2.3 Experiment 3: MS modification by pH reduction (5.5) and optimal priming treatment 

 

Seed germination of C. quitensis was evaluated using the priming treatment that achieved the 

best results in experiment 2 (maintaining a medium with 3% sucrose and 0.7% agar). The MS 

content in the germination medium was modified (0%, 25%, 50%, and 100%). For in vitro 

cultivation, plant cells require acidic pH levels between 5.5 and 5.7 (Gamborg and Shyluk, 

1981). Previous studies have demonstrated that C. quitensis can grow in vitro in media at pH 

5.5 (Salgado, 2023); thus, this pH value was maintained for the present experiment. Four 

replicates were performed for each treatment, with 21 seeds per replicate. Daily germination 

counts were conducted to calculate various germination indicators (see section 2.3). 

 

2.2.4 Experiment 4: Sucrose presence/absence analysis at varying pH in the culture 

medium 

For germination to begin, only water is required to activate the enzymatic machinery of seeds 

(Hasanuzzaman et al. 2013); therefore, MS was not used. Therefore, this experiment 

evaluated whether sucrose (S+ or S-) should be included in the culture medium and how the 

pH levels previously tested in experiments 1 and 3 influence germination. In this essay, the 

priming treatment selected in experiment 2 was maintained. Four replicates were performed 
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for each treatment, with 21 seeds per replicate. Daily germination counts were conducted to 

calculate various germination indicators (see below 2.3). 

We consolidated data from the most effective treatments identified in Experiments 1-4 to 

perform a comparative analysis of their germination efficacy. This systematic approach 

enabled evidence-based selection of the optimal protocol for enhancing in vitro germination in 

C. quitensis, ensuring the highest germination percentage. 

 

2.2.5 Experiment 5: Scarification on germination in Antarctic Colobanthus quitensis 

The low germination rate observed in Antarctic populations of C. quitensis, even after 

treatment with sulfuric acid (Cuba-Díaz et al. 2019), highlights the need to explore different 

treatment combinations to overcome dormancy. In this study, three treatments were evaluated: 

sulfuric acid (Sa), testa breakage with a scalpel (B), and the combination of both chemical and 

mechanical scarification methods (Sa+B). Given the hardness of the testa of C. quitensis 

seeds, priming treatments were used to soften the seed coat and promote its rupture. Two 

treatments from experiment 2 were selected, as they were the most effective. After 24 hours of 

priming, seeds requiring chemical scarification (Sa and Sa+B) were treated with 2% sulfuric 

acid (Cuba-Díaz et al. 2019) and subsequently disinfected (Cuba-Díaz et al. 2017a). For 

treatments involving mechanical scarification (B and Sa+B), this procedure was performed 

after disinfection. These seeds were placed to germinate in media containing 25% MS, 0.7% 

agar, and pH adjusted to 5.5%. Five replicates were performed per treatment, with 21 seeds 

per replicate, and daily germination counts were carried out to calculate various germination 

indicators. 

2.3 Germination indicators calculated in each experiment 

Using daily germination measurements from each experiment were used to calculate the 

following:  

Percentage of germination (Equation 1). 

                                                                                                                           (1) 

Where n is the number of germinated seeds at the end of the experiment and N is the total 

number of seeds used. 

From these count data, the accumulated germination rate was obtained as the fraction of 

germinated seeds per Petri dish recorded each day. 
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The mean germination time (MGT) (Equation 2) is calculated as: 

                                                                                                                         (2) 

Where ni is the number of seeds germinated on day t and n is the total number of seeds 

germinated during the experiment. 

The time to reach 50% of germination (Equation 3) is calculated as described by Farooq et al. 

(2005): 

                                                                               (3) 

Where n is the total number of germinated seeds by the end of the experiment, ni and nj are 

the accumulated numbers of germinated seeds from adjacent counts at times tj and ti, 

respectively, such that  

Germination Synchronization Index (Z) (Equation 4), as described by Primack (1980), is 

calculated as: 

, siendo  y   

Where  represents the combination of the seeds germinated at time i, taken two at a time; 

and ni is the number of seeds germinated at time i. The index Z equals 1 when all seeds 

germinate simultaneously, and it equal 0 when at least two seeds germinate at different times. 

2.4 Statistical Analysis 

To analyze the effect of treatments in Experiments 1, 2, and 3 on the different germination 

indicators, a one-way ANOVA was performed. For Experiments 4 and 5, a two-factor factorial 

analysis was conducted. Treatments from Experiments 1 to 4 that exhibited the strongest 

germination response were compared using one-way ANOVA. In both cases, a post hoc 

Tukey's Honest Significant Difference (HSD) test was applied using the Tukey HSD function in 

R, with a 95% confidence interval. Both the one-way and two-way ANOVA were performed 

using the “aov” function in R (R Core Team, 2023). Graphs were subsequently generated 

using the "ggplot2" package (Wilkinson, 2011). 

3. RESULTS 

Among the indicators used in this research to evaluate germination, the T50 and Z indices did 

not show statistically significant differences in any of the experiments conducted. Therefore, 

they were not relevant indicators for this study on C. quitensis and will not be included in the 

description of the results of the different experiments. However, the results of these indices are 
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available in the supplementary tables for each experiment. Thus, only the germination 

percentage and MGT indices were considered in the description and discussion of the results. 

3.1 Experiment 1: MS modification  

The modification of the MS content in the original medium showed that the absence of this 

medium (0% MS) significantly stimulates germination (46.67%) compared to treatments that 

contain MS, where the germination percentage did not exceed 26.67% (Fig. 1a, 

Supplementary Table 1). In the treatments from Experiment 1, germination began on day 7, 

with no additional seeds germinating after day 20 (Fig. 1b). No significant differences were 

observed in MGT (Supplementary Table 2).  

 

Figure 1. Effect of modifying the Murashige and Skoog (MS) medium concentration in the in 

vitro culture medium on (a) germination percentage and (b) cumulative germination of 

Colobanthus quitensis. Different letters indicate significant differences (P≤ 0.05) according to 

Tukey’s HSD test (n=3). 

3.2  Experiment 2: Application of priming treatments to seeds 

The use of different osmo- and halo-priming treatments showed that the incorporation of 

PEG10 and KCl at concentrations of 5% and 10% into the original medium without MS resulted 

in germination percentages above 70%, with no significant statistical differences (p > 0.05) 

among these three treatments (Fig. 2a, Supplementary Table 1). The application of any of 

these priming methods allowed germination to begin as early as the fifth day of the experiment 
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(Fig. 2b). However, PEG is more expensive than KCl in the market (Supplementary Table 3), 

and among the two halo-priming treatments, the use of 5% KCl requires a lower amount of 

product, contributing to a reduction in cultivation costs. Although none of the treatments 

significantly affected MGT, the use of 5% KCl showed a tendency to reduce MGT 

(Supplementary Table 4). 

 

Figure 2. Effect of different priming treatments on Colobanthus quitensis seeds for (a) 

germination percentage and (b) cumulative germination. Different letters indicate significant 

differences (P ≤ 0.05) according to Tukey’s HSD test (n = 4). DW: distilled water, PEG: 

polyethylene glycol, KCl: potassium chloride. 

3.3  Experiment 3: MS modification by pH reduction (5.5) and optimal priming treatment 

When incorporating halo-priming with 5% KCl (one of the three best results from Experiment 2) 

into seeds placed in in vitro culture media adjusted to pH 5.5, variations in MS content did not 

significantly affect the germination percentage (P > 0.05) (Supplementary Table 1). However, 

among these treatments, the medium with 25% MS showed a tendency to increase the 

germination percentage, which reached 81.67%, 8.34% higher than the medium without MS 

(Fig. 3a). The new variations in the medium, combined with the halo-priming, allowed 

germination to be observed starting on the fifth day of the experiment, extending until day 13 

for the treatment with 50% MS (Fig. 3b). No significant differences were observed in MGT, the 

medium with 25% MS tended to reduce MGT (Supplementary Table 5). 
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Figure 3. Effect of modifying the MS medium content in the in vitro culture medium at pH 5.5 

when seeds are treated with halopriming (KCl 5%) on (a) germination percentage and (b) 

cumulative germination of Colobanthus quitensis. Different letters indicate significant 

differences (P ≤ 0.05) according to Tukey’s HSD test (n = 4). 

3.4  Experiment 4: Sucrose presence/absence analysis at varying pH in the culture 
medium 

The presence of sucrose in the culture medium at pH 5.5 and 5.7 in the absence of MS did not 

stimulate germination. However, the removal of sucrose had a stimulating effect on 

germination when the medium pH was 5.5 (Fig. 4a, Supplementary Table 1). Upon analyzing 

the cumulative germination, it was evident that germination began in all treatments between 

days 5 and 7 (Fig. 4b). None of the treatments influenced the germination time indicator 

(Supplementary Table 6). 

 

Figure 4. Effect of medium pH modification and the presence or absence of sucrose in the in 

vitro culture medium on a) germination percentage and b) cumulative germination of 
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Colobanthus quitensis. Different letters indicate significant differences (P ≤ 0.05) for Tukey’s 

HSD test (n=4). 

3.5  Comparison of the best treatments for germination of Colobanthus quitensis 

To determine the best in vitro germination protocol for C. quitensis, the germination percentage 

and mean germination time of the treatments from experiments 1–4 that most effectively 

stimulated germination was compared (Table 1). To determine the best treatment combination 

for stimulating the germination of C. quitensis, the germination percentage and mean 

germination time of the best treatments from each experiment were compared (Table 1). This 

analysis revealed that T1 (MS (-), 3% sucrose, 0.7% agar, and pH 5.7) had a significantly 

lower germination percentage compared to the other treatments, while T6 (KCl5, 25% MS, 

sucrose (-), 0.7% agar, and pH 5.5) tended to show the highest germination percentage (Fig. 

5a). Regarding mean germination time, the results were much more variable, with the longest 

germination times recorded for T1 (10.39 days) and T9 (10.3 days), while the shortest 

germination times were observed for T5 (5.72 days), T6 (5.41 days), and T8 (5.63 days) (Fig. 

5b). 

 

Table 1. Description of the best protocols for in vitro seed germination of Colobanthus 

quitensis from experiments 1 to 4. 

Nomenclature Experiment Description of the protocol 

T1 1 MS (-), 3% sucrose, 0.7% agar, and pH 5.7 

T2 2 PEG10, MS (-), 3% sucrose, 0.7% agar, and pH 5.7 

T3 2 KCl5, MS (-), 3% sucrose, 0.7% agar, and pH 5.7 

T4 2 KCl10, MS (-), 3% sucrose, 0.7% agar, and pH 5.7 

T5 3 KCl5, MS (-), sucrose (-), 0.7% agar, and pH 5.5 

T6 3 KCl5, 25% MS, sucrose (-), 0.7% agar, and pH 5.5 

T7 3 KCl5, 50% MS (-), sucrose (-), 0.7% agar, and pH 5.5 

T8 3 KCl5, 100% MS (-), sucrose (-), 0.7% agar, and pH 5.5 

T9 4 KCl5, MS (-), sucrose (-), 0.7% agar, and pH 5.5 (same as T5) 

(-): without; PEG10: polyethylene glycol 10%, KCl5: potassium chloride 5%, KCl10: potassium chloride 10%. 
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Figure 5. Comparison of the best in vitro germination protocols of Colobanthus quitensis from 

experiments 1 to 4: a) germination percentage and b) mean germination time. Different letters 

indicate statistically significant differences according to the Tukey HSD test (P ≤ 0.05). The 

description of each treatment is available in Table 1. 

3.6  Experiment 5: Scarification on germination in Antarctic Colobanthus quitensis 

The treatments involving mechanical scarification alone or combined with sulfuric acid 

scarification resulted in germination percentages higher than 55% in the Antarctic population of 

Byers Peninsula, while the use of sulfuric acid alone did not stimulate more than 2.86% (Fig. 

6a, Supplementary Table 1). However, neither of these treatments produced uniform 

germination, as new seeds continued to germinate throughout the entire experimental period 

(Fig. 6b). The lack of germination in treatments where hydro-osmotic treatment followed by 

sulfuric acid scarification, and halo-osmotic treatment with 5% KCl followed by sulfuric acid 

scarification, did not allow sufficient germination to determine MGT (Supplementary Table 7).  
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Figure 6. Effect of combining seed halo-priming (KCl 5%) with scarification methods on a) 

germination percentage and b) cumulative germination of Colobanthus quitensis. Different 

letters indicate significant differences (P ≤ 0.05) according to Tukey’s HSD test (n = 5). W: 

distilled water; Sa: sulfuric acid; B: breaking of the testa. 

4. DISCUSSION 

Conservation of germplasm helps maintain the genetic diversity of species, provides 

necessary material for reforestation processes, or supports research activities (Bhattacharyya 

et al., 2014; Cuba-Díaz et al., 2020; Hesami et al., 2021). However, conservation efforts can 

be costly, so alternatives that make this process more economically accessible are continually 

being explored (Quazi et al., 2021). Although, in vitro cultivation is not considered one of the 

most expensive conservation techniques, adjusting the concentrations or types of compounds 

used in media preparation can help reduce costs and facilitate the development of simpler and 

more efficient protocols (Coelho & Romano, 2021; Salgado, 2023). 

4.1 Requirements of in vitro germination in Colobanthus quitensis  

In natural environments, especially those with extreme conditions, a low germination 

percentage may suffice to sustain a healthy population (Kildisheva et al. 2020). However, 

achieving higher germination percentages is critical for managing plant collections or 

germplasm banks, therefore, seed germination under controlled conditions offers a promising 

alternative. In vitro germination is a complex process where the relationship between the 

composition of the medium and carbohydrate sources plays a crucial role in achieving optimal 

germination (Hesami et al. 2021). Most in vitro germination studies on C. quitensis seeds have 
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utilized 100% MS medium which includes various sources of mineral salts and organic 

compounds (Murashige and Skoog 1962). However, even with this composition, some 

populations of the species have failed to achieve high germination percentages (Cuba-Díaz et 

al. 2017b, 2019; Ontivero et al. 2024b). It is known that the osmotic potential of culture media 

influences the water absorption rate of seeds.  

Culture media containing full-strength MS salts and sucrose exhibit more negative osmotic 

potentials, which can impede water uptake and consequently reduce germination rates 

(George et al. 2008). Our results confirmed this phenomenon, showing significantly lower 

germination percentages when using the standard in vitro medium (100% MS, 3% sucrose, pH 

5.7) proposed by Cuba-Díaz et al (2017a) or even reduced MS concentrations (25-50%) 

compared to MS-free controls (Fig. 1a, Supplementary Fig. 1a,b). This inhibitory effect of MS 

salts on germination has been similarly reported in orchids, where decreased germination was 

attributed to the osmotic stress caused by medium components (Huh et al. 2016). Notably, 

ammonium nitrate (NH4NO3) and potassium nitrate (KNO3) are the MS components with most 

negative osmotic potential, can induce physiological alterations that promote phytotoxic 

compound production, particularly at higher concentrations (Cárdenas and Villegas 2002; 

Turkan and Demiral 2009; Rodríguez et al. 2014). 

Interestingly, when combining pH adjustment to 5.5 with halo-priming treatment in MS-

containing media, germination differences between treatments became non-significant (Fig. 3), 

highlighting the interactive effects of osmotic regulation and pH optimization. Nevertheless, 

media lacking either MS salts, sucrose, or both components still achieved high germination 

percentages (Figs. 1-4). It should be noted that while diluted MS (1/8 strength) or its complete 

absence supported germination, these conditions significantly reduced orchid seedling 

biomass (fresh and dry weight) in previous studies (Huh et al. 2016). Although this study 

prioritized germination optimization over seedling quality assessment, results showed that 

while MS-free medium enhanced germination rates (Figs. 2-5), it impaired subsequent 

vegetative growth (Supplementary Fig. 1), as plants depended solely on their initial reserves. 

This lower biomass hinders handling, compromising their preservation in germplasm banks. 

Therefore, the exclusion of MS is not a viable strategy for the in vitro conservation of this 

species. 
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Sometimes, the embryo’s own energy reserves and seed imbibition are sufficient to achieve 

germination (de Carvalho et al. 2024). However, both germination and seedling establishment 

are energy-intensive processes that require the mobilization of carbohydrates, proteins, and 

lipids, which constitute the primary reserve sources in seeds (De Mello et al. 2022; Wang et al. 

2022). In in vitro culture studies, it has been suggested that each species has specific 

carbohydrate requirements for optimal germination (Stewart and Kane 2010). In the case of C. 

quitensis, a 3% sucrose concentration has been consistently used (Cuba-Díaz et al. 2017a, b, 

c, 2019; Ontivero et al. 2024b). However, different studies have identified that sucrose can 

interfere with both the germination process and seedling establishment (Huh et al. 2016; 

Bozdemir et al. 2018).  

In our study, we remove this sugar from the in vitro culture medium. Thus, higher germination 

percentages are achieved when the seeds are treated with 5% KCl and germinated in a 

medium with 25% MS adjusted to pH 5.5, without sucrose (Fig. 5). This result suggests that 

the soluble carbohydrates reserve available in the seeds of C. quitensis are sufficient to 

support germination. This could be related to the fact that the main reserve substance in C. 

quitensis seeds is starch (Kellmann-Sopyła et al. 2017), a compound that serves as the 

primary energy source in seeds, ensuring germination and the initial establishment of 

seedlings (Shaik et al. 2014).  

Many soluble carbohydrates have also been identified, with sucrose, raffinose, D-pinitol, 

maltose, myo-inositol, glucose, galactinol, D-ononitol, and fructose found in descending order 

of concentration. These compounds play a key role as antifreeze agents, which is beneficial for 

the survival of C. quitensis in its natural distribution areas (Kellmann-Sopyła et al. 2015). 

Sucrose and raffinose are compounds that influence seed longevity (Vandecasteele et al. 

2011), being quickly mobilized as an energy source during the early stages of the germination 

process (Bewley et al. 2013; Dadlani and Yadava 2023). It has also been mentioned that 

glucose is the main respiratory substrate utilized during germination and seedling 

establishment (Muscolo et al. 2007).  

4.2  Osmotic and saline priming have an important effect on in vitro germination of 
Colobanthus quitensis. 

In this study, the application of 10% PEG and 5% and 10% KCl stimulated seed germination 

(Fig. 2). This supports the premise that osmo-priming and halo-priming enhance germination 
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by allowing controlled water uptake, which activates initial metabolic processes without 

inducing radicle protrusion, thereby preventing damage from excessive hydration (Rahimi 

2013; Vasconcelos et al. 2017; Ma et al. 2024). Additionally, priming has been shown to 

increase ATPase activity in germinating seeds, as well as acid phosphatase and RNA 

synthesis, ultimately improving the germination rate (Nawaz et al. 2013). Priming treatments 

help repair cellular structures damaged by seed deterioration, reduce oxidative stress, and 

minimize variability in germination times, leading to a more synchronized process 

(Soleimanzadeh 2013; Sadeghi and Robati 2015; Pawar and Laware 2018). 

However, in this study, priming did not lead to greater uniformity in germination 

(Supplementary Table 2). Nonetheless, the application of these three priming treatments 

significantly reduced the mean germination time compared to the control medium, which 

lacked MS and contained 3% sucrose, 0.7% agar, and a pH of 5.7 (Fig. 5b). In science, the 

cost of research is an important factor to consider. Although PEG10, KCl5, and KCl10 

produced the same positive effects on the germination of C. quitensis, PEG was ruled out due 

to its higher cost compared to KCl (Supplementary Table 3). Additionally, among the two KCl 

treatments, the 5% solution was chosen as the best alternative, as it not only required fewer 

resources to prepare but also tended to reduce the time needed for the germination process 

(Supplementary Table 2). 

4.3 Effect of medium pH and MS concentration on seed germination 

In in vitro culture, the pH of the medium is a crucial factor due to its impact on nutrient 

availability, either facilitating or inhibiting it (George et al. 2008), which directly influences 

vegetative growth (Hakim and Dalimunthe 2022). In this study, lowering the pH from 5.7 to 5.5 

promoted seed germination, especially when combined with priming using 5% KCl, without 

sucrose, and with MS concentrations ranging from 0 to 100% (Fig. 3). While no significant 

differences in germination percentage occurred among treatments, the 25% MS medium 

showed a consistent trend: higher germination (Fig. 5a), faster germination (Fig. 5b), and 

better vegetative development (Supplementary Fig. 1c). 

A slightly more acidic pH is likely to enhance nutrient availability in MS, even at low 

concentrations, contributing to higher germination rates without the negative osmotic effects 
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associated with higher MS concentrations. The presence of MS provides a balanced formula 

that supports seed and plant organ development, meeting the essential nutritional 

requirements of most plant species (Zurita-Valencia et al. 2014). Among the treatments 

evaluated in Experiment 3, despite their good germination results, the MS-free medium was 

discarded because it did not support seedling vegetative growth. On the contrary, the 

treatments containing 50% and 100% MS were discarded, as they involve using a larger 

amount of the product, which increases the cost of the protocol without providing additional 

benefits for the germination of C. quitensis compared to the medium containing 25% MS. 

Supplementary Figure 3 shows the cost of MS, a product widely used in tissue culture and in 

vitro germination, although its use is not strictly necessary if the sole objective is to assess 

germination. 

Previous in vitro germination experiments using the protocol proposed by Cuba-Díaz et al 

(2017a) have been applied in studies analyzing the germination of various C. quitensis 

populations from Antarctica, the sub-Antarctic region, and central-southern Chile. When 

considering these data, that is, as a seed pool, germination percentages range from 17.42% to 

57.75% (Farías 2018; Cuba-Díaz et al. 2019; Arroyo-Marín 2023; Ontivero et al. 2024). In 

contrast, our proposed protocol, which includes pre-treatment with 5% KCl, 25% MS, 0.7% 

agar, and a pH of 5.5, could achieve germination rates above 80% (Fig. 3a, 5a). 

4.4  Seed dormancy may limit the in vitro germination of Antarctic populations of 
Colobanthus quitensis 

It has been demonstrated that the germination of C. quitensis populations collected directly 

from the field or obtained from a common garden is very similar (Koc et al. 2018). For this 

reason, only field-collected seeds were used in this experiment, without including those from a 

common garden. Germination rates in a species can be highly variable, as they are influenced 

by numerous environmental, genetic, and conservation factors (Zhou et al. 2019). However, 

multiple studies report that in vitro germination rates of Antarctic C. quitensis populations reach 

50% at best. These low success rates may result from the mismatch between controlled 

laboratory conditions and the species' natural growth environment (Cuba-Díaz et al. 2017b, 

2019; Arroyo-Marín 2023; Ontivero et al. 2024b). In contrast, studies using moistened filter 

paper or various substrates report germination percentages ranging from 0% to nearly 100%, 
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even with freshly collected seeds (Ruhland and Day 2001; Gielwanowska et al. 2011; Vera 

2017; Koc et al. 2018). This highlights not only the high variability in germination rates among 

Antarctic populations depending on the protocol used but also the limited efforts towards the 

long-term ex situ conservation of this species. Therefore, establishing an in vitro germination 

protocol that consistently ensures high germination rates is crucial. 

Given that Antarctic populations of C. quitensis exhibit difficulties in germination (Ruhland and 

Day 2001; Gielwanowska et al. 2011; Cuba-Díaz et al. 2019; Arroyo-Marín 2023), previous 

studies have reported positive results using sulfuric acid scarification (Cuba-Díaz et al. 2019). 

However, in this study, the combination of seed priming in the Antarctic population, followed by 

chemical scarification and sowing in a modified in vitro germination medium based on the best 

result obtained (Fig. 5), resulted in germination rates below 3%. This suggests that chemical 

scarification is not effective for Antarctic populations. 

It is important to note that, although the same amount of material per population was used in 

experiments 1 to 4, only one Antarctic population and three subantarctic populations were 

used, which could have influenced the fact that analyzing only the Antarctic population did not 

result in higher germination percentages. However, by incorporating mechanical scarification 

or combining chemical scarification with mechanical scarification (via seed coat rupture), this 

limitation was overcome, achieving germination percentages between 55.24% and 69.52% 

(Fig. 6). Previous studies have demonstrated that in species such as Avena sativa, Senna 

italica, Sorghum sudanense, Tephrosia nubica, Senna angustifolia, Acacia tortilis, Prosopis 

cineraria, and Crotalaria persica, mechanical scarification of the seed coat is more effective at 

stimulating germination than sulfuric acid treatment (Rocha et al. 2022; Debouza et al. 2024). 

The accumulation of electro-dense and osmophilic materials in the epidermal cell walls of the 

seed coat in Antarctic populations has been reported to form a hard layer that protects the 

seeds from the extreme Antarctic conditions (Kellmann-Sopyła et al. 2017). Therefore, it is 

possible that low concentrations of sulfuric acid are not the most effective option for 

overcoming this physical barrier, and mechanical scarification may be required instead.  

In optimizing the germination protocol for Antarctic populations of C. quitensis, seeds soaked 

in water for 24 hours and subjected to both chemical and mechanical scarification achieved the 

highest germination percentage (69.52%), followed by seeds treated with 5% KCl and 

mechanical scarification (66.67%). Although manual seed coat rupture can be a time-
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consuming process, it is considered highly effective, safe, simple, and accessible for any 

laboratory (Debouza et al. 2024). In contrast, sulfuric acid is a costly product (Supplementary 

Table 3) that requires stricter safety measures due to its corrosive nature. Therefore, we 

recommend using the second protocol, which yielded the highest germination percentages, for 

the in vitro germination of Antarctic C. quitensis populations. 

In vitro germination is a widely used strategy for the conservation and production of plants with 

ornamental, economic, or ecological value. This research highlights how small modifications to 

a germination protocol can significantly improve its effectiveness. We believe that the aspects 

analyzed in this study can be applied to various existing protocols for commercially valuable 

species with characteristics similar to C. quitensis (Ontivero et al. 2024a). Developing step-by-

step research strategies that discard protocols based on verifiable results, as well as their 

economic and technical feasibility, is crucial for achieving better outcomes in propagation, 

conservation, and research. 

 

5. Conclusion 

The results demonstrate that although C. quitensis is capable of germinating in a minimal 

medium consisting solely of water, 0.7% agar, and pH 5.5, this approach is inadequate for 

germplasm bank conservation due to the suboptimal vegetative development observed in the 

seedlings. Protocol optimization through the combination of a 5% KCl priming treatment for 24 

hours and the use of a culture medium containing only 25% MS salts, without sucrose and 

adjusted to pH 5.5, achieves significantly higher germination percentages while substantially 

reducing costs. According to Supplementary Table 3, the use of KCl results in an 81% cost 

saving compared to PEG, while reducing MS salts to one-quarter of their standard 

concentration lowers reagent costs by 75%. Furthermore, eliminating sucrose from the 

medium and favoring mechanical over chemical scarification further reduces operational 

expenses and enhances protocol safety. This integrated strategy not only ensures high 

technical efficacy but also improves accessibility for resource-limited laboratories, thereby 

supporting conservation efforts for this keystone species in fragile Antarctic ecosystems. 
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Supplementary materials 

 

 
Supplementary Figure 1. Effect of the germination protocol used on the vegetative 

development of Colobanthus quitensis seedlings at the end of the experiment. Seeds were 

germinated in: a) Murashige and Skoog (MS) 25% medium + sucrose + pH 5.7 (experiment 1); 

b) application of 5% potassium chloride (KCl) in medium without MS + sucrose + pH 5.7; and 

c) application of 5% KCl + a combination of 2% sulfuric acid followed by testa rupture with a 

scalpel in MS 25% medium without sucrose + pH 5.5. 

 
Supplementary Table 1. Analysis of variance of the effect of the variables evaluated in the 

different experiments on the in vitro germination of Colobanthus quitensis. 

Experiment Variables effects on germination           Statistical parameters 
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(%) df MS F p-value 

1 
MS at pH 5.7 3 0.0390 18.04 0.000641*** 

Error 8 0.0022   

2 
Priming treatments 4 0.1350 8.024 0.00115** 

Error 15 0.0168   

3 
MS at pH 5.5 3 0.0082 0.771 0.532 

Error 12 0.0107   

4 

pH 1 0.03858 7.183 0.02* 

Sucrose 1 0.02658 4.948 0.0461* 

pHxSucrose 1 0.03858 7.183 0.02* 

Error 12 0.00537   

5 

Priming 1 0.0007 0.117 0.850 

Scarification 2 2.3107 121.190 1.48e-13 *** 

PrimingxScarification 2 0.0261 2.066 0.149 

Error 24 0.0180  0.253 

df degree of freedom; MS mean of squares; F test F; *p-value with significant differences (p<0.05); ** p-value with 

significant differences (p<0.01); *** p-value with significant differences (p<0.001) 

Suplementary Table 2. Effect of the modification of Murashige and Skoog (MS) medium 

content in the in vitro culture medium at pH 5.7 on the mean germination time (MGT), the time 

required to reach 50% germination (T50), and the germination uniformity index (Z) of 

Colobanthus quitensis (n=3). No significant differences were detected (p>0.05) according to 

Tukey HSD (n=3). 

MS (%) at pH 5.7 MGT (days) ± SD T50 (days) ± SD Z ± SD 

0 10.39 ± 0.98 8.83 ± 1.09 0.094 ± 0.04 

25 9.92 ± 1.18 8.78 ± 1.07 0.056 ± 0.10 

50 9.11 ± 1.02 7.58 ± 0.14 0.222 ± 0.10 

100 10.03 ± 1.43 8.72 ± 0.86 0.167 ± 0.17 

 
Supplementary Table 3. Costs of different chemical products in Chile. 
 
Product Price 

(clp) 
Quantity Company Product link 

Murashige 
and Skoog 

19400 1L Sigma 
Aldrich 

https://www.sigmaaldrich.com/CL/es/product/sigma/m551
9?utm_source=google&utm_medium=cpc&utm_campaign
=22179178721&utm_content=177793365521&gad_sourc
e=1&gad_campaignid=22179178721&gbraid=0AAAAAD8
kLQTx4nzzd_F6VaDomLQJSjSp7&gclid=Cj0KCQjw8cHA
BhC-
ARIsAJnY12zi9gIonk4mRyS5RprJvAwfRTUtAe_w0nX-
WWYROXn6TthEU-wUzjIaAmZ-EALw_wcB 
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Polyethylene 
glycol 

55620 1kg Productos 
químicos 

https://productosquimicos.cl/producto/polietilenglicol-1-
lt/?srsltid=AfmBOooMzvK0xge0q8EwJnZnYuZKZzhbsUiK
wF-TdLaxgcoUHQ6zG7RZ  

Potassium 
chloride 

10591 1 kg Bioquímica.cl https://www.bioquimica.cl/cloruro-de-potasio-
1kg?srsltid=AfmBOoqKibzVmmOlS8VDCOOJMsY-
80MIu7KmEff09fkX9votTnZ2y99d  

Sufuric acid 34986 500 mL Hanna https://hannachile.com/producto/reactivo-de-acido-
sulfurico-al-16-500-ml-
hi70425/?gad_source=1&gclid=Cj0KCQiA2oW-
BhC2ARIsADSIAWpxPWapQut5Uw1HTWjk40CQJW2pp
Pdtj85JlyYks_TUhDmDJ1sVEqIaAufiEALw_wcB  

 

Suplementary Table 4. Effect of osmotic pre-treatments on the mean germination time 

(MGT), the time required to reach 50% germination (T50), and the germination uniformity index 

(Z) in Colobanthus quitensis. No significant differences were detected (p>0.05) according to 

Tukey HSD (n = 4). 

Priming treatment MGT (days) ± SD T50 (days) ± SD Z ± SD 

Distilled water 9.55 ± 1.16  8.72 ± 1.91  0.55 ± 0.30  

Polyethylene glycol 5% 7.08 ± 1.16 5.63 ± 0.83  0.41 ± 0.42  

Polyethylene glycol 10% 7.84 ± 1.76  5.73 ± 0.36  0.32 ± 0.22 

Potassium chloride 5% 7.15 ± 0.76  5.59 ± 0.22  0.23 ± 0.03 

Potassium chloride 10% 8.49 ± 1.10  7.56 ± 2.12  0.29 ± 0.11  

 
Suplementary Table 5. Effect of modifying the Murashige and Skoog (MS) medium content in 

in vitro culture medium at pH 5.5 on the mean germination time (MGT), the time required to 

reach 50% germination (T50), and the germination uniformity index (Z) of Colobanthus 

quitensis. No significant differences were detected (p>0.05) according to Tukey HSD (n = 4). 

 

MS at pH 5.5 MGT (days) ± SD T50 (days) ± SD Z ± SD 

0 5.72 ± 0.33 5.01 ± 0.63  0.18 ± 0.03  

25 5.41 ± 0.45  4.81 ± 0.63  0.17 ± 0.02  

50 6.34 ± 0.61  5.85 ± 0.48  0.15 ± 0.06  

100 5.63 ± 0.27  4.90 ± 0.27  0.26 ± 0.07  

 
Suplementary Table 6. Effect of pH modification and the presence or absence of sucrose in 

the in vitro culture medium on the mean germination time (MGT), time to reach 50% 

germination (T50), and germination uniformity index (Z) of Colobanthus quitensis. No 

significant differences were detected (p>0.05) according to Tukey HSD (n=4). 

 

pH /Sucrose (S) MGT (days) ± SD T50 (days) ± SD Z ± SD 

https://productosquimicos.cl/producto/polietilenglicol-1-lt/?srsltid=AfmBOooMzvK0xge0q8EwJnZnYuZKZzhbsUiKwF-TdLaxgcoUHQ6zG7RZ
https://productosquimicos.cl/producto/polietilenglicol-1-lt/?srsltid=AfmBOooMzvK0xge0q8EwJnZnYuZKZzhbsUiKwF-TdLaxgcoUHQ6zG7RZ
https://productosquimicos.cl/producto/polietilenglicol-1-lt/?srsltid=AfmBOooMzvK0xge0q8EwJnZnYuZKZzhbsUiKwF-TdLaxgcoUHQ6zG7RZ
https://www.bioquimica.cl/cloruro-de-potasio-1kg?srsltid=AfmBOoqKibzVmmOlS8VDCOOJMsY-80MIu7KmEff09fkX9votTnZ2y99d
https://www.bioquimica.cl/cloruro-de-potasio-1kg?srsltid=AfmBOoqKibzVmmOlS8VDCOOJMsY-80MIu7KmEff09fkX9votTnZ2y99d
https://www.bioquimica.cl/cloruro-de-potasio-1kg?srsltid=AfmBOoqKibzVmmOlS8VDCOOJMsY-80MIu7KmEff09fkX9votTnZ2y99d
https://hannachile.com/producto/reactivo-de-acido-sulfurico-al-16-500-ml-hi70425/?gad_source=1&gclid=Cj0KCQiA2oW-BhC2ARIsADSIAWpxPWapQut5Uw1HTWjk40CQJW2ppPdtj85JlyYks_TUhDmDJ1sVEqIaAufiEALw_wcB
https://hannachile.com/producto/reactivo-de-acido-sulfurico-al-16-500-ml-hi70425/?gad_source=1&gclid=Cj0KCQiA2oW-BhC2ARIsADSIAWpxPWapQut5Uw1HTWjk40CQJW2ppPdtj85JlyYks_TUhDmDJ1sVEqIaAufiEALw_wcB
https://hannachile.com/producto/reactivo-de-acido-sulfurico-al-16-500-ml-hi70425/?gad_source=1&gclid=Cj0KCQiA2oW-BhC2ARIsADSIAWpxPWapQut5Uw1HTWjk40CQJW2ppPdtj85JlyYks_TUhDmDJ1sVEqIaAufiEALw_wcB
https://hannachile.com/producto/reactivo-de-acido-sulfurico-al-16-500-ml-hi70425/?gad_source=1&gclid=Cj0KCQiA2oW-BhC2ARIsADSIAWpxPWapQut5Uw1HTWjk40CQJW2ppPdtj85JlyYks_TUhDmDJ1sVEqIaAufiEALw_wcB
https://hannachile.com/producto/reactivo-de-acido-sulfurico-al-16-500-ml-hi70425/?gad_source=1&gclid=Cj0KCQiA2oW-BhC2ARIsADSIAWpxPWapQut5Uw1HTWjk40CQJW2ppPdtj85JlyYks_TUhDmDJ1sVEqIaAufiEALw_wcB


105 

 

5.5/S (-) 10.30 ± 0.50  9.06 ± 0.56  0.30 ± 0.16  

5.7/S (-) 9.79 ± 0.27 8.83 ± 0.39  0.26 ± 0.06  

5.5/S (+) 10.92 ± 1.07  9.60 ± 0.76  0.22 ± 0.04 

5.7/S (+) 9.66 ± 0.44  8.76 ± 0.74  0.20 ± 0.09 

+: presence, -: absence  

Suplementary Table 7. Effect of different dormancy breaking methods on the mean 

germination time (MGT), time to reach 50% germination (T50), and germination uniformity 

index (Z) of Colobanthus quitensis (n=5). 

Priming Scarification MGT (days) ± SD T50 (days) ± SD Z ± SD 

Distilled water 

Sulfuric acid - - - 

Testa breaking 15.81 ± 1.81 13.97 ± 3.59  0.095 ± 0.042 

Sulfuric acid + Testa breaking 16.28 ± 1.19 13.7 ± 1.60  0.059 ± 0.016   

Potassium 

chloride 

Sulfuric acid - - - 

Testa breaking 15.45 ± 1.41   12.43 ± 2.31  0.061± 0.032   

Sulfuric acid + Testa breaking 15.8 ± 1.66   13.68 ± 1.93  0.068 ± 0.028   

- Measurements are absent due to lack of data 
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ABSTRACT 

Seed deterioration affects all species and presents a major challenge for the management of 

germplasm banks. Colobanthus quitensis is one of the two extremophile vascular species 

native to Antarctica and is recognized for its biotechnological potential in environmental stress 

studies and as a bioindicator of climate change. However, the manifestation of physiological 

deterioration in the seeds of this species remains unknown. This study aimed to analyze the 

physiological changes occurring in C. quitensis seeds during the deterioration process. To 

achieve this, the accelerated aging method was applied to evaluate variations in germination 

and various biochemical indicators between aged and non-aged seeds. The results showed 

that the germination percentage, mean germination time, time required to reach 50% 

germination, and germination speed coefficient significantly decreased with seed deterioration. 

However, once the seed coat is broken, germination may be enhanced. Additionally, total 

sugar content decreased significantly with aging, while indole-3-acetic acid content increased. 

In conclusion, accelerated aging leads to a reduction in germination indices, and both total 

sugar and indole-3-acetic acid contents may serve as markers of physiological deterioration in 

C. quitensis and other species characterized by small seeds, seed dormancy, and hard seed 

coats. 

 

1. INTRODUCTION 

Seed deterioration is a phenomenon that affects all plant species and complicates the work of 

germplasm banks, as it necessitates continuous quality assessments that demand time and 
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resources (Taylor, 2020). The accelerated aging technique allows for seed quality evaluation 

without requiring long waiting periods between monitoring sessions (Fenollosa et al., 2020). 

Colobanthus quitensis (Kunth) Bartl. (Caryophyllaceae) is an extremophile species with a 

broad distribution, ranging from Mexico to Antarctica (Moore, 1970). In recent years, it has 

garnered growing interest in biotechnological research on environmental stress (Clemente-

Moreno et al., 2020; Min et al., 2024). The inaccessibility of its natural habitats and the need to 

protect Antarctic ecosystems from human influence have driven efforts toward its ex situ 

conservation as a research resource (Ontivero et al., 2024aa). 

Ex situ conservation of this species through in vitro cultivation has revealed germination issues 

in seeds from several populations (Cuba-Díaz et al., 2019). This problem has been linked to 

dormancy (Gielwanowska et al., 2011). However, the early indicators affected by seed 

deterioration remain unknown. This knowledge gap has implications not only for the 

management of its collections but also for advancing the understanding of extremophilic plant 

biology. This study aims to analyze the physiological changes that occur in C. quitensis seeds 

during deterioration. 

  

2. MATERIALS AND METHODS 

2.1 Plant Material and Accelerated Aging 

A seed pool was generated from the Antarctic populations of Arctowski (62°09′S; 58°28′W) and 

Byers Peninsula (62°40′S; 60°55′W), the Parque Omora population from Puerto Williams in 

Patagonia (54°56′S; 67°39′W), and the Punta Arenas populations of La Marisma (53°22′S; 

70°58′W), Laredo (52°58′S; 70°49′W), and La Vega (52°41′S; 70°56′W) of C. quitensis. The 

seeds were obtained from plants cultivated under controlled common garden conditions 

(Cuba-Díaz et al., 2017a) and had been stored for 12 to 18 months at 4°C. These seeds, 

referred to as non-aged seeds (NAS), corresponded to the period of optimal physiological 

quality (Salgado, 2023). A portion of the seeds was subjected to accelerated aging (AS) with 

modifications to the protocol of Fenollosa et al. (2020). The seeds were placed in airtight 

containers with 200 mL of water and incubated in ovens at 45°C and 90% relative humidity for 

3 days. Subsequently, both NAS and AS seeds were divided into two groups to assess their 

quality. 
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2.2 In vitro germination test 

For the in vitro germination test, 5 replicates of 21 seeds were disinfected with ethanol and 

sodium hypochlorite and placed in Petri dishes with 100% Murashige and Skoog medium, 3% 

sucrose, 0.7% agar, and pH 5.7 (Cuba-Díaz et al., 2017a). They were maintained at 20 ± 2 °C 

under a 16-hour light/8-hour dark photoperiod with a light intensity of 45 ± 2 µmol m⁻² s⁻¹ for 30 

days. A seed was considered germinated when its primary root was at least twice the size of 

the seed. Germination data were collected daily to determine: 

1. Germination percentage: ; where N: number of germinated seeds at the 

end of the test. A: total number of seeds set to germinate. 

2. Mean Germination Time: MGT =  (days); where ni: number of seeds germinated on 

day t. n: number of seeds germinated in the trial. 

3. Time to reach 50% of germination:  (days); where n: total number 

of germinated seeds; ni and nj are the accumulated numbers of germinated seeds from 

adjacent counts at times tj and ti, respectively, such that . 

4. Coefficient of velocity of germination: ; where G: number of 

germinated seeds. 

Dormancy in C. quitensis has been considered one of the possible factors affecting its 

germination (Gielwanowska et al., 2011). To determine whether this phenomenon was 

influencing the results, 60 ungerminated seeds from each group were randomly selected after 

30 days of experimentation, following the completion of the initial in vitro germination test. 

These seeds had their seed coat punctured with a scalpel and were then placed back under 

the same previously described germination conditions to assess their germination percentage 

(Ontivero et al., 2025). 

2.3 Determination of Chemical Compounds 

A total of 2 g of seeds for each experimental condition was sent to the Laboratory of Bioactives 

in Plants and Plant-Based Ingredients at the Universidad de Concepción, where the chemical 

profile of the samples was determined. The total sugar and polyphenol content was 

determined by spectrophotometry using a Synergy™ H1 microplate reader. For the analysis of 

gibberellic acid, indole-3-acetic acid (IAA), and indole-3-butyric acid (IBA) profiles, a high-
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performance liquid chromatograph (HPLC) coupled to a diode array detector Hitachi Primaide, 

equipped with a Kromasil® C18 column, was used. Finally, the protein content was determined 

using the Kjeldahl nitrogen method. A total of three replicates were performed for each 

variable. 

2.4  Statistical Analysis 

To analyze the effect of accelerated seed aging on the germination of C. quitensis and its 

chemical compounds, a Student's t-test was performed using the t.test() function in R, with a 

95% confidence interval (R Core Team, 2023). Subsequently, the graphs were generated 

using the "ggplot2" package. 

3. RESULTS AND DISCUSSION 

Accelerated aging in C. quitensis seeds significantly affected the germination percentage, 

although it did not cause total seed mortality. The germination percentage of NAS was 

34.29%, whereas AS only reached 5.71% (Fig. 1A). These results highlight the difficulties this 

species faces in germination, which have previously been associated with dormancy 

(Gielwanowska et al., 2011) or the need to optimize its germination protocols (Ontivero et al., 

2024a). The germination time of the AS was significantly longer (Fig. 1B, C), while their CVG 

was lower (Fig. 1D), indicating physiological deterioration, likely caused by the accumulation of 

reactive oxygen species and lipid peroxidation (Dadlani and Yadava, 2023). This effect occurs 

because high temperatures can cause microfractures in the seed coat, disrupting its 

impermeability to oxygen and promoting the formation of peroxide radicals in the endosperm, 

leading to seed deterioration (Huang et al., 2021). The significant reduction in germination 

corresponds to the impact of high temperature and humidity (Fenollosa et al., 2020), 

demonstrating that accelerated aging studies allow the assessment of C. quitensis behavior in 

response to deterioration.  

The germination test conducted after the initial germination analysis showed that 20% of the 

NAS seeds germinated, while 23.3% of the AS seeds germinated, with no significant 

differences (p > 0.05) observed between these groups (data not shown). These results indicate 

the presence of dormancy in both seed groups, a process that was alleviated by mechanical 

scarification (Rocha et al., 2022).  
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Figure 1. Germination indices of non-aged (NAS) and aged seeds (AS) of Colobanthus 

quitensis. a) Germination percentage; b) Mean germination time; c) Time to reach 50% 

germination and d) Coefficient of velocity of germination. Different letters indicate statistical 

differences according to Student's t-test (p<0.05, n=5). 

 

Accelerated seed aging induces an uncontrolled accumulation of reactive oxygen species 

(ROS), whose cytotoxicity compromises the structural and functional integrity of cells. Lipid 

peroxidation, protein carbonylation, and oxidative damage to nucleic acids disrupt key 

metabolic processes, leading to a progressive loss of viability and germination capacity (Gill et 

al., 2010). The deterioration of seeds causes complex and multifactorial metabolic alterations. 

Since physiological responses to stress conditions are not uniform, a detailed analysis of the 

specific chemical profile of each species under defined conditions is a key tool for assessing 

seed vigor and their ex situ conservation potential (Chen et al., 2022). This would be feasible 

in C. quitensis, where the geographical distribution of its populations has led to the formation of 

ecotypes (Gianoli et al., 2004) that differ in their genetic and morphological characteristics 

(Cuba-Díaz et al., 2017; Koc et al., 2018). 

In C. quitensis, the total sugar content and indole-3-acetic acid levels were the only two 

compounds significantly influenced by seed quality (Fig. 2A, D). Sugar is crucial in the 

germination process, as the first step in the mobilization of nutrient reserves involves the 

hydrolysis of sugars, which are then supplied to the seed embryo during germination (Dadlani 

and Yadava, 2023). Sugars could mediate the signaling pathways of hormones and reactive 
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oxygen species, cell division, and programmed cell death (Liu et al., 2013), while also acting 

as osmoregulators to protect proteins and membranes from oxidative damage (Sachdev et al., 

2023). Therefore, the decrease in sugars in the AS (Fig. 1A) could be directed towards 

responding to stress rather than being used as an energy source. The increase in IAA helps 

respond to oxidative stress, making it a stress signal (Lecube et al., 2014). Its high production 

has been linked to lower germination rates, as it can induce dormancy (Gupta et al., 2024).  

However, although the content of polyphenols, gibberellic acid, and IBA were not significantly 

different between NAS and AS, a trend was observed indicating that AS had higher contents of 

these compounds (Fig. 2B, C, E), while the protein content remained unchanged (Fig. 1F). In 

plants, polyphenols have been identified as playing a significant protective role against 

oxidative damage (Šamec et al., 2021). For this reason, this indicator tended to be higher in 

aged seeds (Fig. 2B), although it may not have been sufficient to counteract the effects of 

deterioration, which resulted in lower germination percentages in the aged seeds (AS). It is 

important to highlight that, initially, NAS contains the necessary sugars to obtain the energy 

that allows them to germinate at a higher rate than AS. The latter must conserve their energy 

to protect themselves and counteract stress, mainly oxidative stress. However, when the 

physical barrier of the seed coat is removed, AS can germinate at a rate like NAS. In this 

study, the chemical composition of a set of seeds was analyzed. However, a previous study 

using electron microscopy showed that the structure of the seed coat in C. quitensis does not 

vary among seeds, although there are differences in germination capacity between 

populations. This suggests that the composition of the seed coat plays a fundamental role in 

this process (Ontivero et al., 2024b). 

Gibberellins are essential for germination, but their effectiveness depends on the balance with 

abscisic acid (ABA), a phytohormone that regulates dormancy and germination (Gong et al., 

2022). In accelerated aging studies, a negative correlation has been observed between 

gibberellin content and seed vigor, and the impact of this hormone on seed quality has been 

linked to ABA levels (Wang et al., 2022). Although ABA content was not determined in this 

study, research on wheat has shown that indole-3-acetic acid (IAA) can complement the role of 

ABA in germination (Ramaih et al., 2003), which may be contributing to the lower germination 

rates in accelerated aged seeds (AS) compared to non-aged seeds (NAS). 
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Indole-3-butyric acid was long considered a synthetic auxin. However, it is now known that its 

biosynthesis is closely related to its precursor, IAA, as well as to the endogenous production of 

ABA and stress conditions such as drought and osmotic imbalance (Ludwig-Müller, 2000). In 

this sense, the results obtained in this study are consistent with the higher production of IAA 

and IBA in AS, which, along with their possible association with the ABA produced due to the 

stress from accelerated aging, could explain the lower germination percentages observed in 

AS compared to NAS. 

The effects of accelerated aging on seed protein content have yielded contradictory results in 

the literature. In some cases, this process does not alter total protein levels, whereas in others, 

it leads to a significant reduction. These discrepancies are closely related to the specific stress 

conditions imposed and the intrinsic ability of each species to tolerate deterioration (Rajjou et 

al., 2008; Wang et al., 2022). In this study, protein content remained unchanged between the 

evaluated seed groups (Fig. 2F). It is possible that the temperature and humidity parameters 

used were intense enough to induce changes in germination (Fig. 1) and in more sensitive 

compounds, such as sugars (Fig. 2A), without affecting total protein abundance. The 

antioxidant activity of polyphenols may have been sufficient to prevent protein degradation. 

Although the low germination rate in AS suggests possible embryo mortality, the ability to 

germinate after seed coat rupture indicates that not all embryos are dead. Therefore, in future 

studies, it would be advisable to use tetrazolium analysis to more accurately assess their 

viability. In C. quitensis, various heat shock proteins (HSPs) have been identified (Bertini et al., 

2022), and their synthesis may have increased in response to the thermal stress induced by 

accelerated aging. These proteins could have played a crucial role in stabilizing and protecting 

other proteins, thereby mitigating structural and functional damage during the deterioration 

process. 
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Figure 2. Seed germination indices of Colobanthus quitensis with different physiological 

qualities. A) Germination percentage; B) Mean germination time; C) Time to reach 50% 

germination; and D) Germination speed coefficient. Different letters indicate statistical 

differences according to the Student's t-test (p<0.05, n=5). NAS: non-aged seeds; AS: aged 

seeds. 

This study demonstrates that accelerated aging negatively impacts the physiological quality of 

C. quitensis seeds, as evidenced by a significant reduction in germination indices. However, a 

subsequent germination test following mechanical scarification revealed that the species 

exhibits dormancy-related germination constraints. This finding underscores the need for 

refining its in vitro germination protocol to optimize seedling establishment and maximize 

viability. Based on this study, it can be considered that the combination of soluble sugar 

analysis and indoleacetic acid are potential metabolic markers that can indicate seed vigor and 

its potential aging degree. These findings are of great importance for the rapid evaluation of 

seeds, which can be used in agronomic studies and seed quality control processes for 

commercialization and conservation. This is also the first report on the indole-3-acetic acid 

content in C. quitensis seeds, highlighting the need for further studies to determine whether the 

concentration of this hormone, along with others such as ABA, is related to dormancy in this 

species. 
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ABSTRACT 

Microorganisms play a fundamental role in plant development. Under natural conditions, 

Colobanthus quitensis establishes symbiotic relationships with various fungi that contribute to 

its survival under extreme environments. However, when conserved ex situ, these associations 

may be altered, potentially affecting its reproduction and seed quality. This study aimed to 

answer two key questions: (1) What is the effect of endophytic fungal inoculation on the 

reproduction of C. quitensis? and (2) What benefits does inoculation with endophytic fungi 

provide for seed germination and long-term conservation? To address these questions, C. 

quitensis plants were inoculated with Trichoderma harzianum and Hypocrea lixii, two fungal 

strains previously isolated from the roots of this species. The effects on plant phenology, seed 

quality, and seed conservation over six months were subsequently evaluated. The results 

showed that the fungi influenced each population differently, affecting flowering time, peduncle 

development, and the number of seeds per flower. The fungal treatments also altered certain 

seed traits, although they did not significantly affect germination rates. Regarding germination, 

the seeds from inoculated plants exhibited varied responses. This research reveals that 
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Antarctic populations display extremely low germination rates, likely due to seed dormancy. 

However, seeds from the Byers Peninsula and Conguillío populations showed improved 

germination after storage at temperatures between 4°C and –80°C. Seeds from the La 

Marisma population tolerated these storage conditions, although germination percentages did 

not improve. Identifying the metabolites and hormones produced by these fungi, along with 

understanding their role in nutrient solubilization, is essential for the development of a 

biotechnological product with potential agronomic applications. 

Key words: seed characteristics, germination, conservation temperature, endophytic fungi 

 

1. INTRODUCTION 

Colobanthus quitensis has a broad distribution, extending from southern Mexico to the 

northern Antarctic Peninsula, where it is consistently associated with extreme environmental 

conditions (Moore, 1970; Smith, 2003). Its ability to tolerate habitats with adverse climates has 

driven the development of various survival strategies, including high phenotypic plasticity 

(Gianoli et al., 2004; Cuba-Díaz et al., 2017; Fuentes-Lillo et al., 2017), photoprotective 

mechanisms that mitigate the impact of intense ultraviolet radiation (Pérez-Torres et al., 2007; 

Contreras et al., 2019), and the accumulation of osmoprotective compounds that enhance 

tolerance to low temperatures (Clemente-Moreno et al., 2020; Ramírez et al., 2024). 

Additionally, modifications in the species' epigenetic regulation have been documented, 

specifically through variations in the methylation of genes involved in the cold response 

(Hereme et al., 2025). 

The association between plants and endophytic fungi plays a fundamental ecological and 

adaptive role, promoting symbiosis rather than leaving plants as isolated entities within the 

ecosystem (Hassani et al., 2018). These symbiotic relationships enhance plant fitness by 

improving nutrient solubilization, stimulating growth through metabolic compound production, 

and providing protection against stress conditions (Bai et al., 2017; Chagas et al., 2018). 

Although the effect of endophytic fungi on a given species depends on multiple factors, they 

can influence seed traits, germination, longevity, and seedling survival (Gundel et al., 2009; 

Barrera et al., 2020; Ueno et al., 2020). 

In field-collected C. quitensis plants, a wide diversity of endophytic fungi has been identified, 

belonging to the genera Aspergillus, Alternaria, Cadophora, Cladosporium, Davidiella, 
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Entrophospora, Eupenicillium, Fusarium, Geomyces, Gyoerffyella, Lenzites, Leucosporidium, 

Microdochium, Mollisia, Mycocentrospora, Penicillium, Peniophora, Phaeosphaeria, Phlebia, 

Sistotrema, Trametes, and Ypsilina (Rosa et al., 2010; Hereme et al., 2020; Bertini et al., 

2022). These associations contribute to the activation of molecular mechanisms that enhance 

plant adaptation and performance (Barrera et al., 2020; Acuña-Rodríguez et al., 2024), 

enabling them to cope with water stress (Hereme et al., 2020; Morales-Quintana et al., 2021, 

2024), rising temperatures (Ballesteros et al., 2020), ultraviolet radiation (Barrera et al., 2020), 

and contamination by organic compounds (Egas et al., 2025). These interactions may 

represent a key factor in the survival of this species under the extreme conditions of Antarctica. 

The fungal community within plants of the same species is not random and tends to vary 

significantly depending on habitat, soil type, the presence of environmental microbes, plant 

developmental stage, plant tissues, and climatic conditions, both within and across years 

(Collado et al., 1999; Bonito et al., 2014; Jiawen et al., 2022; Tang et al., 2022). In climate 

change simulation studies, where benign growth conditions in terms of water availability and 

temperature were imposed compared to the extreme conditions of Antarctica, the presence 

and function of these fungi in C. quitensis decreased (Torres-Díaz et al., 2016). Since 2014, an 

active collection of Antarctic vascular plants has been maintained, where different populations 

of C. quitensis are preserved in vitro and under controlled common garden conditions 

(Ontivero et al., 2024a). In ex situ populations of C. quitensis, low germination rates have been 

observed, which have been linked to physiological deterioration due to prolonged storage or 

seed dormancy (Gielwanowska et al., 2011; Cuba-Díaz et al., 2019; Ontivero et al., 2024b). 

However, until now, the impact of endophytic microorganisms on seed reproduction and quality 

over time and under different storage temperatures has not been considered. The marked 

differences between field and laboratory growth conditions may have led to the disappearance 

of original symbiotic relationships or the establishment of new interactions that do not support 

the reproductive process or seed quality. 

Preliminary laboratory observations suggest that C. quitensis seeds have difficulty germinating 

after being stored for one year at 4°C, a standard storage temperature for various crops and 

ornamental plants (Singh et al., 2016; Hernández et al., 2020; Kompe et al., 2020; Souza et 

al., 2020). The use of colder temperatures has contributed to maintaining and prolonging the 

viability of orthodox seeds (Chmielarz, 2010). For this reason, international germplasm banks 
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recommend temperatures around -20°C for long-term seed conservation (FAO, 2014; Singh et 

al., 2016; Asdal et al., 2019). However, some species may require even lower temperatures, 

between -80°C and -196°C, also known as cryopreservation, to ensure their long-term viability 

(Ballesteros et al., 2021).  

Under natural conditions, Antarctic populations of C. quitensis tolerate ambient temperatures 

below 0°C for most of the year (Gianoli et al., 2004; Bascuñán-Godoy et al., 2010; Turner et 

al., 2020). As a result, Antarctic soils tend to remain frozen or covered with snow for most of 

the time (Potapowicz et al., 2019), and under these conditions, viable seed banks persist in the 

soil (Kellmann-Sopyła & Gielwanowska, 2015). Therefore, ex situ seed storage at 

temperatures below 0°C could be a viable conservation strategy to maintain or extend the 

viability of C. quitensis seeds, while also potentially helping to break dormancy. This is 

possible because, as orthodox seeds (Kellmann-Sopyła & Gielwanowska, 2015), they may 

benefit from preservation at lower temperatures. 

In agriculture, the inoculation of plants with endophytic fungi is a practice that can enhance 

plant growth, flowering, productivity, and germination (Frericks et al., 2018). This strategy 

could serve as a viable alternative to optimize the ex situ reproductive process of C. quitensis, 

contributing to its conservation. To evaluate the effect of endophytic fungal inoculation on the 

reproductive phenology and physiological seed quality of C. quitensis. Based on the presented 

background, this study hypothesizes that inoculating C. quitensis populations with endophytic 

fungi isolated from plants in their natural habitat improves the species' reproductive parameters 

and seed quality. This study aims to answer two key questions: (1) What is the effect of 

endophytic fungal inoculation on the reproduction of C. quitensis? and (2) What benefits does 

inoculation with endophytic fungi provide for seed germination and long-term conservation? 

 

2. MATERIALS AND METHODS 

2.1 Plant Material 

For the search of endophytic fungi, plants of C. quitensis from both in vitro cultivation and 

common garden were analyzed. The studied populations corresponded to the Byers Peninsula 

(pBy) (Livingston Island, South Shetland Islands; 62°40'S; 60°55'W), La Marisma (pPA) (Punta 

Santa María, south of Punta Arenas, Chile; 53°22'S; 70°58'W), and Conguillío (pC) (Conguillío 

National Park, La Araucanía Region, Chile; 38°36'S; 71°36'W) (Cuba-Díaz et al., 2017b). 
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The in vitro plants were maintained in growth chambers at 20 ± 2 °C, with light intensity 

ranging from 28 to 45 µmol m⁻² s⁻¹ and a photoperiod of 16 hours of light and 8 hours of 

darkness. The culture medium contained Murashige & Skoog (MS) salts and vitamins at 100%, 

3% sucrose, 0.5 mg L⁻¹ of 6-benzylaminopurine, 0.25 mg L⁻¹ of indoleacetic acid, 7 g L⁻¹ of 

agar, 10 µM of silver thiosulfate, and a pH adjusted to 5.7 (Cuba-Díaz et al., 2014, 2020). On 

the other hand, the common garden plants were grown in growth chambers with a substrate 

composed of peat, leaf soil, and vermiculite in a 2:3:1 ratio. They were kept at a temperature of 

13 ± 2 °C, with a photoperiod of 16/8 hours light/dark, light intensity of 100-120 µmol photons 

m⁻² s⁻¹, and relative humidity of 75% (Cuba-Díaz et al., 2017). 

For inoculation with endophytic fungi, the plants from the mentioned populations, with one year 

of in vitro cultivation, were propagated again and maintained under these conditions for 3 

months to standardize the material to be used. These plants were acclimated to the common 

garden for three weeks under the same conditions previously described, using a substrate 

sterilized twice at 120 atm for 20 minutes and fertilized every two weeks with Phostrogen (NPK 

13:10:27). For the experiment, a total of six pots with five plants per population were arranged. 

The seeds from the experimental plants were collected from fully open floral capsules 

containing mature seeds (Still, 1999). The capsules were dried at room temperature for 2-3 

days, after which the seeds were manually extracted and stored for varying times and 

temperatures until analysis according to the experimental conditions explained below. 

 

2.2 Search for endophytic fungi 

To select plant material for inoculation assays, it was essential to use endophyte-free plants. 

Therefore, root samples were taken from ten plants per population, cultivated either in vitro or 

in a common garden (positive control), and stained with 0.05% trypan blue (Phillips and 

Hayman, 1970). The roots were washed three times with distilled water to remove any 

remaining in vitro culture medium or substrate, depending on the case, and then preserved in 

70% ethanol. Before staining, the ethanol was discarded, and the roots were thoroughly rinsed 

with distilled water. Bleaching was not required for in vitro-grown plants since their root 

systems are thinner and lighter in color than those of common garden plants (Figure 1 a, b). In 

contrast, roots from common garden plants were bleached using 20 mL of 10% potassium 

hydroxide (KOH) for five minutes in a temperature-controlled water bath at 95°C. 
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Subsequently, both types of roots were acidified with 20 mL of 2% hydrochloric acid (HCl) for 

one minute at room temperature. After removing the HCl, the samples were stained with 15 mL 

of 0.1% trypan blue in lactic acid for ten minutes in a 90°C water bath. The stain was then 

removed, and the roots were preserved in lactoglycerol, in a 1:1:1 ratio of lactic acid, glycerol, 

and distilled water, until analysis. To search for fungal structures, ten root fragments 

measuring 0.5 to 1 cm in length were selected (Rothen, 2015). 

2.3 Plant Inoculation with Endophytic Fungi 

The endophytic fungi Trichoderma harzianum and Hypocrea lixii, isolated previously from the 

roots of C. quitensis plants randomly collected from various locations near the Henryk 

Arctowski Polish Station in Admiralty Bay, King George Island (Rabert et al., 2020), were used 

for the inoculation experiment. These fungi were cultured in 250 mL of liquid medium with 1% 

malt extract for one month. For plant inoculation, the mycelium of each fungus was filtered, 

and the mycelial biomass was mixed with sterile distilled water and blended with a 

homogenyzer for 5 seconds to obtain the inoculum (Rivas, 2020). 

Plants measuring 2 to 4 cm in size, with a maximum of two developed shoots, were selected 

for the experiment. Three experimental groups were established: Control group, receiving only 

10 ml of distilled water, Treatment with T. harzianum or with H. lixii, Inoculated with 10 mL of 

homogenized mycelium along with the culture medium. Two inoculations were performed 15 

days apart, with the inoculum applied at three points along the root system using a syringe to 

facilitate root colonization. 

To assess the effect of the inoculum on reproduction, 20 randomly selected plants were 

evaluated for the number of flowers per plant. From this group, 50 flowers were selected, and 

the peduncle length, time to floral capsule opening, and number of seeds produced per Flower 

were measured. 

To analyze the impact of the treatments on seed morphology and physiology, 50 seeds per 

population were photographed to determine area and perimeter using ImageJ software (NIH, 

Bethesda, MD; https://imagej.nih.gov/ij/). The weight of 100 seeds was measured using a 

RADWAG AS 220/C/2 analytical balance, with an error margin of ±0.1 mg, performing five 

replicates per population. To determine the water content (WC) at seed maturity, 10 mg of 

fresh seeds were dried in an oven at 105°C until a constant weight was reached (Brasil, 2009), 

with five replicates per population. The WC was calculated using the following equation: 

https://imagej.nih.gov/ij/
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where FW represents the fresh weight of the seeds, and DW represents the dry weight. 

2.4 Germination of seeds from inoculated plants and short-term conservation 

A group of freshly produced seeds (<1 month since collection and stored at 4 ºC) from each 

inoculation treatment was used to evaluate their initial physiological quality (control) through an 

in vitro germination test. The remaining seeds were divided into three groups and stored for six 

months at 4, -20, and -80 ºC to later assess their germination. Before storage, the seeds 

designated for -20 and -80 ºC were gradually dried with silica gel for 3 to 4 days until reaching 

approximately 12% moisture to prevent freezing damage during the germination test. To 

achieve this moisture percentage, the seeds were dried in silica gel until they reached the 

desired moisture content (Sultana et al., 2021). This was verified using the following equation:  

 

Where Wi is the initial weight of the seeds, and Wf is the final weight of the seeds after drying. 

For the in vitro germination test, the seeds from each experimental condition were disinfected 

with 70% (v/v) ethanol for 30 seconds in a vortex, followed by 5% (v/v) sodium hypochlorite for 

7 minutes in a vortex. They were then rinsed three times with sterile distilled water (Cuba-Díaz 

et al., 2017a). Subsequently, 15 randomly selected seeds were placed in 10 cm diameter Petri 

dishes containing 20 mL of full-strength MS medium (Murashige & Skoog, 1962) 

supplemented with 3% sucrose, 0.7% agar, and adjusted to a pH of 5.7 for in vitro germination. 

The seeds were maintained at 20 ± 2 °C under a 16 h light/8 h dark photoperiod with a light 

intensity of 45 ± 2 µmol m⁻² s⁻¹ for 30 days. A seed was considered germinated when its 

radicle was at least twice the size of the seed (Sanhueza et al., 2017). 

Based on the collected data, the following parameters were calculated: 

1. Germination percentage:  

G(%)=(N/A)×100 

Where: N = number of germinated seeds at the end of the test; A = total number of seeds 

subjected to germination. 

2. Mean Germination Time (MGT):  
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MGT=∑(ni×t)/n 

Where: nᵢ = number of seeds germinated on day t; n = total number of germinated seeds in the 

experiment. 

2.5  Statistical analysis 

To evaluate the effect of fungal inoculation on the reproductive parameters of different 

populations, as well as on the morphological and physiological characteristics of their seeds, 

one-way analysis of variance (ANOVA) was performed whenever the assumptions of normality 

and homogeneity of variances were met. When these assumptions were not satisfied, the non-

parametric Kruskal–Wallis test was used to detect differences between groups.  

To analyze the combined effect of fungal inoculation and storage temperature on germination 

percentage and mean germination time, a two-factor experimental design was used. For 

statistical analysis, data expressed as percentages were transformed using the arcsin(√%/100) 

function to meet normality assumptions. When the assumptions of normality and homogeneity 

of variances were verified, a two-way ANOVA was applied; otherwise, the Kruskal–Wallis test 

was used. Subsequently, post hoc tests were conducted to identify significant differences 

between groups. For parametric analyses, Tukey’s Honestly Significant Difference (HSD) test 

was applied, while for non-normally distributed data, Dunn’s test with Bonferroni correction was 

used. In all cases, a 95% confidence level was considered. 

Statistical analyses were performed in RStudio (R Core Team, 2023), using the aov() function 

for ANOVA and kruskal.test() for non-parametric analyses. Finally, graphs were generated 

using the ggplot2 package (Wilkinson, 2011). 

3. RESULTS  

The search for endophytic fungi in the roots of C. quitensis plants grown in vitro (Fig. 1a) and 

in a common garden (Fig. 1b) revealed that the association of this species with endophytic 

fungi is strongly influenced by its cultivation method. In plants grown in vitro, no fungal 

structures were identified (Fig. c-e), making them suitable for the endophytic fungal inoculation 

process. In contrast, a great variety of endophytic fungi were found in the roots of plants from 

the common garden. Hyphae and spores at different developmental stages were detected in 

the roots (Fig. 1 f-m), and specimens probably of Chytridium spp. (Fig. 1k-l) and Fusarium spp. 

(Fig. 1m) were identified based on their morphology.  
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Figure 1. Identification of endophytic fungi in the roots of Colobanthus quitensis plants grown 

in vitro and in a common garden. Color difference in the roots between a) a plant grown in vitro 

and b) another in a common garden. c-e) roots of in vitro-grown plants free of endophytic fungi. 

f-m) presence of endophytic fungi in the roots of common garden plants. f) colonization of 

adjacent cells (green arrow); g-i) hyphae colonizing different cells (red arrow); j) fungal spores; 

k) sclerotium (pink arrow); l) Chytridium spp. spores; m) Fusarium spp. All populations 

exhibited the same fungi; therefore, the figure presents a representation of this pattern. 

 

The effect of endophytic fungal inoculation on the reproductive parameters of the plants varies 

depending on the population (Table 1). In the Antarctic population of Byers Peninsula, no 

significant changes were observed in floral opening, the number of floral capsules, or seed 

production with fungal inoculation, although Trichoderma increased peduncle length. However, 

when analyzing the experiment as a global phenomenon, it is evident that plants in the control 

treatment produced a total of 115 open floral capsules, while Trichoderma and Hypocrea 

produced only 93 and 86, respectively, which has a significant biological impact on the 

conservation of the population.  
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In the Subantarctic population pPA, Trichoderma reduced the time required for floral opening 

(p<0.001) and lengthened the peduncle without affecting other reproductive parameters. In this 

population, the control treatment generated 154 open floral capsules, whereas Trichoderma 

and Hypocrea led to a higher production of 238 and 228 capsules, respectively.  

In the Andean population Conguillío, Hypocrea delayed floral opening compared to 

Trichoderma and promoted peduncle growth (p<0.05). Both fungi reduced the number of 

flowers per plant, but Trichoderma significantly increased seed number per floral capsule 

(p<0.001) (Table 1). In this population, the control treatment produced 175 open floral 

capsules, while both Trichoderma and Hypocrea resulted in a lower number, with 102 capsules 

each. 

 

Table 1: Influence of endophytic fungal inoculation on reproductive parameters in Colobanthus 

quitensis plants from different populations. Different letters indicate significant differences 

between treatments (p<0.05) according to Tukey-HSD post-hoc test or Dunn-Bonferroni post-

hoc test (ǂ). 

Population Inoculation Time floral capsule 

opening (days)* 

Number floral 

capsule/plant** 

Peduncle size 

(mm)* 

No. seeds/floral 

capsule* 

Byers 

Peninsula 

Control 38 ± 5.53 ns 5.75 ± 3.27 ns 7.37 ± 2.74 b 31.06 ± 8.11 A 

Trichoderma 38.22 ± 5.21 ns 4.64 ± 2.06 ns 9.12 ± 2.66 a 27.18 ± 12.4 B 

Hypocrea 37.36 ±4.43 ns 4.3 ± 2.87 ns 7.8 ± 2.46 b 23.66 ± 10.87 B 

La Marisma Control 45.66 ± 5.33 a ǂ 7.7 ± 4.76 ns 19.8 ± 5.83 ab 26.32 ± 7.48 ns 

Trichoderma 38.32 ± 11.06 b ǂ 11.9 ± 7.15 ns 21.57 ± 5.06 a 25.68 ± 7.67 ns 

Hypocrea 46.62 ± 5.32 b ǂ 11.4 ± 6.82 ns 17.71 ± 5.98 b 27.02 ± 9.67 ns 

Conguillío Control 44.88 ± 4.42 ab 8.75 ± 2.57 a 24.91 ± 4.89 b 

ǂ 

33.62 ± 9.66 b ǂ 

Trichoderma 43.6 ± 3.53 b 5.1 ± 2.27 b 24.48 ± 4.48 b 

ǂ 

40.54 ± 7.74 a ǂ 

Hypocrea 46.82 ± 5.39 a 5.1 ± 2.31 b 27.23 ± 4.59 a 

ǂ 

37.4 ± 8.59 a ǂ 

ns: no statistically significant differences between treatments; *: n=50; **: n=20. 

 



128 

 

The fungal treatment significantly affected seed area and perimeter, the weight of 100 seeds, 

and the relative water content in Byers Peninsula and La Marisma. In Conguillío, fungi 

influenced all the analyzed seed traits except for the weight of 100 seeds (Table 2). 

 

Table 2. Parametric and non-parametric analyses used to evaluate the effect of fungal 

inoculation with Trichoderma harzianum and Hypocrea lixii in three populations of Colobanthus 

quitensis on seed morphological and physiological characteristics. 

Population Statistical 

analysis type 

Dependent 

variable 

Independent 

variable 

Statistical parameters 

df SS F p-value 

Byers 

Peninsula 

Parametric test Seed area Fungal 2 0.0125 3.46 0.034* 

Error 147 0.2664   

Non-parametric 

test 

Seed Perimeter Fungal 2 - - 0.033* 

Parametric test 100 seeds 

weight 

Fungal 2 0.0011 14.94 0.00055*** 

Error 12 0.0005   

Parametric test Water content Fungal 2 20.861 19.77 0.00016*** 

Error 12 6.332   

La Marisma Parametric test Seed area Fungal 2 0.1595 20.74 0.00000*** 

Error 147 0.5654   

Non-parametric 

test 

Seed Perimeter Fungal 2 - - 0.00000*** 

Parametric test 100 seeds 

weight 

Fungal 2 11.89 5.42 0.021* 

Error 12 13.16   

Parametric test Water content Fungal 2 71.68 41.66 0.00000*** 

Error 12 10.32   

Conguillío Parametric test Seed area Fungal 2 0.1043 19.34 0.00000*** 

Error 147 0.3966   

Parametric test Seed Perimeter Fungal 2 0.0895 27.86 0.00000*** 

Error 147 0.2362   

Parametric test 100 seeds 

weight 

Fungal 2 0.0173 0.063 0.939 

Error 12 1.6520   

Parametric test Water content Fungal 2 74.34 12.38 0.00121** 

Error 12 36.03   

Parametric test: ANOVA; Non-parametric test: Kruskal-Wallis; df: degree of freedom; SS: sum of squares; F: test 

F; significant differences were determined at p < 0.05*; p < 0.01** and p < 0.001***. 
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Fungal inoculation had a significant effect on seed area (Fig. 2a) and perimeter (Fig. 2b), with 

variations depending on the population. In the Antarctic Byers Peninsula population, Hypocrea 

reduced the seed area compared to the control and perimeter compared to Trichoderma. In 

the Subantarctic La Marisma population, Trichoderma promoted an increase in seed area and 

perimeter compared to the other treatments. In contrast, in the Andean population pC, both 

fungi contributed to a larger seed area, while Hypocrea resulted in the greatest perimeter, 

followed by Trichoderma. 

 

Figure 2. Effect of fungal inoculation on seed area (a) and perimeter (b) in different 

populations of Colobanthus quitensis. Different letters indicate significant differences (p<0.05) 

between treatments according to Tukey’s test (n=50).  

In the Byers Peninsula population, inoculation with endophytic fungi significantly increased 

both seed weight and WC at maturity. In contrast, in La Marisma, only Trichoderma led to a 

significant increase in seed weight and WC compared to the control. In the Conguillío 

population, inoculation with endophytic fungi did not affect seed weight, although Hypocrea 

contributed to a higher seed WC. 
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Figure 3. Physiological characteristics of seeds from three populations of Colobanthus 

quitensis obtained from non-inoculated plants (control) and plants inoculated with Trichoderma 

harzianum and Hypocrea lixii. The bar graph represents the weight of 100 seeds, while the line 

graph shows the seed water content. Different letters indicate significant differences (p < 0.05, 

n = 5) according to Tukey's HSD post-hoc test. 

 

When analyzing the combined effect of fungal inoculation and storage temperature on 

germination and mean germination time (MGT), the results varied among populations (Table 

3). For the Byers Peninsula population, only the temperature factor had a significant effect on 

both germination indicators (Table 3, Supplementary Figure 1A, B). In the La Marisma 

population, the control and Trichoderma treatments produced the highest germination 

percentages, although there were no statistically significant differences between these two 

treatments (Table 3). However, only the control treatment reduced the MGT (Supplementary 

Figure 1C, D). For Conguillío population, temperature was the factor that significantly 

influenced both germination percentage (Supplementary Figure 1E) and mean germination 

time (Table 3). The seeds stored for six months at 4°C had a lower MGT, followed by those 

stored at -80°C (Supplementary Figure 1F). 

 

Table 3. Factorial analysis of the effect of plant inoculation with Trichoderma harzianum and 

Hypocrea lixii on the germination of seeds from three Colobanthus quitensis populations after 

storage at different temperatures (Control, 4, -20, and -80°C). 

Colobanthus 

quitensis population 

Statistical 

analysis 

Dependent 

variable 

Independent 

variable 

Statistical parameters 

df SS F p-value 
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Byers Peninsula Parametric 

test 

Germination  Fungal (F) 2 0.0114 1.363 0.269 

Temperature (T) 3 0.5505 43.966 0.0000*** 

FxT 6 0.0239 0.952 0.471 

Error 36 0.1503   

Parametric 

test 

 

MGT 

 

Fungal (F) 2 0.502 0.161 0.8519 

Temperature (T) 2 12.797 4.106 0.0282* 

FxT 4 4.991 1.601 0.2037 

Error 26 3.117   

La Marisma Non-

parametric 

test 

Germination 

 

Fungal (F) 2 - - 0.01033* 

Temperature (T) 3 - - 0.7749 

FxT 6 - - 0.3918 

Non-

parametric 

test 

MGT Fungal (F) 2 - - 0.0003*** 

Temperature (T) 3 - - 0.0130* 

FxT 6 - - 0.0002*** 

Conguillío Parametric 

test 

 

Germination Fungal (F) 2 0.246 2.595 0.0886 

Temperature (T) 3 10.131 71.247 0.0000*** 

FxT 6 0.186 0.656 0.6855 

Error 36 1.706   

Non-

parametric 

test 

MGT Fungal (F) 2 - - 0.5927 

Temperature (T) 3 - - 0.0000*** 

FxT 6 - - 0.0006*** 

Parametric test: ANOVA; Non-parametric test: Kruskal-Wallis; df: degree of freedom; SS: sum 

of squares; F: test F; significant differences were determined at p < 0.05*; p < 0.01** and p < 

0.001***. 

 

The germination percentage of freshly collected seeds (stored for less than one month at 4ºC) 

from the Byers Peninsula population was significantly lower than that of seeds from the other 

treatments, with a trend observed in which seeds stored at -80ºC had slightly higher 

germination percentages (Fig. 4A). In the Antarctic population, a significant effect on MGT was 

detected only in seeds from plants inoculated with Trichoderma, specifically between those 

stored at 4ºC and -20ºC (Fig. 4B). 

For La Marisma population, none of the combined treatments affected germination percentage, 

which remained high in all cases, exceeding 88% (Fig. 4C). The presence of these fungi did 

not contribute to a reduction in MGT compared to control treatment (Fig. 4D). 
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Finally, in Conguillío population, germination percentages after six months of storage were 

higher than in the control condition for all three inoculation treatments (control, Trichoderma, 

and Hypocrea) (Fig. 4E). Additionally, storage contributed to a reduction in MGT, with no 

significant differences between temperatures or inoculation conditions (Fig. 4F). 

 

Figure 4. Combined effect of seed germination and storage temperature on three populations 

of Colobanthus quitensis from non-inoculated plants (Control) and plants inoculated with 

Trichoderma harzianum and Hypocrea lixii. Seeds were stored for either <1 month at 4ºC 

(Fresh) or for six months at 4, -20, and -80ºC. The effects were evaluated on (A) germination 

percentage and (B) mean germination time. Different letters indicate significant differences (p < 

0.05) between treatments according to Tukey's HSD post-hoc test (Byers Peninsula, 

germination in Conguillío) or Dunn-Bonferroni test (La Marisma, MGT in Conguillío). * Indicates 

unavailable results due to missing data. 
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4. DISCUSSION 

The use of endophytic fungi in agriculture is a beneficial practice aimed at promoting plant 

growth and productivity (Khan et al., 2021; Das et al., 2025) due to their role as phytohormone 

producers, their ability to solubilize nutrients, and their contribution to tolerance against biotic 

and abiotic stresses through the production of secondary metabolic compounds (Sánchez-

Fernández et al., 2013; Baro and Rigobelo, 2022; Acuña-Rodríguez et al., 2024; Díaz-

Valenzuela et al., 2024). Despite the proven effectiveness of these microorganisms, their role 

can vary considerably depending on the fungal species and strain used, the plant species and 

its genotypes, as well as the environmental conditions under which the inoculation is applied 

(Madawala, 2021; Díaz-Valenzuela et al., 2024; González-Ortega‐Villaizán et al., 2024). 

4.1  Fungal effects on plant reproduction and seed characteristics 

The effects of inoculation on reproduction and seed characteristics varied among populations 

depending on the treatment used. The Byers Peninsula population benefited from the absence 

of inoculation, as the fungi only had a positive effect on the size of the floral peduncle. In 

contrast, the use of T. harzianum reduced the time required for the floral capsule to open in La 

Marisma and Conguillío populations (Table 1). In species such Cucumis melo, Zea mays and 

Helianthus annuus, it has been observed that inoculation with endophytic fungi accelerates the 

phenological process of flowering (Raya-Díaz et al., 2017; Kuzhuppillymyal-Prabhakarankutty 

et al., 2020; González-Mas et al., 2023). Since the floral capsules of C. quitensis open once 

the seeds are mature and ready to germinate (Ontivero et al., 2024a), the use of T. harzianum 

accelerates, at least in the La Marisma and Conguillío populations, the production of mature 

seeds. This contributes to the ex situ conservation of the species and reduces the time 

required for research. In crops of agricultural interest, earlier flowering has been correlated 

with increased fruit production, reducing the need for crop inputs (González-Mas et al., 2023). 

Factors such as plant age, the size of the plant cushion, and the soil temperature and moisture 

conditions during the growth stage influence the number of flowers that C. quitensis plants can 

produce, with up to 28 flowers recorded per plant (Galleguillos et al., 2023; Ontivero et al., 

2024a). In this study, the number of flowers ranged from 4 to 12 flowers (Table 1). A 

comparison between C. quitensis plants from seed disinfected to be free of endophytic fungi 

(E-) and non-disinfected seeds (E+) showed that the presence of endophytic fungi contributes 

to higher production of reproductive structures (Ballesteros et al., 2022). In this research, none 
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of the populations showed a significant benefit in their flowers per plant production. However, 

when considering the total number of flowers produced throughout the experiment, plants from 

La Marisma inoculated with endophytic fungi produced between 228 and 238 flowers, while the 

control only produced 154. In contrast, plants from the Byers Peninsula and Conguillío 

populations inoculated with endophytic fungi tended to decrease the number of flowers per 

plant (Table 3). In fungal inoculation studies, the use of endophytic fungus is not always aimed 

at increasing the number of flowers per plant (González-Mas et al., 2023). However, it is 

expected that this increased total flower production will lead to a greater number of seeds, 

which is an important aspect to explore further in future research on inoculation tests of these 

fungi in plants of agricultural interest. 

Studies on the reproduction of C. quitensis show that it can produce between 12 and 43 seeds 

per floral capsule, which ensures the stability of its populations even in one of the most 

extreme conditions in the world, such as Antarctica (Moore, 1970; Edwards, 1974; Convey, 

1996; Cuba-Díaz et al., 2017b). In this study, the number of seeds per floral capsule, 

regardless of the population, ranged from 23 to 40 seeds, which aligns with the reported 

ranges. However, in the Byers Peninsula population, the number of seeds decreased when 

endophytic fungi were used. In contrast, in the Conguillío population, the number of seeds 

increased when inoculated with T. harzianum (Table 1). Genetic studies on C. quitensis have 

shown that there is considerable genetic variability between different populations of the 

species, including those from Byers Peninsula and Conguillío (Koc et al., 2018). Therefore, the 

different responses in seed production among populations under experimental conditions could 

be influenced by the genetic characteristics of each population, as it has been reported that 

host plant–fungal interactions are primarily determined by their genotypes (Rai and Agarkar, 

2016; Wu et al., 2020).  

The genus Trichoderma has been classified as capable of producing indole acetic acid (IAA) 

(Ortuño et al., 2013; Kubiak et a., 2023), a phytohormone that regulates growth processes 

such as cell elongation, vascular tissue development, apical dominance, and fruit development 

and maturation (Kou et al., 2022). Among its species, T. harzianum has specifically been 

identified as an IAA producer (Bader et al., 2020; Mazrou et al., 2020). Therefore, it is logical to 

observe certain effects of this treatment on the reproductive phenology of the species. 

However, for Hypocrea lixii, the teleomorph of T. harzianum, little information is available, as 
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this fungus is primarily used as a biological control agent (Kiarie et al., 2020; Chebet et al., 

2021; Muhorakeye et al. 2024). Nevertheless, a study of its genome revealed that it contains 

genes encoding nitrilases, enzymes capable of converting indole-3-acetonitrile into indole-3-

acetic acid in plants (Piotrowski & Volmer, 2006). 

For Byers Peninsula, the use of T. harzianum had the same effect as the control on seed size. 

In contrast, in La Marisma, the presence of this fungus resulted in larger seeds, while in 

Conguillío, the largest seeds were obtained with Hypocrea, followed by Trichoderma (Fig. 2). 

Achieving larger seeds generally promotes the development of larger embryos and more 

endosperm, factors that facilitate germination (Kokila et al., 2021). The increase in seed weight 

in inoculated plants has been associated in various crops with the biological nitrogen-fixing 

capability of endophytic fungi (Adeleke and Babalola, 2021). In this study, the metabolic profile 

or the effects of these fungi on soil nutrient availability were not determined. However, different 

strains of T. harzianum have been shown to enhance nutrient availability in the soil and modify 

the composition of beneficial bacterial communities in the rhizosphere (Silletti et al., 2021; Wei 

et al., 2023), which could have contributed to the increase in seed size. Further studies are 

needed on the role of these fungi in soil fertility, as this would help determine whether their use 

is sufficient to ensure optimal nutrient levels and eliminate chemical fertilization in this species 

or in its future agronomic application in the field. The seeds from the Byers Peninsula and La 

Marisma exhibited the same behavior regarding seed weight and moisture content, with the 

latter being higher when endophytic fungi were used. In Conguillío, although none of the 

treatments affected seed weight, those from plants inoculated with H. lixii matured with a 

higher WC. 

In Oryza sativa plants inoculated with species of the genus Trichoderma, including T. 

harzianum, the production of heavier seeds has been reported (Abdel-Fattah et al., 2007; 

Gateta et al., 2023). From an agronomic perspective, the use of endophytic fungi from this 

genus could benefit crops intended for grain production for food purposes. The literature 

indicates that when a seed has a moisture content between 5 and 20%, it is most likely 

orthodox and, therefore, capable of resuming its metabolism when rehydrated (Kim, 2018; 

Silva et al., 2022; Trusiak et al., 2023). Colobanthus quitensis has been classified as such by 

the Seed Information Database: Royal Botanic Gardens, Kew (https://ser-

sid.org/species/603ee8ea-d4ae-47e7-8d84-36d1162ec530). In this study, the moisture content 

https://ser-sid.org/species/603ee8ea-d4ae-47e7-8d84-36d1162ec530
https://ser-sid.org/species/603ee8ea-d4ae-47e7-8d84-36d1162ec530
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of the seeds from the three populations ranged between 16 and 32%, significantly higher than 

expected (Fig. 3). A high moisture content in seeds leads to greater long-term viability losses, 

so it is recommended to reduce the water percentage to between 5 and 12%, although this 

may vary slightly depending on whether the seed is oil-bearing or not (Roberts & Ellis, 1989). 

In this regard, there is no scientific evidence to classify this species into either of these groups.    

 

4.2  Role of endophytic fungi and storage conditions in short-term seed quality 

In this study, the inoculation of plants with endophytic fungi did not have a positive effect on 

germination. Previously, Ballesteros et al. (2022) demonstrated that in C. quitensis, the 

presence of seeds with endophytic fungi (E+) does not increase the germination percentage 

compared to fungus-free seeds (E-). However, it was observed that freshly collected seeds 

from Byers Peninsula and Conguillío had significantly lower percentages compared to seeds 

stored for six months at different temperatures (Fig. 4A, E). This behavior aligns with the low 

germination percentages reported in Antarctic populations of this species (Cuba-Díaz et al., 

2017, 2019; Ontivero et al., 2024b), which have been associated with dormancy (Ruhland & 

Day, 2000; Gielwanowska et al., 2011). It is possible that cold period acted as a stratification 

treatment that facilitated the germination process in Byers Peninsula and Conguillío 

populations (Fig. 4). In Deschampsia antarctica, the second native plant of Antarctica that 

shows serious germination issues, it was found that stratification at 5°C for 21 months 

successfully stimulated up to 55% germination (Kunakh et al., 2023). However, on Byers 

Peninsula, germination did not exceed 20.23% after six months of storage at cold 

temperatures. Colobanthus quitensis is characterized by hard testas due to the deposition of 

electro-dense and osmophilic material in their epidermal cell walls (Kellmann-Sopyla et al., 

2017). Therefore, it would be advisable to apply other scarification treatments to enhance 

germination percentages, such as mechanical seed coat rupture or scarification with sulfuric 

acid (Cuba-Díaz et al., 2019; Rocha et al., 2022; Ontivero et al., 2025).  

Short-term cryopreservation of C. quitensis seeds did not have a negative effect on seed 

quality, but rather maintained it, like the effect of 4ºC storage, making it a viable conservation 

alternative for this species. The use of temperatures between -20ºC and -196ºC has been 

applied in the conservation of seeds from various species, including orchids (Merritt et al., 

2014; Schofield et al., 2018), Solanum lycopersicum (Zevallos et al., 2013), Allium cepa, Oryza 
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sativa, and Zea mays (Walters & Wheeler, 2004), ensuring high seed viability rates. However, 

several studies suggest that cryopreserved seeds with a water content lower than 5% may 

result in poor seedling emergence (Chmielarz, 2010). In this study, no abnormalities were 

identified in the germination of any population, nor were there any effects on germination 

percentages, except for the Peninsula Byers population, which initially showed a low 

germination percentage. Therefore, it can be considered that drying the seeds at room 

temperature for 3 - 4 days with silica gel until they reached a constant weight corresponding to 

12% moisture content was sufficient to avoid oxidative damage due to the cooling and 

rewarming of the seeds' external structures (Acosta et al., 2020).  

In recent years, scientific research on the role of endophytic fungi isolated from Antarctic plants 

or soil in agriculture has increased, as these microorganisms are adapted to extreme climatic 

conditions and have potential applications in agriculture under current climate change 

conditions. For example, fungal isolates detected in C. quitensis and D. antarctica have been 

used to enhance tomato and lettuce performance under saline stress (Molina-Montenegro et 

al., 2020). Furthermore, recent studies have used fungi isolated from C. quitensis to enhance 

strawberry resilience to drought and heat stress, as well as in blueberry plants exposed to 

drought conditions (Balbontin et al., 2025; Yañez et al., 2025). Despite this, there is still much 

information to be gathered to understand how the characteristics and metabolites of Antarctic 

endophytic fungi influence agricultural crop productivity 

5. CONCLUSIONS 

This study provides the first evidence that inoculating ex situ conserved C. quitensis with 

Antarctic endophytic fungi can enhance reproductive outcomes, while also demonstrating the 

feasibility of seed cryopreservation. Our findings partially support the hypothesis that fungal 

inoculation improves reproductive parameters, with T. harzianum accelerating reproductive 

timing and increasing seed size/weight in two of three populations. However, the anticipated 

improvement in seed germination was not observed, revealing a population-specific response 

where Antarctic accessions showed particularly low germination rates likely due to dormancy 

mechanisms. The cryopreservation results proved promising, with Byers Peninsula and 

Conguillío seeds maintaining viability at 4°C to -80°C, though La Marisma accessions only 

tolerated these conditions without germination enhancement. These outcomes suggest that 

while fungal inoculation shows potential for ex situ conservation protocols, its effects are 



138 

 

parameter-specific rather than universally beneficial across all reproductive traits. The superior 

performance of T. harzianum in modifying phenology and seed morphology indicates its prime 

candidacy for applied use, though potential synergies with H. lixii warrant further investigation 

given the known benefits of fungal consortia in stress conditions. Moving forward, research 

should focus on characterizing the underlying mechanisms through metabolite profiling and 

nutrient solubilization assays to develop targeted biotechnological applications. This work 

establishes a foundation for using Antarctic fungal symbionts in conservation strategies while 

highlighting the need for population-specific approaches given the variable responses 

observed. 
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ABSTRACT  

Aim: Germination is a key step in plant establishment and can be enhanced by using 

endophytic fungi. However, in aseptic environments such as in vitro cultivation, fungal 

metabolites may be preferable to live fungi. Colobanthus quitensis, an extremophile plant 

native to Antarctica with biotechnological potential as a climate change indicator, often shows 

low germination rates under in vitro conditions. This study tested the hypothesis that fungal 

extracts from Umbelopsis dimorpha, Trichoderma harzianum, and Hypocrea lixii improve seed 

germination and early growth in C. quitensis.  

Methods: The effect of fungal extracts from U. dimorpha, T. harzianum, and H. lixii on in vitro 

germination and early growth of C. quitensis was evaluated. 

Results: While the extracts had a modest effect on germination, they significantly enhanced 

early seedling growth. Treated seedlings developed larger leaves, a higher number of leaves, 
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and more extensive root systems. Notably, the response varied among C. quitensis 

populations, highlighting genetic or ecotypic influences. 

Conclusions: This is the first study to report the use of fungal extracts isolated from Araucaria 

and C. quitensis as biostimulants in this species. These results contribute to improving in vitro 

propagation protocols for C. quitensis, with potential applications in the conservation of other 

species with similar challenges, such as small seeds, physical dormancy, and hard seed coats. 

Keywords: conservation, root development, Antarctic science, endophytic fungi 

1. INTRODUCTION 

The challenges of modern agriculture highlight the urgent need to explore ecological 

alternatives that enhance agricultural production while reducing environmental impact. The 

indiscriminate and prolonged use of chemical fertilizers has led to adverse effects on natural 

biota, soil contamination, and risks to human health (El-Nagar et al., 2024). In this context, 

endophytic fungi are emerging as key allies in agriculture due to their ability to improve the 

availability of essential nutrients such as nitrogen, phosphorus, and potassium, in addition to 

promoting plant hormone synthesis (Poveda et al., 2021; Díaz-Valenzuela et al., 2024). These 

biological properties not only enhance germination and plant growth but also stimulate 

flowering and increase crop yields, even under abiotic stress conditions (Frericks et al., 2018; 

Yáñez et al., 2025). 

Although some fungi establish species-specific relationships with plants (Gange et al., 2007), it 

is possible to inoculate plants with fungi isolated from different species (Surono & Narisawa, 

2017; Molina-Montenegro et al., 2020). Species from the genera Trichoderma, Hypocrea, 

and Umbelopsis have been used for their ability to produce metabolically active compounds of 

interest that stimulate plant growth and/or provide protection against diseases (Ortuño et al., 

2013; Díaz-Valenzuela et al., 2024; Muhorakeye et al., 2024; Zhang et al., 2025). However, 

there is currently a growing interest in identifying natural bioactive compounds that can replace 

the use of chemical substances in agriculture without the need for inoculation (Karthikeyan et 

al., 2022). Fungal extracts, unlike live inoculants, offer scalable and standardized applications 

while mitigating the risks of microbial proliferation in sensitive ecosystems (Hart et al., 2018). 

These products are often rich in plant hormones such as indole-3-acetic acid, antioxidants, and 

antimicrobial compounds, making them highly promising for enhancing crop resistance to 

pathogens and optimizing plant growth (Khan et al., 2021; Shaker et al., 2022; El-Nagar et al., 
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2024). However, their effects on extremophiles species remain largely unexplored, despite 

their potential to unveil novel stress-tolerance mechanisms. 

Colobanthus quitensis, one of the two native plant species of Antarctica, has gained increasing 

interest as a biotechnological model for studying adaptation mechanisms to environmental 

stress (Clemente-Moreno et al., 2020; Alveal, 2023; Min et al., 2024). The vulnerability of the 

Antarctic ecosystem to anthropogenic pressure has driven efforts to conserve this species ex 

situ to provide material for scientific research (Ontivero et al., 2024). The ex situ conservation 

of Colobanthus quitensis faces the limitation that some populations exhibit low in vitro 

germination rates (Cuba-Díaz et al., 2017b; 2019; Ontivero et al., 2024b), a phenomenon 

associated with the presence of dormancy (Gielwanowska et al., 2011; Ontivero et al., 2024a). 

In vitro cultivation is a technique that ensures the asepsis of the propagated material (Tegen & 

Mohammed, 2016). However, under natural conditions, endophytic microorganisms play a 

crucial role in the development of this species (Hereme et al., 2020). Since the primary goal of 

tissue culture is to obtain microorganism-free material, the effect of fungal extracts on the 

germination and early growth of C. quitensis was evaluated without exposing the seeds to live 

microorganisms, only to the beneficial compounds they produce. 

This study hypothesizes that fungal extracts derived from Umbelopsis dimorpha, Trichoderma 

harzianum, or Hypocrea lixii enhance seed germination and early growth performance in C. 

quitensis. To test this hypothesis, we evaluated the effects of fungal extracts from these 

species on key germination parameters and vegetative growth indicators in seedlings under in 

vitro controlled conditions. The central research question was: Do fungal extracts from U. 

dimorpha, T. harzianum, or H. lixii significantly improve germination efficiency and early-stage 

development in C. quitensis compared to untreated controls? 

2. MATERIAL AND METHODS 

2.1 Plant Material 

For this research, populations of C. quitensis representing the Antarctic (Byers Peninsula, 

Livingston Island, South Shetland Islands; 62°40'S; 60°55'W), Subantarctic (La Marisma; 

Punta Santa María, south of Punta Arenas, Chile; 53°22'S; 70°58'W), and Andean (Conguillío, 

Conguillío National Park, Araucanía Region, Chile; 38°36'S; 71°36'W) regions were used 

(Cuba-Díaz et al., 2017b; Koc et al., 2018). These plants were grown under common garden 

conditions in a substrate composed of peat, leaf soil, and vermiculite in a 2:3:1 ratio, at a 
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temperature of 13 ± 2°C, with a photoperiod of 16/8 h light/dark, a light intensity of 100–120 

μmol photons m⁻² s⁻¹, and 75% relative humidity. Seeds obtained from plant propagation were 

collected at maturity (Still, 1999), dried at room temperature for 2 to 3 days, and then stored at 

4°C for one year until they were treated with fungal extracts. 

2.2 Seed fungi extract treatment 

For the preparation of fungal extracts, Umbelopsis dimorpha (Umbelopsis), isolated from 

Araucaria araucana in Nahuelbuta National Park (Rivas, 2020), and Trichoderma harzianum 

(Trichoderma) and Hypocrea lixii (Hypocrea), isolated from the roots of C. quitensis plants 

collected from various locations near the Henryk Arctowski Polish Station in Admiralty Bay, 

King George Island (Rabert et al., 2020), were used. These fungi were cultivated in 250 mL of 

1% (w/v) malt extract liquid medium for 7 days at 24 ± 1 °C without agitation and in complete 

darkness. They were kept in dark conditions for one month until use. For seed treatment, the 

fungal extract produced during fungal growth was filtered using a sterile 0.22-micrometer filter 

(biocomma). 

2.3 In vitro germination and plant analysis 

The seeds from each previously stored population were disinfected with 70% ethanol and 5% 

sodium hypochlorite following the protocol of Cuba-Díaz et al. (2017a). They were then divided 

into four groups and immersed for 24 hours in 1 mL of sterile distilled water (Control) or filtered 

fungal extract from U. dimorpha, T. harzianum and H. lixii. After this period, the excess liquid 

was removed using a sterile paper towel, and the seeds were placed for in vitro germination. 

For the in vitro germination test, 4 replicates of 15 seeds were placed in Petri dishes with 

100% Murashige and Skoog medium, 3% sucrose, 0.7% agar, and pH 5.7 (Cuba-Díaz et al., 

2017a). They were maintained at 20 ± 2 °C under a 16-hour light/8-hour dark photoperiod with 

a light intensity of 45 ± 2 µmol m⁻² s⁻¹ for 30 days. A seed was considered germinated when its 

primary root was at least twice the size of the seed. Germination data were collected daily to 

determine: 

5. Germination percentage: ; where N: number of germinated seeds at the 

end of the test. A: total number of seeds set to germinate. 

6. Mean Germination Time: MGT =  (days); where ni: number of seeds germinated on 

day t. n: number of seeds germinated in the trial. 
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To assess the effect of fungal extracts on initial growth, on day 45 after the experiment began, 

15 plants from each treatment were randomly selected, whenever possible, that were between 

40 ± 1 days old. The aerial and root length, number of leaves, and leaf length of these plants 

were measured. A Kamasa KM-477 digital caliper with an accuracy of 0.01 mm was used for 

the measurements. 

2.4 Statistical analysis 

To evaluate the effect of fungal extract on seed germination and seedling growth 

independently for each C. quitensis population, separate statistical analyses were performed. 

A one-way analysis of variance (ANOVA) or Student's t-test was applied when the 

assumptions of normality and homogeneity of variances were met. In cases where these 

assumptions were not satisfied for a given variable in a particular population, the non-

parametric Kruskal–Wallis test was used to detect differences between groups. 

For multiple comparisons between treatments, Tukey’s or Duncan’s test was used for 

parametric data, while Dunn’s test was applied when the data did not meet normality 

assumptions. A 95% confidence interval was used for all analysis. Subsequently, graphs were 

generated using the "ggplot2" package in RStudio (R Core Team, 2023). 

3. RESULTS 

Fungal extracts had no statistically significant effect on the germination indicators analyzed 

(Table 1), although some stimulatory responses were observed depending on the species. In 

the Byers Peninsula and Conguillío populations, seeds treated with extract of T. harzianum 

showed higher germination, meanwhile in La Marisma, U. dimorpha promoted higher 

germination. 

 

Table 1. Germination indicators of Colobanthus quitensis populations treated with extracts 

obtained from endophytic fungi of Araucaria araucana (Umbelopsis dimorpha) and C. quitensis 

(Trichoderma harzianum and Hypocrea lixii) (n = 4). 

Colobanthus 

quitensis population 

Fungal 

extract 

Germination (%) ± 

SD 

p value Mean Germination 

Time ± SD (days) 

p value 

Byers Peninsula 

Control 5 ± 3.3 

0.060 

7.67 ± 2.08  

0.591 Umbelopsis 

dimorpha 

0 - 
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Trichoderma 

harzianum 

5 ± 6.48 8.75 ± 1.77  

Hypocrea 

lixii 

0 - 

La Marisma 

Control 53.33 ± 9.43 

0.516 

7.65 ± 0.65  

0.721 

Umbelopsis 

dimorpha 

63.33 ± 11.55 7.18 ± 1.92  

Trichoderma 

harzianum 

55 ± 3.33 7.99 ± 2.87  

Hypocrea 

lixii 

55 ± 13.74  9.12 ± 3.44  

Conguillío 

Control 71.67 ± 14.78 

0.052 

9.06 ± 1.47  

0.205 

Umbelopsis 

dimorpha 

88.33 ± 15.75 11.34 ± 2.26  

Trichoderma 

harzianum 

96.67 ± 3.85 9.73 ± 0.95  

Hypocrea 

lixii 

76.67 ± 15.67 11.02 ± 1.57  

-: Results unavailable due to the absence of germination data. 

 

Fungal extracts had a significant effect on plant growth, with effects varying for each 

population (Fig. 1). In Byers Peninsula, seeds treated with T. harzianum produced larger plants 

compared to the control (Fig. 1 A, B blue). In La Marisma, significant differences in aerial 

length were observed only between H. lixii and T. harzianum. However, the presence of all 

fungal extracts increased root system length compared to the control (Fig. 1A, B). For 

Conguillío, T. harzianum produced plants with the greatest aerial and root lengths, followed by 

Hypocrea, while control plants consistently showed the lowest growth (Fig. 1A, B, pink). 
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Figure 1. Growth of Colobanthus quitensis populations treated with fungal extracts from 

endophytes of Araucaria araucana (Umbelopsis dimorpha) and C. quitensis (Trichoderma 

harzianum and Hypocrea lixii), showing a) shoot length and b) root length. Different letters 

indicate significant differences (p < 0.05): Byers Peninsula was analyzed using Student's t-test 

(n = 3); La Marisma with one-way ANOVA followed by Tukey's test (n = 15) for multiple 

comparisons; and Conguillío with Kruskal-Wallis test (non-parametric ANOVA) followed by 

Dunn's test (n = 15) for non-normal data. 

 

In Byers Peninsula, seeds treated with Trichoderma extracts produced a greater number of 

leaves with longer length compared to the control seeds (Fig. 2 A, B blue). In La Marisma, 

there were no significant differences in the number of leaves among the three fungal extracts; 

however, Hypocrea produced more leaves than the control, while no differences in length were 

observed between these two treatments (Fig. 2 A, B green). In the Andean population of 

Conguillío, the number of leaves was unaffected by any treatment, with Umbelopsis producing 

seedlings with fewer leaves compared to the other treatments, including the control (Fig. 2 A, B 

pink). 
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Figure 2: Number of leaves (a) and leaf length (b) produced in seedlings of three Colobanthus 

quitensis populations treated with fungal extracts from endophytic fungi of Araucaria araucana 

(Umbelopsis dimorpha) and C. quitensis (Trichoderma harzianum and Hypocrea lixii).  In Byers 

Peninsula, significant differences (p < 0.05) were determined using Student's t-test (leaves: n = 

3; leaf length: n = 6). For La Marisma and Conguillío, one-way ANOVA (p < 0.05) followed by 

Tukey's test was applied (leaves: n = 15; leaf length: n = 30). Different letters indicate 

statistically significant differences between treatments. 

4. DISCUSSION 

There are various reports on the importance of inoculating seeds and plants with endophytic 

fungi to stimulate germination, growth, and resistance to pathogens (Díaz-Valenzuela et al., 

2024; Muhorakeye et al., 2024; Zhang et al., 2025). Therefore, it is not surprising that the 

biofertilizer market is projected to reach a value of $3.72 trillion in 2025, with expectations of 

surpassing $9 trillion by 2030 (Mordor Intelligence, 2025). The most common application 

method is through microorganism inoculation. However, their survival and effectiveness in the 

field, as well as their actual association with plants, are still under evaluation, along with their 

impact on soil microbiota (O'Callaghan et al., 2022). In contrast, the use of fungal extracts rich 
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in metabolic products generated by fungi emerges as a promising alternative, as it does not 

interfere with the native soil microbiology while simultaneously enhancing species productivity 

(Kramski et al., 2022). 

Fungi can produce metabolites that can break dormancy and induce germination by 

weakening the seed coat and cotyledons, degrading germination-inhibiting compounds, or 

generating plant growth-promoting substances such as phytohormones (Kagithoju et al., 

2013). In C. quitensis, low germination rates have been attributed to dormancy (Gielwanowska 

et al., 2011), sometimes requiring the use of priming, sulfuric acid scarification, and/or 

mechanical scarification to stimulate germination (Cuba-Díaz et al., 2019; Ontivero et al., 

2025). Therefore, treating its seeds with fungal extracts was expected to enhance germination, 

particularly in the Antarctic population, where the most significant germination issues have 

been reported (Gielwanowska et al., 2011; Cuba-Díaz et al., 2019).  

Umbelopsis dimorpha and T. harzianum are known for their ability to produce indole-3-acetic 

acid (IAA) (Bader et al., 2020; Díaz-Valenzuela et al., 2024), while H. lixii has shown a more 

prominent role as a biological control agent (Chebet et al., 2021). Indole-3-acetic acid is a 

phytohormone that regulates various growth processes, including cell elongation, vascular 

tissue development, apical dominance, fruit formation, and maturation (Kou et al., 2022). 

However, it has also been reported to induce dormancy (Gupta et al., 2024). 

In this study, we do not consider that the use of these fungi increased dormancy, as none of 

the fungal extracts resulted in lower germination rates compared to the control. Nevertheless, 

these extracts alone were not sufficient to achieve high germination percentages, except for 

Trichoderma in Byers Peninsula, although it only stimulated 5% more germination compared to 

the control (Table 1). Therefore, it would be more advisable to incorporate them as part of a 

technological package that includes strategies to break dormancy, such as seed priming, 

sulfuric acid scarification, or mechanical scarification (Cuba-Díaz et al., 2019; Rocha et al., 

2022; Ontivero et al., 2025).  

Our findings demonstrate that fungal extracts from U. dimorpha, T. harzianum, and H. 

lixii differentially modulate early growth traits in C. quitensis across its geographic distribution 

(Fig. 1, 2), despite showing limited effects on germination parameters (Table 1). The role of U. 

dimorpha as a plant growth promoter was recently confirmed and linked to its ability to produce 

indole-3-acetic acid (IAA), solubilize phosphate (Díaz-Valenzuela et al., 2024), and enhance 
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metabolite production in plants (Qin et al., 2018). Likewise, T. harzianum is also capable of 

producing IAA and is considered an excellent alternative for promoting plant growth 

(Abdenaceur et al., 2022). In contrast, there are no reports on the use of H. lixii as a plant 

growth promoter. However, its genome is believed to contain genes encoding nitrilases, 

enzymes capable of converting indole-3-acetonitrile into indole-3-acetic acid in plants 

(Piotrowski & Volmer, 2006). Although this study did not determine the metabolic compound 

profile produced by these fungi, the observed effects of their extracts on plant growth could 

indicate their ability to produce indole-3-acetic acid. 

This study demonstrated that in Byers Peninsula, only Trichoderma had beneficial effects on 

all evaluated parameters, except for MGT. In La Marisma, all fungal extracts improved 

germination to some extent, with no significant effects on the aerial part but noticeable effects 

on the roots. In contrast, in pC, there was a clear trend toward improved germination (p = 

0.052) and a positive impact on vegetative growth with the use of fungal extracts, with 

Trichoderma showing the most pronounced effect. From an ecological perspective, root growth 

stimulated by metabolites produced by endophytic fungi provides plants with an additional 

advantage in accessing nutrients and water under extreme environmental conditions (Qin et 

al., 2024). 

The fact that not all populations responded similarly to the same fungal extract may be related 

to the host plant–fungal interactions being primarily determined by their genotypes (Rai and 

Agarkar, 2016; Wu et al., 2020). In C. quitensis, different ecotypes have been identified based 

on their geographical distribution (Gianoli et al., 2004). Moreover, studies have shown that 

genetic and morphological variability is preserved in populations even after cultivation and 

propagation under common garden conditions, suggesting a certain inherent stability in each 

population (Cuba-Díaz et al., 2017b). Additionally, each microorganism produces a specific set 

of metabolic compounds that allow it to chemically interact with its potential host plant. This 

chemical variability may lead certain populations to benefit more from one fungal extract than 

another, depending on their chemical affinity (Schmidt et al., 2019).  

This study provides the first evidence of the use of fungal extracts isolated from Araucaria and 

C. quitensis as biostimulants in the early stages of plant development in this species. The 

results demonstrate that these extracts promote a more extensive root system, a greater 

number of leaves, and an increase in leaf size. This not only optimizes the in vitro 
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establishment of C. quitensis but also represents a significant advancement for the in vitro 

cultivation and conservation of related species. 

The production of larger plants increases the availability of viable plant material for use as 

explants, thereby facilitating the propagation and conservation of this species. Future research 

should focus on characterizing the metabolic and hormonal profiles of these fungi, both 

individually and in consortium, to develop a biostimulant enriched with the most effective 

compounds for promoting plant growth. Also, these extracts should be evaluated in future 

technological packages aimed at stimulating germination, in combination with priming 

strategies, modifications in the composition of the medium, scarification, and stratification. 
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Supplementary material 

 
Supplementary Figure 1: Vegetative growth of Colobanthus quitensis seedlings after 

treatment with fungal extracts from endophytic fungi associated with Araucaria araucana and 

C. quitensis. Seeds from the Antarctic population Arctowski: (a) untreated (control), (b) treated 

with Trichoderma harzianum. Sub-Antarctic population La Marisma: (c) control, (d) treated with 

Umbelopsis dimorpha, (e) with T. harzianum, (f) with Hypocrea lixii. Andean population 

Conguillío: (g) control, (h) with U. dimorpha, (i) with T. harzianum, (j) with H. lixii. 
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ABSTRACT  

Seed physiological quality is a key indicator for commercialization, but storage time can 

negatively impact seed viability and vigor. While several tests exist to evaluate seed quality, 

not all are suitable for every species. Colobanthus quitensis, an extremophile species with 

biotechnological potential, lacks information regarding its seed quality and appropriate 

evaluation methods, posing challenges for ex situ conservation. This study aimed to assess 

the physiological quality of seeds from various C. quitensis populations stored between 2015 

and 2022 using flotation, electrical conductivity, in vitro germination, and tetrazolium tests. The 

flotation test successfully separated seeds into viable and non-viable groups, although both 

groups later showed germination potential. The electrical conductivity test did not correlate with 

germination performance. Seeds from Antarctic populations had germination rates below 1% in 

most storage periods. Higher germination percentages were observed in seeds stored for 12 to 

24 months, while those stored for over four years lacked vigor. Storage time also affected 

seedling fresh weight. This study underscores the need to apply multiple vigor tests to 

accurately determine seed quality. Buoyancy and electrical conductivity are not recommended 

for evaluating deterioration in C. quitensis seeds. The most reliable methods were in vitro 

germination and tetrazolium testing. The fact that some viable seeds failed to germinate 

suggests either the need to optimize germination protocols or the presence of dormancy 

mechanisms. 

Keywords: conservation, vigor analysis, germination, tetrazolium salts, electrical conductivity 
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1. INTRODUCTION 

The international seed trade is a key indicator of a country’s agricultural economy. However, 

this trade is subject to strict quality standards to ensure commercial viability (Milošević et al., 

2010; Taylor, 2020). One of the main challenges is the physiological deterioration of seeds 

during storage, a problem that differentially affects all agricultural crops and impacts both their 

production and market value (Gang et al., 2019; Wawrzyniak et al., 2020). 

Germplasm banks play a critical role in conserving plant genetic diversity (Whitehouse et al., 

2020), though their efficiency is directly tied to the available knowledge about the species they 

store. This knowledge is particularly limited for species without established agricultural use 

(Taylor, 2020). Currently, there is a growing demand to develop techniques for accurately 

assessing seed quality and optimizing storage protocols to prolong longevity and minimize 

deterioration (Solberg et al., 2020). Notably, the lack of data on seed viability loss patterns 

forces germplasm banks to allocate significant resources to frequent collection monitoring 

(Taylor, 2020; Whitehouse et al., 2020). 

Seed physiological quality is a complex trait influenced by morphological, physiological, 

genetic, and environmental factors (Zhou et al., 2019). Therefore, it is recommended to 

perform multiple vigor tests simultaneously when assessing the deterioration of a seed lot 

(Milivojević et al., 2021). Although germination testing is the most commonly used method for 

evaluating seed quality, several alternative vigor tests such as flotation, electrical conductivity, 

and tetrazolium, offer quicker, simpler, and less resource-intensive options. These tests 

assess cell membrane integrity and provide insights into the biochemical status of the seeds 

(Marcos-Filho, 2015). 

Regarding evaluation methodologies, most vigor tests have been developed for large-seeded 

crops such as maize, wheat, and rice (Nicoleti & Coelho, 2018; Correia et al., 2020; García & 

Coelho, 2021). In contrast, evaluating small-seeded species like quinoa (Chenopodium 

quinoa), amaranth (Amaranthus spp.), which are crucial for food security (Kehinde et al., 2013; 

Souza et al., 2020), or orchids (Orchidaceae), known for their high ornamental value (Li et al., 

2021), presents greater technical challenges. 

Colobanthus quitensis (Kunt) Bartl. (Caryophyllaceae) is a species of special interest due to its 

broad geographic distribution, from southern Mexico to the Antarctic Peninsula, where it faces 

extreme environmental conditions (Moore, 1970; Convey, 1996; Smith, 2003). This uniqueness 
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has led to remarkable variability among populations in traits such as germination capacity, 

morphology, and genetic adaptation (Gianoli et al., 2004; Cuba-Díaz et al., 2017; Koc et al., 

2018), making it a promising model for biotechnological studies on environmental 

stress (Clemente-Moreno et al., 2020; Min et al., 2024). Despite its potential, Antarctic vascular 

plant collections, where C. quitensis has been included since 2014 have shown declines in 

germination viability during storage (preliminary observations). However, no systematic studies 

have yet evaluated the physiological quality of its stored seeds. Understanding deterioration 

patterns in this species would not only improve seed bank management but also contribute to 

protocol development for small-seeded species with low germination (Ontivero et al., 

2024a). Thus, this study aimed to assess the physiological quality of seeds from different C. 

quitensis populations stored between 2015 and 2022, using multiple vigor analysis 

methodologies. 

 

2. MATERIALS AND METHODS 

2.1  Plant material 

Plants from the Hannah Point (pH) (Livingston Island, South Shetland Islands; 62°39'S, 

60°37'W), Arctowski, (pA) (King George Island, South Shetland Islands; 62°09'S, 58°28'W), La 

Marisma (pPA) (Punta Santa María, southern Punta Arenas, Chile; 53°22'S, 70°58'W), Laredo 

(pL) (Laredo sector, northern Punta Arenas, Chile; 52°58'S, 70°49'W), and Conguillío (pC) 

(Conguillío National Park, Araucanía Region, Chile; 38°36'S, 71°36'W) populations (Cuba-Díaz 

et al., 2017) were grown under common garden conditions. The plants were cultivated in a 

substrate composed of peat, leaf soil, and vermiculite in a 2:3:1 ratio. The growth environment 

was maintained at 13 ± 2 °C, with a 16/8 h light/dark photoperiod, light intensity of 100–

120 μmol photons m⁻² s⁻¹, and 75% relative humidity (Cuba-Díaz et al., 2019). Seeds produced 

by these plants were collected from fully open floral capsules containing mature seeds. The 

seeds were cleaned and dried at room temperature for 2 to 3 days, then stored in tightly 

sealed Eppendorf tubes at 4 °C. 
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2.2 Loss of germination capacity over storage time 

2.2.1 Buoyancy test and electrical conductivity 

Seeds from each population stored between 2015 and 2022 were grouped by quarters to 

assess viability using the buoyancy test (Suma and Srimathi, 2014) and membrane integrity 

using the electrical conductivity test (Fantazzini et al., 2021). For all populations, the available 

material was insufficient, so the analysis periods vary between populations 

For each storage period, three replicates of 10 mg of seeds were used and placed in 25 mL of 

deionized water for 24 h at 25 °C. After this period, seeds were then separated into viable 

(non-floating) and non-viable (floating) groups, which were dried at room temperature for four 

days. Viability percentage was calculated using the following equations: 

 

 

 

In addition, the percentage of material loss was determined using the buoyancy test, 

calculated with the following equation: 

 

 

 

The water used in the buoyancy test was analyzed with a PL-700PC device (Santiago, Chile) 

to measure its conductivity, which was expressed in μS·cm⁻¹·g⁻¹. 

 

2.2.2 Germination test and initial growth of seedlings 

Viable seeds obtained from the buoyancy test were disinfected with 70% ethanol and 5% 

sodium hypochlorite (Cuba-Diaz et al., 2017). Subsequently, 12 seeds randomly selected for 

each population and storage time were placed for in vitro germination in Petri dishes 

containing 100% MS medium (Murashige and Skoog, 1962), supplemented with 3% sucrose 

and 0.7% agar, and adjusted to pH 5.7. The plates were incubated for 30 days under a 16 h 

light / 8 h dark photoperiod at 20 ± 2 °C. A seed was considered germinated when its radicle 

reached at least twice the seed length (Sanhueza et al., 2017). Three replicates were 

conducted in total. The following indicators were evaluated: 
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Germination:  G(%) = N/A x 100; where N is the number of germinated seeds at the end of the 

test; A is the total number of seeds set to germinate. 

Mean Germination Time: MGT (days) =∑ni x t/n; where ni is the number of seeds germinated 

on day t; n is the number of seeds germinated in the trial. 

Germination Index: GI =∑ Gt/Dt; where Gt is the number of seeds germinated each day t; Dt is 

the number of germination days. 

Vigor Index: VI = GI x S; where S is the height of plants 20 days post-germination 

 

An additional germination analysis was performed with a new group of viable and non-viable 

seeds to verify if the seeds classified as non-viable by the buoyancy test were incapable of 

germinating. The same germination protocol outlined previously was followed, but only the 

germination percentage was determined. 

 

2.2.3 Tetrazolium salt test 

A tetrazolium staining test was performed to assess the viability of both the germplasm bank 

seeds and those that did not germinate in the germination test. The seeds from the germplasm 

bank were placed in distilled water for 24 hours at 25°C to soften the seed coat. An incision 

was then made with a scalpel to open the seed coat and expose the embryo to a 1% 2,3,5-

triphenyl tetrazolium chloride solution, where the seeds were immersed for 24 hours at 25°C 

(ISTA, 2017). After incubation, the tetrazolium solution was discarded, and the seeds were 

examined under a microscope to verify the staining. Seeds with a bright pink embryo color 

were considered viable, while those with a uniform white color were deemed non-viable. The 

viability percentage was calculated by dividing the number of viable seeds by the total number 

of seeds analyzed. 

 

2.2.4 Fresh weight  

To determine the fresh weight of the seedlings for each conservation time and population, 

between 3 and 10 seedlings were selected at 30 days post-germination, with each plant 

considered as a replicate. The amount of material weighed varied according to the availability 
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of seedlings for each treatment, depending on seed germination. An analytical balance, 

RADWAG AS 220/C/2, with a precision of ± 0.1 mg was used. 

2.3 Statistical Analysis 

To evaluate the effect of storage time on seed quality in different populations of Colobanthus 

quitensis, a one-way analysis of variance (ANOVA) was applied when the assumptions of 

normality and homogeneity of variances were met. When these assumptions were not satisfied 

for a given variable within a specific population, the non-parametric Kruskal–Wallis test was 

used to detect differences between groups. 

To analyze the relationship between the germination test and the electrical conductivity 

analysis, a Pearson correlation was performed. This correlation aimed to assess the degree of 

linear association between seed germination percentages and membrane integrity, as 

indicated by electrolyte leakage. 

For multiple comparisons between treatments, Tukey’s or Duncan’s test was used for 

parametric data, while Dunn’s test was applied for non-parametric data when normality 

assumptions were not met. A 95% confidence interval was used for all statistical analyses. 

Graphs were generated using the "ggplot2" package in RStudio (R Core Team, 2023). 

 

3. RESULTS 

Material loss was detected in all populations through the buoyancy test. In the populations pH 

(p=0.154), pA (p=0.159), and pPA (p=0.791), no significant differences were observed in the 

proportion of viable and non-viable seeds according to the buoyancy test (Fig. 1a, b, c), 

although the trend in pH for the 4_6 and 16_18 month periods indicates that viable seeds are 

present in much lower proportions. In the case of pL, the test revealed a higher proportion of 

non-viable seeds compared to viable ones, although this effect was only significant for the 

conservation periods of 4–6, 7–9, 22–24, and 25–27 months (Fig. 1d). Similarly, in pC, the 

buoyancy test indicated a greater number of non-viable seeds, with this difference being 

significant only for the 16–18 and 82–84 month periods (Fig. 1e). 
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Figure 1. Identification of viable, non-viable seeds, and material loss based on the buoyancy 

test in seeds stored for different periods from various populations of Colobanthus quitensis. 

Different letters indicate significant differences (p < 0.05) according to Dunn's post-hoc test 

following Kruskal-Wallis (pH), Tukey HSD following ANOVA (pA, pPA, pL), and Duncan's test 

following ANOVA (pC) (n = 3). pH: Hannah Point; pA: Arctowski; pPA: La Marisma; pL: Laredo; 

and pC: Conguillío. 
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For populations pH, pA, pPA, and pC, no significant changes in electrical conductivity were 

observed across different seed storage periods (Fig. 2 a, b, c, and d). In the pL population, a 

significant effect of storage on electrical conductivity was detected; however, no clear pattern 

was observed among the different storage durations (Fig. 2 d). 

 

Figure 2. Electrical conductivity analysis of seeds from different populations of Colobanthus 

quitensis subjected to various storage periods. pH: Hannah Point; pA: Arctowski; pPA: La 

Marisma; pL: Laredo; and pC: Conguillío. Different letters indicate significant differences (p < 

0.05) according to Tukey’s HSD test following ANOVA (n = 3). 

 

In pH population, germination never exceeded 5%, regardless of the storage duration (Fig. 3 

a). In pA, freshly harvested seeds exhibited lower germination percentages compared to those 

stored for longer periods (Fig. 3 b). In pPA, seeds showed high overall germination rates; 

however, those stored for up to 3 months had lower germination percentages than the rest 

(Fig. 3 c). In pL, a bell-shaped distribution was observed: seeds with shorter and longer 
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storage times displayed lower germination, while the highest values were recorded between 7 

and 24 months of storage (Fig. 3 d). Finally, in pC, seeds stored for more than 25 months 

showed a significant decrease in germination compared to the more recently stored seeds 

(Fig. 3 e). 

 

 

Figure 3. Germination percentage of different Colobanthus quitensis populations subjected to 

various storage durations. Different letters indicate significant differences (p < 0.05) according 

to Tukey’s HSD test (n = 3). pH: Hannah Point; pA: Arctowski; pPA: La Marisma; pL: Laredo; 

and pC: Conguillío. 

 

Pearson's correlation analysis revealed no significant relationship between electrical 

conductivity and germination percentage in any of the analyzed Colobanthus quitensis 

populations (Fig. 4).  
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Figure 4. Correlation between electrical conductivity and germination percentage in different 

Colobanthus quitensis populations. pH: Hannah Point; pA: Arctowski; pPA: La Marisma; pL: 

Laredo; and pC: Conguillío. 

 

The absence of germination in the pH population prevented the evaluation of the remaining 

germination indicators. For the other populations, storage time significantly affected at least 

one germination parameter: mean germination time (MGT), germination index (GI), or vigor 

index (VI). In the pA population, seeds stored for 19_21 and 22_24 months had a lower MGT 

and higher GI compared to those stored for 4_6 and 13_15 months. Regarding VI, seeds 

stored for 22_24 months showed the highest values, although they did not differ significantly 

from those stored for 19_21 months (Table 1). 

In the pPA and pL population, storage time only affected the germination index (GI). For pPA, 

seeds stored for more than 3 months show the highest values. No significant differences were 

observed between seeds stored for 1_3 months and those stored for 4_6 months. In pL, the 

seeds stored for 19_21 months showed the highest GI, although this was only significantly 

different from the seeds stored for a maximum of 6 months and those stored for 25_27 months 

(Table 1). 

In the pC population, storage time did not affect the VI. For MGT, differences were observed 

only between seeds stored for 16_18 and 25_27 months, with faster germination in the former. 

The GI was significantly lower in seeds stored for 25_27 months (Table 1). 

 

Table 1. Germination indices in Colobanthus quitensis populations subjected to different 

storage periods. Different letters indicate significant differences (p < 0.05) according to Tukey-
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HSD test (n = 3). MGT: mean germination time; GI: germination index; VI: vigor index. pA: 

Arctowski; pPA: La Marisma; pL: Laredo; and pC: Conguillío. 

Population Time 

(months) 

Mean 

Germination 

Time (days) 

p 

value 

Germination 

Index 

p value Vigor Index p value 

pA 4_6 10.75 ± 

1.77ab 

0.0243 0.15 ±0.10 c 0.0003 0.52 ± 0.36 b 0.00653 

13_15 12 ± 0.00 a 0.13 ± 0.06 c 0.45 ± 0.25 b 

19_21 8.94 ± 0.25 b 0.68 ± 0.17 b 3.64 ± 0.74 

ab 

22_24 8.82 ± 0.25 b 1.32 ± 0.17 a 6.83 ± 2.31 a 

pPA 1_3 9.10 ± 0.41 a 0.544 1.04 ± 0.17 b 0.00493 5.56 ± 0.46 a 0.386 

4_6 8.85 ± 0.26 a 1.29 ± 0.03 ab 5.54 ± 1.06 a 

10_12 8.89 ± 0.80 a 1.42 ± 0.09 a 6.93 ± 1.63 a 

34_36 8.41 ± 0.67 a 1.41 ± 0.05 a 6.71 ± 1.30 a 

pL 1_3 12.18 ± 0.32 

a 

0.272 0.37 ± 0.27 bc 0.0002 1.74 ± 1.59 a 0.143 

4_6 11.1± 1.39 a 0.42 ± 0.05 bc 1.46 ± 0.35 a 

7_9 11.1± 0.49 a 0.65 ± 0.26 abc 2.43 ± 1.84 a 

10_12 12.1 ± 1.4 a 0.57 ± 0.10 abc 1.79 ± 0.71 a 

13_15 13.64 ± 3.71 

a 

0.86 ± 0.22 ab 3.09 ± 1.75 a 

16_18 11.77 ± 0.99 

a 

0.72 ± 0.13 abc 2.87 ± 0.24 a 

19_21 11.41 ± 0.69 

a 

0.98 ± 0.13 a 3.84 ± 1.25 a 

22_24 13.89 ± 0.78 

a 

0.76 ± 0.17 abc 2.33 ± 1.01 a 

25_27 13.76 ± 1.87 

a 

0.31 ± 0.11 c 0.95 ± 0.38 a 

pC 10_12 11.89 ± 0.63 

ab 

0.0326 1.01 ± 0.06 a 0.0002 6.56 ± 1.21 a 0.0677 

16_18 10.04 ± 1.19 

b 

1.17 ± 0.21 a 6.46 ± 4.57 a 

19_21 11.49 ± 1.29 

ab 

1.07 ± 0.15 a 6.61 ± 1.29 a 
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25_27 15.7 ± 3.30 a 0.21 ± 0.15 b 1.12 ± 0.91 a 

 

In population pH, no differences were observed in germination percentage between seeds 

classified as viable and non-viable based on the float test, with both groups showing 

germination rates below 5% (Fig. 5a). In the remaining populations, germination was recorded 

in both viable and non-viable seed groups. In some cases, seeds previously classified as non-

viable exhibited, or tended to exhibit, higher germination percentages than their viable 

counterparts (Fig. 5b, c, d, e). 

 

 

Figure 5. Germination of viable and non-viable seeds identified using the buoyancy test in 

different Colobanthus quitensis populations subjected to various storage periods. Different 

letters indicate significant differences (p < 0.05) according to Tukey HSD test (pH, pA, pPA, 
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and pL) and Dunn’s test (pC). pH: Hannah Point; pA: Arctowski; pPA: La Marisma; pL: Laredo; 

and pC: Conguillío. 

 

Tetrazolium staining revealed that, under several of the tested conditions, seeds that failed to 

germinate during the germination test still contained viable embryos. This was confirmed by 

the viability assessment of seed bank samples used as controls. No germination was recorded 

for pL seeds stored for 52–54 months, nor for pC seeds stored for 58–60, 70–72, and 82–84 

months (Table 2). 

 

Table 2. Viability of seeds from different populations of Colobanthus quitensis based on 

tetrazolium salt staining. pH: Hannah point population; pA: Arctowski population; pL: Laredo; 

and pC: Conguillío. 

Populations  Time (months) Viability (%) of non-

germinated seeds 

Viability (%) 

of seed bank  

pH 4_6 83,33 75 

pH 7_9 41,66 58,33 

pH 16_19 50 58.33 

pA 4_6 25 50 

pA 13_15 33,33 41,66 

pA 19_21 16.66 50 

pL 1_3 25 58,33 

pL 4_6 25 41,6 

pL 10_12 16,66 41,6 

pL 25_27 0 25 

pL 52_54 0 0 

pC 25_27 0 25 

pC 58_60 0 0 

pC 72_70 0 0 

pC 82_84 0 0 

 

The lack of germination in the pH population prevented the assessment of seedling fresh 

weight. In all other populations, seed storage time influenced seedling biomass. In pA, seeds 

stored for longer periods produced seedlings with lower fresh weight (Fig. 6a). In contrast, in 

pPA, seeds stored for up to 6 months resulted in seedlings with lower weight (Fig. 6b). For the 
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pL population, a decreasing trend in seedling weight was observed as storage time increased, 

although significant differences were only found between seeds stored for 1–3 months and 

those stored for 22–24 months (Fig. 6c). In pC, only seeds stored for 16–18 months had 

significantly lower seedling weight compared to the other treatments (Fig. 6d). 

 

Figure 6. Fresh weight of seedlings derived from seeds stored for different durations in 

populations of Colobanthus quitensis. Different letters indicate significant differences (p < 0.05) 

according to Tukey’s HSD test (pA) and Duncan’s test (pPA, pL, and pC). pA: Arctowski; pPA: 

La Marisma; pL: Laredo; and pC: Conguillío. 

4. DISCUSSION 

4.1 Buoyancy Test as a Method to Assess Viability 

The buoyancy test has been used as a strategy to identify damaged or dead seeds with 

reduced physiological quality (Suma and Srimathi, 2014; Vijay et al., 2025). In Colobanthus 

quitensis, this technique has previously been applied as a method to select viable seeds 

(Cuba-Díaz et al., 2017b, 2019). In the present study, the buoyancy test revealed significant 

differences between the proportion of viable and non-viable seeds only in the pL and pC 

populations (Fig. 1d, e). However, for most storage times, a higher proportion of seeds were 

classified as non-viable (floating) across all populations. When both seed groups (classified as 

viable or non-viable by the flotation test) were subjected to germination testing, germination 
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was observed in both, with no major differences in germination percentages (Fig. 5), indicating 

that the flotation test is not a reliable method for assessing the seed quality of C. quitensis. 

Seed dispersal studies in C. quitensis are limited, although bird migration (Parnikoza et al., 

2007), wind (Vera et al., 2013), and water (Kellmann-Sopyła et al., 2017) have been identified 

as influencing factors. Some seeds can float from one day to over a week, enabling water-

based dispersal through a mechanism known as hydrochory (Fryirs and Carthey, 2022). A 

recent study on the phylogenetic relationships among different populations of C. quitensis 

suggests that the species reached Antarctica via maritime routes, indicating its tolerance to 

salinity (Biersma et al., 2020). The hard seed coat of C. quitensis (Kellmann-Sopyła et al., 

2017) may render the seeds impermeable to water, thereby enhancing their buoyancy. 

Consequently, the flotation test is not a reliable method for assessing seed viability in this 

species, as germination was observed even in seeds classified as non-viable (Fig. 5). 

4.2 Electrical Conductivity for Estimating Seed Quality 

The electrical conductivity (EC) test is a biochemical technique used to assess cell membrane 

integrity by measuring the release of solutes during seed hydration. Seeds with lower vigor or 

greater deterioration tend to release higher amounts of ions and organic compounds into the 

medium, which is often associated with reduced germination capacity (Marcos-Filho, 2015). 

The EC test has proven effective for identifying seed lot vigor and is widely used due to its 

non-destructive nature, simplicity, speed, and low cost (Demir et al., 2012; Pereira & Martins 

Filho, 2012; Nugraheni et al., 2023). However, this method does not always correlate well with 

actual seed quality (Panobianco & Vieira, 2007; dos Santos et al., 2019). 

In this study, the EC test showed significant differences (p < 0.05) only in the pL population, 

yet no clear pattern emerged between storage duration and conductivity values. In some 

cases, seeds stored for longer periods exhibited lower conductivity values than those stored 

for shorter periods (Fig. 2d). The low correlations observed between the EC test and 

germination performance suggest that electrical conductivity was not a reliable predictor under 

the evaluated conditions (Fig. 4). It is likely that the hard seed coat of C. quitensis (Kellmann-

Sopyła et al., 2017) interferes with solute release into the medium, affecting the accuracy of 

conductivity measurements. Although this study followed a standardized protocol developed 

for tobacco seeds (Fantazzini et al., 2021), it is recommended to optimize the seed quantity 

and water volume used in the test (Nugraheni et al., 2023). This was not feasible here due to 
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the limited availability of seed material. 

4.3 Germination indices and viability using tetrazolium salt staining 

The germination test performed on seeds previously classified as viable through the flotation 

method revealed that the Antarctic population pH exhibited nearly zero germination 

percentages across all three storage periods analyzed (Fig. 3). A similar pattern was observed 

for population pA in seeds stored for shorter periods (4–6 and 13–15 months); however, 

germination percentages increased to over 47% when the storage time was extended (Fig. 

3b). Germination rates in Antarctic populations are known to be highly variable, often ranging 

from 0 to 50%, a pattern commonly attributed to the presence of seed dormancy 

(Gielwanowska et al., 2011; Cuba-Díaz et al., 2017b; Kellmann-Sopyła et al., 2017; Ontivero et 

al., 2024b). 

The increase in germination observed in seeds from the pA population with longer storage 

periods may be the result of a cold stratification effect due to storage at 4 °C. Although 

previous studies testing cold stratification for periods ranging from 7 days to 4 months reported 

no stimulation in germination percentage under these conditions (Day et al., 2001; Cuba-Díaz 

et al., 2019), germination can increase when stratification is extended to 4 years (Ruhland and 

Day, 2001). It is likely that prolonged stratification periods serve as a germination strategy for 

Antarctic seeds, but not for the other populations analyzed in this study (pL and pC), whose 

germination was virtually absent after 52 months (4.3 years) (Fig. 3 d, e; 5 d, e). 

Population pPA consistently exhibited high germination percentages; however, seeds stored 

for 1_3 months showed significantly lower germination, with a clear increasing trend as storage 

time progressed, peaking at 36 months (Fig. 3c). The pPA population has historically shown 

high germination rates, even under stress conditions such as salinity (Cuba-Díaz et al., 2017b, 

2019; Ontivero et al., 2024b). In population pL, storage time had a significant effect on 

germination, displaying a bell-shaped trend: both the freshest seeds (1_6 months) and the 

most aged ones (25_54 months) had lower germination percentages compared to seeds 

stored between 7 and 24 months (Fig. 3d). In the pC population, a significant decrease in 

germination was observed after 25 months of storage (Fig. 3e). 

Although it was not possible to evaluate the same storage periods across the five populations 

analyzed, certain patterns were observed. In populations pA, pPA, and pL, freshly harvested 

seeds showed lower germination percentages. On the other hand, in populations pL and pC, 
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seeds stored for longer periods exhibited a notable decline in germination capacity. The 

reduced germination in fresher seeds may be related to the presence of dormancy in the 

species (Gielwanowska et al., 2011). The fact that tetrazolium staining revealed viable 

embryos in this group of seeds (Table 2) supports the potential role of dormancy in limiting 

germination. In contrast, in seeds stored for extended periods, physiological deterioration likely 

contributed to the reduced germination (Zhou et al., 2019), which was reflected in their lower 

viability as indicated by the tetrazolium test (Table 2). 

Although the tetrazolium test is an effective tool for assessing seed viability (Dadlani & 

Yadava, 2023; Ursulino et al., 2025) and has previously been used in studies of C. quitensis 

(Gielwanowska et al., 2011; Kellmann-Sopyła & Giełwanowska, 2015; Sanhueza et al., 2017; 

Koc et al., 2018), it is important to consider that this method may overestimate the actual 

viability of seed lots. Therefore, it is advisable to complement it with other quality assessment 

tests, such as germination tests (Marcos-Filho, 2015).  

Seed deterioration tends to affect not only the germination percentage but also other indicators 

such as mean germination time (MGT), germination index (GI), and vigor index (VI) (Yi et al., 

2025). In this study, it was expected that MGT would increase with storage time, while GI and 

VI would decrease. However, this pattern was not consistent across all populations. For 

example, seeds from the pA population stored for 19 to 24 months showed lower MGT and 

higher GI and VI values, indicating seeds of higher physiological quality. Similarly, in the pPA 

population, seeds stored for longer periods exhibited higher GI compared to fresher seeds 

(Table 1). It has been shown that seed coat hardness contributes to protection against 

deterioration (Dai et al., 2023). It is likely that this characteristic in C. quitensis contributed to 

the preservation of seed quality over time. 

4.4  Seedlings fresh weight 

Seed deterioration can lead to damage in DNA integrity, protein degradation, accumulation of 

reactive oxygen species (ROS), and depletion of storage reserves. These factors affect not 

only germination capacity but also seedling vigor (Zhou et al., 2019; Das & Biswas, 2021; Dai 

et al., 2023). In this study, not all populations followed the same pattern regarding seedling 

fresh weight in relation to seed storage duration. For instance, in population pA, seeds stored 

for longer periods exhibited lower fresh weight (Fig. 6a), even though they also showed the 

highest germination percentages (Fig. 3b). Conversely, in pPA, it was the freshest seeds that 
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produced seedlings with the lowest fresh weight (Fig. 6b). In population pL—where the longest 

storage periods were analyzed—there was a clear trend of decreasing seedling fresh weight 

with increasing storage time, which may be associated with seed deterioration. This trend 

could not be clearly identified in other populations due to the limited number of storage time 

points assessed. 

5. CONCLUSIONS 

This study reinforces the importance of using multiple vigor tests to accurately assess the 

physiological quality of seeds. Results demonstrate that the float test is not a reliable method 

to identify viable seeds in C. quitensis, as it may lead to the unnecessary disposal of viable 

material. Under the experimental conditions used, the electrical conductivity test did not 

adequately reflect the physiological quality of seeds, although it may be worth optimizing the 

protocol for this species. Germination testing was the most effective method for evaluating 

seed quality. However, tetrazolium staining revealed that some viable seeds were unable to 

germinate, highlighting the need to implement strategies to overcome dormancy, possibly by 

adjusting parameters of the current in vitro germination protocol. A kinetic study of seed quality 

loss over a greater number of storage periods would be beneficial. However, the findings of 

this study show that seeds stored for more than 52 months at 4ºC exhibit almost no 

germination capacity and are therefore not recommended for long-term germplasm 

conservation or propagation. Nevertheless, lower storage temperatures might help extend the 

viability of the material. 
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VIII. CONCLUSIONES GENERALES 
 

Esta investigación integra aspectos clave del ciclo de vida de Colobanthus quitensis, desde la 

producción y calidad de semillas, hasta estrategias para potenciar la germinación de la 

especie, optimizando su conservación y consolidando a esta especie como un modelo para 

estudios de fisiología y tecnología de semillas. 

Esta investigación constituyó la primera evidencia de la presencia de heteromorfismo de color 

en cuatro poblaciones de C. quitensis y su impacto sobre el porcentaje de germinación 

funcionando como un mecanismo de adaptación a condiciones extremas, donde la población 

subantártica pPA, al ser la población más tolerante a salinidad, constituye un modelo para 

estudiar la tolerancia al estrés salino. Identificamos que las modificaciones en los azúcares 

solubles y ácido indol 3-acético constituyen marcadores bioquímicos para estimar de forma 

rápida el vigor de las semillas. Los diferentes experimentos permitieron descartar pruebas de 

análisis de la calidad (Anexo 1) como la prueba de flotación para semillas que tienen testa 

dura y capacidad para flotar, así como la prueba de conductividad. 

Confirmamos que el tiempo de conservación influye diferencialmente sobre la calidad de las 

semillas (Anexo 2) de las diferentes poblaciones de C. quitensis, a pesar de lo cual, la 

tendencia es que semillas frescas (1_12 meses) y semillas envejecidas (más de 52 meses) 

tienen menores porcentajes de germinación comparado con semillas que tienen entre 12_24 

meses de conservación. Siendo la prueba de germinación y de tetrazolio, las más efectivas 

para conocer la viabilidad real de las semillas.  

Para la germinación in vitro, se demostró que C. quitensis no requiere medios con altas 

concentraciones de nutrientes, siendo suficiente un sustrato básico de agar y agua. Sin 

embargo, un tratamiento previo de halo-priming con KCl (5%) o sus alternativas un poco más 

costosas con KCl al 10% y osmo-priming con polietilenglicol al 10% mejoran 

significativamente la germinación, mientras que la escarificación mecánica es esencial para 

superar la dormancia en poblaciones antárticas. 

Además, se identificó que los hongos endófitos (Umbelopsis dimorpha, Trichoderma 

harzianum y Hypocrea lixii) y extractos fúngicos de (T. harzianum, H. lixii) son capaces de 

acelerar la apertura floral, modificar el área, perímetro, peso y contenido de agua de las 

semillas de C. quitensis y el crecimiento de las plántulas. Pero a la vez evidencia que la 

relación microorganismo-planta depende en gran medida del nivel de afinidad entre la planta y 

cada hongo, ya que no todas las poblaciones de C. quitensis respondieron de igual forma a la 

inoculación fúngica o a sus extractos. 

Se confirmó que las semillas de C. quitensis son ortodoxas, manteniendo su viabilidad incluso 

en criopreservación (-20°C y -80°C), lo que valida su potencial para ser almacenadas a largo 

plazo en bancos de germoplasma.  
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Las hipótesis planteadas se cumplieron parcialmente. Se corroboró que las semillas antárticas 

presentan dormancia y que por ende requieren de un tratamiento adicional de escarificación 

mecánica para lograr altos porcentajes de germinación. Sin embargo, no se encontraron 

evidencias sobre expresión de factores protectores contra el deterioro en comparación con 

poblaciones continentales, sugiriendo que otros mecanismos fisiológicos y ecológicos podrían 

estar involucrados. La capacidad de tolerar temperaturas de -20 y -80ºC confirma la 

clasificación de las semillas de esta especie como ortodoxas, aunque se requieren tiempos de 

evaluación superiores a 6 meses para identificar si estas alternativas de conservación son 

mejores que la conservación a 4ºC para prolongar la viabilidad por más de 4 años.  

 

Figura 1. Áreas de investigación y avances generales en el estudio de Colobanthus quitensis. 
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ANEXOS 

1. Imágenes hiperespectrales 

 

 

Anexo 1. Las imágenes hiperespectrales no permiten identificar los espectros de las semillas 
de Colobanthus quitensis y el fondo, por lo que no es adecuada para conocer la calidad de 
estas semillas cuyo tamaño es aproximadamente de 0,5 a 0,8 mm. 
 

2. Ensayo de germinación de semillas (estudio dormancia)  

 
Anexo 2. Porcentaje de germinación in vitro de semillas de Colobanthus quitensis de (a) 
Península Byers y (b) La Marisma, provenientes de cápsulas florales abiertas de color verde o 
amarillo (secas), recolectadas recientemente (T0) y tras un mes de conservación a 4 °C (T1). 
Las semillas de Península Byers que no germinaron fueron sometidas a escarificación 
mecánica (ruptura de la testa) como método para superar la dormancia. Letras diferentes 

semilla 
fondo 
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indican diferencias significativas (p < 0,05) según la prueba de Dunn posterior a Kruskal-Wallis 
(Península Byers) y Tukey HSD posterior a ANOVA (La Marisma) (n = 4). 
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